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ABSTRACT: Semiconductor nanoparticles (NPs) have been
reported to facilitate extracellular electron transfer (EET) by increasing the electrical conductivity of electroactive bioﬁlms. However, the
underlying molecular mechanisms remain unclear. In this study, we
demonstrated the unique role of semiconductor titanium dioxide
(TiO2) NPs in facilitating EET from Geobacter cells to an electrode.
Compared to other NPs that include conductor carbon, semiconductor α-Fe2O3, and insulator SiO2, TiO2 NPs improved the bacterial EET capability most signiﬁcantly, leading to an approximately
5.1-fold increase in microbial current generation. Cell morphology
and gene analysis revealed that TiO2 NPs speciﬁcally induced the
formation of conductive nanowires by stimulating pilA expression,
which primarily contributed to the enhanced EET in bioﬁlms. In
addition, TiO2 NPs might compensate for the lack of a pili-associated c-cytochrome OmcS in the EET function. This ﬁnding
had important implications not only for optimizing the performance of electroactive bioﬁlms but also for modulating the
ecological impact of NPs in the natural environment.
electron shuttles.9,10 Naturally, the increased electrical conductivity of bioﬁlms might be attributed to the enhancement of
c-Cyts and electron shuttles induced by NPs (e.g., antimonydoped tin oxide NPs),3 or the conductive networks in bioﬁlms
constructed by outer-membrane c-Cyts and NPs (e.g., α-Fe2O3
and FeS).6 However, previous studies have been mainly limited
to bioﬁlm morphologies and electrochemical properties
through microscopy and voltammetric methods, which lack
solid evidence at the molecular level.
In addition, the roles that NPs play in improving EET
eﬃciency can be versatile, and thus, the existing knowledge
cannot be generally applicable in determining some rare cases
of NPs, i.e., titanium dioxide (TiO2). Nanoscale TiO2 is one of
the most attractive semiconductor NPs and has received a
great deal of attention because of its unique physical and chemical properties and various advantages such as abundance and
structural stability.11 As a result, TiO2 NPs have been applied
in many ﬁelds, including sensors, photoelectrochemical and

1. INTRODUCTION
Extracellular electron transfer (EET) employed by electroactive bacteria is a fundamental energy-conversion process that
has interfaces with many ﬁelds, including mineral cycling and
bioelectricity.1 The fairly low EET eﬃciency is one of the
major factors limiting its practical application.2 Therefore, considerable eﬀorts have been devoted to improving EET eﬃciency, including the engineering modiﬁcation of electroactive
bacteria, the addition of soluble mediators, and the introduction of biocompatible nanomaterials.3 Compared to the
engineering modiﬁcation of bacteria, which requires a complicated genetic system,4 and the addition of soluble mediators
that needs the re-addition of mediators after each liquid
exchange, the addition of nanoparticles (NPs), such as conductor carbon NPs and semiconductor iron oxide/sulﬁde NPs,
has been recognized as a facile method for eﬀectively
improving EET eﬃciency.2,5,6
Bioﬁlm conductivity is a decisive variable for EET eﬃciency,7 and the enhanced electrical conductivity of bioﬁlms
caused by NPs addition has been reported to be responsible
for improving EET eﬃciency.2 Generally, electroactive bacteria
transport electrons directly relying on c-cytochromes (c-Cyts)
and conductive nanowires,8 or indirectly with the assistance of
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−0.57 V; bioﬁlm-attached TiO2-coated ITO, −0.59 V) in the
frequency range of 106 to 10−2 Hz with a sinusoidal perturbation amplitude of 5 mV. The EIS spectra were ﬁtted by
PSTrace software to the equivalent circuits modiﬁed from the
models in previous studies (Figure S2).24,25
All potentials were determined relative to the SCE. The
current density was normalized with the anode area as shown
in Table S1. To exclude the eﬀect on bioﬁlms resulting from
the light irradiation of semiconductor TiO2 and α-Fe2O3 NPs,
all microbial incubation, reactor operation, and electrochemical
tests were performed in the dark. Details of the construction
and operation of the BES are given in the Supporting
Information.
2.4. Gene Expression Analyses. Reverse transcription
quantitative real-time polymerase chain reaction (RT-qPCR)
was employed to quantify the expression of four genes (omcS,
omcZ, omcT, and pilA) associated with EET. The primers used
for RT-qPCR are listed in Table S2. Gene expression levels
were normalized to the expression level of recA as previously
described.26 The pili was collected, and the extracellular pilin
protein was analyzed by the Western blotting method as
previously described.23,27 Details for RT-qPCR and Western
blotting are given in the Supporting Information.

