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a b s t r a c t
Dissimilatory metal-reducing bacteria (DMRB) have a variety of c-type cytochromes (OM c-cyts) intercalated in their outer membrane, and this structure serves as the physiological basis for DMRB to carry out
the extracellular electron transfer processes. Using Geobacter sulfurreducens as a model DMRB, we
demonstrated that visible-light illumination could alter the electronic state of OM c-cyts from the ground
state to the excited state in vivo. The existence of excited-state OM c-cyts in vivo was confirmed by spectroscopy. More importantly, excited-state OM c-cyts had a more negative potential compared to their
ground-state counterparts, conferring DMRB with an extra pathway to transfer electrons to semiconductive electron acceptors. To demonstrate this, using a TiO2-coated electrode as an electron acceptor,
we showed that G. sulfurreducens could directly utilise the conduction band of TiO2 as an electron acceptor under visible-light illumination (k > 420 nm) without causing TiO2 charge separation. When G. sulfurreducens was subject to visible-light illumination, the rate of extracellular electron transfer (EET) to
TiO2 accelerated by over 8-fold compared to that observed under dark conditions. Results of additional
electrochemical tests provided complementary evidence to support that G. sulfurreducens utilised
excited-state OM c-cyts to enhance EET to TiO2.
Ó 2020 Published by Elsevier B.V.

1. Introduction
Extracellular electron transfer (EET) processes, which can be
performed by numerous dissimilatory metal-reducing bacteria
(DMRB) [1,2], have been extensively studied over the past decade
[3,4], primarily due to their pivotal role in a number of natural processes and in artificial bioelectrochemical systems [5,6]. One of the
most distinctive physiological features of DMRB is that they have a
suite of redox-active outer membrane c-type cytochromes (OM ccyts) intercalated in their outer membranes [7–10], which can
relay electrons from intracellular spaces to extracellular electron
acceptors. The rate at which OM c-cyts transfer electrons to extracellular electron acceptors can be affected by a number of factors,
such as the relative potentials between OM c-cyts and the terminal
electron acceptors [11,12], the concentrations of co-factors of OM
c-cyts[13–16] and the polarity of the solid-state electron acceptors
[17].
In addition to the above-mentioned environmental factors, it
has been discovered that visible light can facilitate bacterial EET
to semi-conductive Fe oxides. Semi-conductive a-Fe2O3 particles
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have been added to the biofilms formed by Shewanella loihica,
and it has been demonstrated that visible-light illumination
(k > 420 nm) can remarkably enhance the current generation from
S. loihica after the addition of a-Fe2O3 [18]. Similarly, Qian et al.
[19] constructed a microbial fuel cell with an a-Fe2O3 anode, and
demonstrated that the current density of the microbial fuel cell
could be enhanced by 1.5-fold when illuminated with visible light.
Moreover, another recent study demonstrated that visible-light
induction of EET to a-Fe2O3 could also be performed by G. sulfurreducens, without the involvement of a self-secreted electron shuttle
[20]. In these studies, the photons were absorbed by a-Fe2O3 to
achieve charge separation, and the holes in the valence band
(VB) of a-Fe2O3, which had a more positive potential than the conduction band (CB) and were thus more favourable for EET, were
subsequently utilised by DMRB for EET. Therefore, the underlying
mechanism for the reported enhanced EET should, to a large
extent, be ascribed to the semi-conductive properties of a-Fe2O3.
However, it is important to recognise that light illumination can
also potentially change the electronic state of OM c-cyts, which are
exposed to the extracellular environment. In fact, the excitation of
the OM c-cyts of G. sulfurreducens by UV illumination (k = 380 nm)
has been shown to be feasible, with the excitation of reduced,
ground-state OM c-cyts to excited-state OM c-cyts confirmed by
photoluminescence spectra [21]. Furthermore, the effect of
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visible-light illumination on electron transfer from natural and
synthetic c-cyts to semiconductors has been studied in vitro [22–
24]. In these studies, the porphyrin ring of the isolated c-cyts acted
as a chromophore to absorb the photons. After absorption, the
chromophore was brought from its ground state to the excited
state, at which point the electron of the reduced heme centre
had sufficient energy to be injected into the CB of a wide bandgap semiconductor, which was otherwise inaccessible to c-cyts
[23,24]. A distinctive difference between porphyrin-based
photon-induced electron transfer and the VB-based reaction is that
the electrons were directly injected into the CB of the semiconductor from the excited porphyrin, without invoking the electron-hole
pair separation in the semiconductor.
While visible light modulated electron transfer from purified
cytochromes (or porphyrins) to semiconductors has been well
studied, the feasibility of whole-cell EET through excited OM ccyts remains to be explored. Considering the practical importance
of visible-light illumination on EET to semi-conductive electrodes
in novel bioelectrochemical systems [19] and the potential implications of visible-light illumination may have on the biogeochemical cycling of semi-conductive Fe- and Mn-oxides in shallow
sediments, further investigation of the impact of visible light on
EET to semi-conductive electron acceptors is urgently required.
This would facilitate a better understanding of EET in lightaffected environmental systems.
The aims of this study were to determine whether OM c-cyts of
DMRB can be excited by visible light, and to examine the effect of
excited OM c-cyts on the EET between DMRB and semi-conductive
electron acceptors. To achieve these goals, we specifically selected
the wide band-gap semiconductor TiO2 as the terminal electron
acceptor. According to the band structure of TiO2, visible-light illumination could not induce charge separation of this semiconductor. In addition, we selected Geobacter sulfurreducens as the
model DMRB in our study, primarily due to the fact that G. sulfurreducens possess a range of OM c-cyts. Furthermore, they have the
ability to directly transfer electrons without the need for electron
mediators [20,25,26]. We used spectroscopic techniques to examine the existence of excited-state OM c-cyts, and subsequently
used photoelectrochemical methods to examine the impact of
excited-state OM c-cyts on EET to TiO2.