photovoltaic cells,12 and TiO2-based nanohybrids have been
proven to be eﬀective anodes in improving EET eﬃciency.11,13
However, it is unclear whether TiO2 NPs function as macroscopic conduit-like iron oxides, for improving electron transfer
between microbes and electron acceptors, and the mechanism
for EET eﬃciency as aﬀected by TiO2 is unclear, which needs
to be investigated in detail.
Therefore, in this work, Geobacter sulfurreducens was used as
inocula to construct bioelectrochemical systems (BESs) (i) to
examine whether TiO2 NPs can act as an electron conduit
to mediate and improve the electron transfer between
G. sulfurreducens and an electrode and (ii) to explore the
underlying mechanisms for enhanced EET eﬃciency induced
by TiO2 NPs at the molecular level. G. sulfurreducens was used
here because of its high eﬃciency for EET, direct electron
transfer without the involvement of electron shuttles, and
development of a genetic system.7

2. MATERIALS AND METHODS
2.1. Bacteria and Culture Conditions. Wild-type
G. sulf urreducens PCA (DSM 12127) was obtained from the
German Collection of Microorganisms and Cell Cultures.
An omcS-deﬁcient strain and an omcB-omcS-omcT-omcE-omcZ
quintuple mutant of G. sulf urreducens were kindly provided by
Dr. Lovley from the University of Massachusetts.14 The pilAdeﬁcient G. sulf urreducens strain was constructed by replacing
the pilA gene with an antibiotic resistance cassette.15 All strains
were routinely cultivated in freshwater medium with 20 mM
acetate as the electron donor and 50 mM fumarate as the
electron acceptor.16
2.2. Preparation of NP-Coated Electrodes. The indium
tin oxide (ITO) electrode was “drop-coated” with TiO2 NPs
using a modiﬁed method previously reported.17,18 Brieﬂy, 0.5 μg
of TiO2 NPs (P25, Sigma-Aldrich) was dispersed in 1.0 mL of
deionized water during a 20 min sonication, dropped onto the
surface of an ITO electrode, and air-dried at room temperature. The as-prepared electrode was calcined at 673 K for
10 min. To evaluate the speciﬁc eﬀect of TiO2 NPs on the
bacterial EET, ITO electrodes were coated with other NPs
(XC-72 carbon, α-Fe2O3, and SiO2) of a size similar to that of
TiO2 NPs by using the same method. The X-ray diﬀraction
(XRD) measurements conﬁrmed that the surfaces of ITO
electrodes were coated with various NPs (Figure S1). The
surface electrical conductivity and electrochemically active
surface area (EASA) of each electrode were measured using
methods previously described.19,20 Details for measurements of
electrical conductivity and EASA are available in the
Supporting Information.
2.3. Formation of Bioﬁlms and Electrochemical
Measurements. Bioﬁlms were cultured in a typical threeelectrode reactor, where the working electrode was set at 0.0 V
versus SCE (saturated calomel electrode) using a CHI1040
electrochemical workstation (CH Instruments Inc.) according
to Zhu et al.21 The bioﬁlm morphology was observed with a
scanning electron microscope (SEM) (S-4800 FESEM, Hitachi
Inc.),22 and cell morphology was observed by using a transmission electron microscope (TEM) as previously described.23
Cyclic voltammetry (CV) was conducted on a CHI660E instrument in a potential range of −0.8 to 0.2 V, with a scan rate of
1 mV/s. Electrochemical impedance spectroscopy (EIS) was
performed using a potentiostat from PalmSens (Houten, The
Netherlands) at the open circuit potential of each electrode
(ITO, 0.14 V; TiO2-coated ITO, 0.21 V; bioﬁlm-attached ITO,

3. RESULTS AND DISCUSSION
3.1. TiO2 NPs Most Signiﬁcantly Enhance EET
Eﬃciency. As shown in Figure 1A, the microbial current
density gradually increased after inoculation and reached a
maximum value of 63.4 μA cm−2 at an ITO electrode, similar
to a previous report.17 The maximum current density produced
at the electrode coated with carbon, α-Fe2O3, or SiO2 was
143.1, 75.8, or 5.8 μA cm−2, respectively (Figure 2A), which
showed a positive relation to the conductivity of these NPs
(Table S1). These results were in accordance with a previous
study in which the increased anodic “bioaccessible” surface
area and conductivity contributed to the enhanced current
generation.28 However, this conclusion was not suitable for
TiO2 NPs. The TiO2 NPs conferred lower electrical conductivity and EASA to the electrode than carbon NPs (Figure S3
and Table S1), but the maximum current density at the TiO2
NP-coated electrode (325.5 μA cm−2) was 5.1-fold higher than
that at the bare ITO electrode and even 2.3-fold higher than
that at the carbon NP-coated electrode (Figure S4). These
results demonstrated that the enhanced EET of TiO2 NPs was
not solely attributed to the greater conductive surface for
bacterial cells. Although light irradiation of semiconductors
was able to generate electron−hole pairs that might be
beneﬁcial for the transfer of electrons from microbes to the
electrode,17,29 the enhanced EET eﬃciency resulting from light
irradiation of TiO2 NPs could be excluded, as all tests in this
work were performed in the dark.
CV under turnover conditions showed that a maximum
catalytic current density of ∼361 μA cm−2 was detected at the
TiO2-coated ITO electrode, which was 5.2 times higher than
that at the bare ITO electrode (70 μA cm−2) (Figure 1B),
indicating that TiO2 NPs facilitated the transfer of electrons
from the bacteria to the ITO electrode. CV was further performed under nonturnover conditions (Figure 1C), in which
both types of bioﬁlms showed at least two major redox peaks
with formal potentials of around −0.32 (E1) and 0.38 (E2),
which were assigned to the outer-membrane c-Cyts, such as
OmcB and OmcZ, as described in a previous study.30 The
results indicated that the presence of TiO2 NPs would not
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Figure 1. (A) Amperometric i−t curves for strain PCA with or without TiO2 NPs. Cyclic voltammograms of the bioﬁlms under (B) turnover
conditions and (C) nonturnover conditions. (D) Nyquist plots of the diﬀerent anodes in the BESs before and after bioﬁlm formation. The inset
contains an enlarged view for the anodes attached by bioﬁlms.

change the dominant EET pathway in G. sulf urreducens
bioﬁlms.
The EIS results showed that the charge transfer resistance
(Rct) dominated the total resistance of BESs (Figure 1D and
Figure S2), which was in accordance with previous studies.24,31
After bioﬁlm formation, the Rct of BESs decreased, indicating
that the bioﬁlms caused noticeable changes in the property of
electrode−solution interfaces.30 In addition, the Rct for bioﬁlmattached ITO (9.9 KΩ) was signiﬁcantly higher than that for
TiO2-coated electrodes attached by bioﬁlm (8.5 KΩ). The
smaller Rct indicated a faster electron transfer rate and a higher
bioﬁlm conductivity,31 and thus, the presence of TiO2 NPs
could increase the electrical conductivity of G. sulfurreducens
bioﬁlms.
3.2. TiO2 NP-Induced Microbial Nanowires Are
Responsible for the Enhanced EET. The morphology
of the Geobacter bioﬁlms was characterized by the SEM
(Figure 2B−F). In the presence of TiO2 NPs, there were many
ﬁlaments wrapped around and tethered cells together in the
bioﬁlms (Figure 2C,D). However, very few ﬁlaments were
observed for the bioﬁlms grown on the bare ITO electrode (Figure 2B) or ITO electrodes coated with other NPs
(Figure 2E−G). It should be noted that these ﬁlaments are
thicker than the nanowires reported in a previous report.27
Dohnalkova et al. deemed that dehydration pretreatment of
bioﬁlms before applying SEM tests would induce ﬁlamentous
structures that were misinterpreted as nanowires.32 To clarify

this issue, TEM images were employed to observe pili-based
nanowire production in response to TiO2 NPs. As shown in
panels H and I of Figure 2, G. sulf urreducens grown on the
TiO2 NP-coated electrode attracted more abundant pili than
those grown on the bare ITO electrode did, whereas other NPs
did not produce this stimulating eﬀect. Hence, the remarkable
enhancement of pili nanowire production could be a unique
feature of TiO2 NPs, which might account largely for the much
enhanced EET eﬃciency in the presence of TiO2 NPs.
To explore the underlying molecular mechanisms for
enhanced EET induced by TiO2 NPs, the expression of
three key genes encoding c-Cyts (OmcS, OmcT, and OmcZ)
and the pilA gene encoding pilin protein in the bioﬁlms grown
on bare and TiO2-coated electrodes was evaluated via
RT-qPCR (Figure 3A). The diﬀerential expression of genes
omcS, omcT, and omcZ was insigniﬁcant (P = 0.441 for omcS;
P = 0.263 for omcZ; P = 0.355 for omcT), indicating the
enhanced EET of bioﬁlms in the presence of TiO2 NPs was
not attributed to the overexpression of key c-Cyts. However,
the level of expression of the pilA gene in the presence of TiO2
NPs was 3.1-fold higher than that without TiO2 NPs (P <
0.05). The extracellular PilA protein assembling the pili was
tentatively quantiﬁed by using Western blotting, which
indicated that the relative abundance of the extracellular PilA
protein was increased by approximately 2.7-fold in the
presence of TiO2 NPs (Figure 3B). These results, combined
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Figure 2. (A) Maximum current density produced by strain PCA grown on the ITO electrode coated with diﬀerent NPs. SEM images of the
bioﬁlms grown on (B) the ITO electrode and ITO electrodes coated with (C and D) TiO2, (E) carbon, (F) α-Fe2O3, and (G) SiO2 NPs.
Representative TEM images of negatively stained strain PCA grown on (H) the ITO electrode and (I) the ITO electrode coated with TiO2 NPs.