paste was applied on top of the Ti(OBu)4 layer using the doctorblade method. The colloidal TiO2 paste was prepared by mixing
3 g TiO2 powder (P25, Degussa) with 0.1 mL acetylacetone,
0.1 mL Triton X-100, and 4 mL DI water. The colloidal paste was
mixed in a pestle and mortar for at least 30 min before use. This
FTO glass was then heated at 450 sC for 30 min in a furnace. After
allowing it to cool to room temperature, the FTO glass was
removed from the furnace and used as the working electrode.
2.3. Steady-state photoluminescence measurement
The steady-state photoluminescence spectra were obtained
using a photoluminescence spectrometer (Fluoromax-4, Horiba,
Japan). Before measuring photoluminescence, G. sulfurreducens
that had been cultivated for three days were washed twice using
the defined anaerobic mineral solution under anaerobic conditions.
The bacterial pellet was then re-suspended in defined anaerobic
mineral solution supplemented with 20 mM acetate. The excitation wavelengths that were used were 450 nm and 520 nm. The
emissions were collected from 470–650 nm and 530–700 nm for
the 450 nm and 520 nm excitations, respectively. The photoluminescence spectra of horse heart c-cyts (Sigma-Aldrich, MO, USA),
riboflavin, and flavin mononucleotide (Aladdin, Shanghai, China)
were recorded as references. The concentration of the horse heart
c-cyts was adjusted to 192 lM, and the horse heart c-cyts was
reduced using sodium dithionite before measuring photoluminescence [30]. The concentrations of riboflavin and flavin mononucleotide solutions for photoluminescence measurement were
20 mM.
2.4. Photoelectrochemical measurements
A three-electrode photoelectrochemical reactor was used in this
study. The TiO2-coated FTO was used as the working electrode and
placed at the bottom of the reactor, while Pt wire and Ag/AgCl (saturated KCl) were used as the counter electrode and reference electrode, respectively. The configuration of the reactor is given in the
supplementary information (Fig. S1). The light source was a Xe
lamp (PLS-SXE300CUV, Beijing Perfectlight, China) equipped with
a long-pass filter, which only allowed the passage of light with a
wavelength longer than 420 nm. The light intensity was set at
160 mWcm 2 during the experiment. All electrochemical measurements were taken by a potentiostat (CHI660E, CH Instruments,
US). The electrochemical tests, including cell cultivation and J-t
curve measurements, were conducted with a bias of +0.2 V. The
J-t curve measurement consists of two stages: stage I was conducted under dark conditions, and stage II was conducted under
illuminated conditions. The cyclic voltammetry (CV) was scanned
in the interval between 0.7 V and +0.3 V with a scan rate of
5 mV s 1. During the CV test, the anodic scan (from 0.7 V to
+0.3 V) was performed first, and the cathodic scan (from +0.3 V
to 0.7 V) was performed second. The starting potential for the
CV test was 0.7 V. Unless otherwise noted, the electrolyte used
during the photoelectrochemical test was the same as the defined
anaerobic mineral solution described above, with 20 mM sodium
acetate as electron donor. The pH of this electrolyte was buffered
at 7.0. To initiate the photoelectrochemical experiment, an aliquot
of G. sulfurreducens suspension was inoculated into the reactor, and
the concentration of G. sulfurreducens was adjusted to an OD600 of
0.2 at the beginning of the experiment. The temperature of the
electrolyte within the photoelectrochemical cell was maintained
at 30 sC using a water jacket. Unless otherwise noted, the potentials were measured and reported relative to a saturated Ag/AgCl
electrode (+0.197 V, versus standard hydrogen electrode). All electrochemical measurements were taken at least three times, and the
standard deviations were calculated from parallel measurements.