Figure 3. (A) Relative transcript abundance of the genes encoding c-Cyts and pilin protein. An asterisk represents a signiﬁcant diﬀerence (P <
0.05). (B) Quantitative analysis of the extracellular PilA protein assembling the pili (**P < 0.01). The inset shows the Western blotting analysis.

the importance of c-Cyts and pili in EET. By contrast, a
decreased current was observed for mutant ΔomcS grown on
the ITO electrode (18.1 μA cm−2). OmcS is localized along
the pili and seemed to be essential for the transfer of electrons
from the pili to electrodes under certain conditions.35,36 For
instance, OmcS might be important for the transfer of electrons to the electrode in a sequencing batch reactor37 but
played a minor role or was even unnecessary in the transfer of
electrons to electrodes when relatively thicker bioﬁlms were
grown in ﬂow-through systems.16,38 As shown here, the
deletion of omcS signiﬁcantly inhibited current production,
indicating that OmcS was essential for the EET process in this
current system.
Although a mutant of G. sulfurreducens deleting c-Cyt-encoding
genes (ΔomcBEST) was reported to have a pili content higher
than that of the wild-type strain,27 mutant ΔomcS in this work
did not overexpress pili, irrespective of TiO2 NPs (Figure S5).
This might relate to the diﬀerence in the culture temperature,

with the TEM images, undoubtedly revealed that the pili-based
nanowires were quite abundant in the presence of TiO2 NPs.
It is known that individual pili of G. sulfurreducens, free
of other proteins or metals, have substantial conductivities
(50 mS cm−1 to 1 kS cm−1), for which the pili-based nanowires
conferred high conductivity to G. sulfurreducens bioﬁlms.33,34
As previously reported, an increasing level of nanowire
production is an eﬀective method for producing strains with
improved EET capability.4 Therefore, it is reasonable to propose that the abundant nanowires induced by TiO2 NPs are
most likely responsible for the improved electrical conductivity
of G. sulfurreducens bioﬁlms.
3.3. TiO2 NPs Can Compensate for the Lack of a PiliAssociated c-Cyt OmcS. The current generation and bioﬁlm
morphology of three mutants (ΔomcS, ΔomcBSTEZ, and
ΔpilA) were further investigated. As shown in Figure 4A−F, no
current was produced by mutants ΔomcBSTEZ and ΔpilA
grown on both bare and TiO2-coated electrodes, demonstrating
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Figure 4. Amperometric i−t curves of mutants (A) ΔomcS, (D) ΔomcBSTEZ, and (G) ΔpilA grown on ITO electrodes coated with or without
TiO2 NPs. SEM images of the bioﬁlms for (B) ΔomcS, (E) ΔomcBSTEZ, and (H) ΔpilA grown on ITO electrodes. SEM images of the bioﬁlms for
(C) ΔomcS, (F) ΔomcBSTEZ, and (I) ΔpilA grown on ITO electrodes coated with TiO2 NPs.

NPs in improving the EET eﬃciency, which is crucial for
optimizing the electroactive bioﬁlm performance. A study
focusing on the elucidation of a profound role of TiO2 NPs in
encouraging electroactive bacteria to produce abundant
nanowires is currently underway.

BES conﬁguration, medium exchange mode, and number of
c-Cyt genes deleted. In the presence of TiO2 NPs, the current
generated by an omcS-deﬁcient strain was signiﬁcantly
increased to 67.1 μA cm−2, a value comparable with that of
the wild-type strain on the ITO electrode, demonstrating that
TiO2 NPs could compensate for the functional limitation of an
omcS-deﬁcient mutant in the transfer of electrons from the pili
to the electrode. A previous study has shown that magnetite
can also improve pili expression and compensate for the lack of
OmcS.26 However, the diﬀerent eﬀects of magnetite and TiO2
NPs on omcS expression in wild-type strains (magnetite,
alleviated; TiO2 NPs, unchanged) suggested that the TiO2 NPs
may play a unique role in electron transfer that diﬀered from
that of magnetite.
In summary, TiO2 NPs improved the EET eﬃciency of
G. sulf urreducens bioﬁlms because TiO2 NPs can enhance the
electrical conductivity of bioﬁlms by inducing conductive
nanowire formation. This work provides reference values for
understanding the underlying mechanisms of semiconductor
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