2. Methods and materials
2.1. Bacterial strain and culture media
G. sulfurreducens strain PCA was acquired from the German Collection of Microorganisms and Cell Cultures (DSM 12127). To cultivate G. sulfurreducens, 20 mM acetate (electron donor) and
10 mM sodium fumarate (electron accepter) were supplemented
into a defined anaerobic mineral solution containing (per litre of
DI water): 1.5 g NH4Cl, 0.1 g KCl, 2.5 g NaHCO3, 0.6 g NaH2PO4,
10 mL vitamin solution, and 10 mL trace mineral solution
[27,28]. All chemicals used in this study were of analytical grade
or above.
2.2. Electrode preparation
The procedure for preparing the TiO2-coated electrode was
slightly modified from a previously reported method [29]. Briefly,
a piece of fluorine-doped tin oxide (FTO) conductive glass was
sequentially sonicated in isopropyl alcohol and DI water for
30 min each. After drying in air, the FTO glass was taped to a flat
surface with scotch tape. Then, a few drops of 0.01 M Ti(OBu)4 in
isopropyl alcohol were applied to the conductive side of the
cleaned FTO glass. After the Ti(OBu)4 had dried, a colloidal TiO2
2
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2.5. Confocal laser scanning microscopy
A confocal laser scanning microscope (CLSM) (TCS SP5, Leica,
Germany) was used to obtain photoluminescence images of the
G. sulfurreducens biofilm. This was done to examine the viability
of the G. sulfurreducens cells on the TiO2 electrode after photoelectrochemical measurements. Before inspection, the G. sulfurreducens
biofilm that attached to the TiO2-coated electrode was stained
using a Live/Dead BaclightTM Viability Kit (L-7012, Invitrogen) following the manufacturer’s instructions. The stained biofilm was
inspected with the inverted CLSM using the 40 objective.

2.6. SEM and UV–visible diffuse reflectance spectroscopy
The morphology of the G. sulfurreducens was monitored with a
field emission scanning electron microscope (FE-SEM) (SU8020,
Hitachi, Japan). After the photoelectrochemical test, the working
electrode was removed from the reactor and carefully rinsed with
200 mM PBS solution to remove the non-attached cells. The biofilm
formed on the electrode was then immersed in 2.5% glutaraldehyde solution for 24 h, followed by serial dehydration using 50%,
70%, 90%, and 100% ethanol. The dehydrated biofilm was further
treated by isopentyl acetate and dried in a desiccator overnight.
Before being inspected by the FE-SEM, the surface of the electrode
was sputtered with gold in a vacuum chamber. The UV–Vis Diffuse
Reflectance Spectrum of the electrode was recorded by a UV–Vis
spectrophotometer (U-3900, Hitachi, Japan) equipped with an integration sphere.

Fig. 1. The photoluminescence (PL) spectra of Geobacter sulfurreducens and horseheart cytochromes. (a) PL spectra under 450 nm excitation. (b) PL spectra under
520 nm excitation. Black curve: the PL spectra of G. sulfurreduces; Red curve: the PL
spectra of horse-heart cytochromes. The PL intensity was normalised here to
facilitate comparison. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

3.2. Electrochemical characterisation of EET through excited-state OM
c-cyts

3. Results and discussion
3.1. Detection of visible-light induced excited-state OM c-cyts

After confirming that the OM c-cyts of G. sulfurreducens could be
excited in vivo by visible light, photo-electrochemical experiments
were conducted to determine whether the excited OM c-cyts could
facilitate EET to semiconductors. Unlike previous studies, we did
not use a-Fe2O3 as the electron acceptor for G. sulfurreducens, primarily because visible-light illumination could induce charge separation in a-Fe2O3, leading to the expose of the VB holes to accept
electrons. To explicitly explore the effect of electronic-state of OM
c-cyts on EET, whole-cell electrochemical tests were carried out
using TiO2 as the terminal electron acceptors. Since TiO2 was a
wide band-gap semiconductor, visible-light illumination would
not induce charge separation. Therefore, interference from the
change of the electronic properties of the semiconductors could
be avoided.
Under visible-light illumination, reduced/ground-state OM ccyts are converted to excited-state OM c-cyts (OM *c-cyts), which
could directly inject electrons to the CB of TiO2. After this electron
injection, the OM *c-cyts become oxidised-state OM c-cyts, which
are subsequently returned to a reduced state by receiving electrons
from the catabolic reactions. This change in the state of OM c-cyts
and the EET pathway to the CB of TiO2 through excited-state OM ccyts is shown in Scheme 1.
To initiate the photoelectrochemical experiments, G. sulfurreducens were cultured on a piece of TiO2-coated FTO electrode
(Fig. S5). The G. sulfurreducens biofilm was cultured with a continuous bias of +0.2 V under dark conditions (Fig. 2a, stage I) and illuminated conditions (Fig. 2a, stage II) sequentially; the
representative J-t curve is shown in Fig. 2a. As a control experiment, the current density of the abiotic electrode (without inoculation of G. sulfurreducens) was also included.

Firstly, we examined whether the OM c-cyts of G. sulfurreducens
could be excited by visible-light illumination. A characteristic
behaviour of excited cytochromes was that they could emit photons and return to the ground state, which made photoluminescence a reliable method for detecting the existence of excitedstate OM c-cyts [21,31].
Photoluminescence experiments were conducted using two
excitation wavelengths, which were 450 nm and 520 nm, respectively. The wavelength of 520 nm was selected for its proximity
to the Q band of the absorption spectra of the OM c-cyts, and the
450 nm was selected because relatively strong emission at this
excitation wavelength was observed in our preliminary experiments. When the excitation wavelength was set at 450 nm, photoluminescence signals were detected at 494 nm and 533 nm.
Similarly, when the excitation wavelength was changed to
520 nm, another photoluminescence peak was detected at
571 nm (Fig. 1). In order to confirm that the photoluminescence
signals at 494 nm, 533 nm, and 571 nm originated from the
excited-state OM c-cyts, the photoluminescence spectra from
horse heart c-cyts were used as references [21]. As expected, the
photoluminescence peak of horse heart c-cyts was reasonably similar to those detected at 494 nm, 533 nm, and 571 nm using G. sulfurreducens bacterial suspension. This indicated that the peaks at
494 nm, 533 nm, and 571 nm could indeed be ascribed to
excited-state OM c-cyts. The possibility that the photoluminescence signals originated from cell-secreted chromophores such as
riboflavin or flavin mononucleotides can also be excluded, as their
photoluminescence signals were distinctively different from those
of the cell suspension (Fig. S2 in supplementary information).
3

B. Zhang, Hao-Yi Cheng and A. Wang

Bioelectrochemistry 138 (2021) 107683

Scheme 1. The extracellular electron transfer (EET) pathway from outer membrane c-type cytochromes (OM c-cyts) to the conduction band of TiO2 under visible-light
illumination. (a) Cycling of the redox state and electronic state of OM c-cyts during EET (with the corresponding relative redox potentials indicated). (b) The EET from
Geobacter sulfurreducens to the TiO2-coated electrode during the photo-electrochemical test (OM *c-cyts denoted excited-state cytochromes). Electrons were directly injected
to the conduction band of TiO2, and no charge separation was induced in this experimental setting.

Fig. 2. The photo-electrochemical test of extracellular electron transfer (EET) from Geobacter sulfurreducens to the TiO2-coated electrode. (a) The current density profile (J-t
curve) under dark and illuminated conditions for the bio-photoanode and abiotic TiO2 electrode (arrows indicate the point at which illumination was introduced). (b) The
open circuit potential of the bio-photoanode and the abiotic TiO2 electrode under dark and illuminated conditions. (c) Cyclic voltammograms of the bio-photoanode and
abiotic TiO2 electrode under dark and illuminated conditions. (d) The anodic segments of the cyclic voltammograms shown in Fig. 2c. The dashed horizontal line indicates a
current density of 0 lAcm 2. Results from conditions with G. sulfurreduces are presented as black curves, and the results from the abiotic control groups are presented as blue
curves. The solid line indicates the presence of visible light illumination, while the dashed line corresponds to dark conditions. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

black trace) after more than 20 h of cultivation was 0.055 ± 0.00
7 lAcm 2. However, upon visible-light illumination, a significant
spike in current density was observed, with the peak current

From Fig. 2a, it is clear that the EET from G. sulfurreducens to
TiO2 was enhanced by visible light illumination. In dark conditions,
the current density of the bio-photoanode (with G. sulfurreducens,
4
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density reaching 3.825 ± 0.445 lAcm 2. After the spike, the current density of the bio-photoanode gradually decreased to 0.462 ±
0.014 lAcm 2, which was still over 8-fold higher than the stable
current density observed under dark conditions. To exclude the
possibility that this enhanced EET was derived from abiotic photoelectrochemical reactions of TiO2 under visible-light illumination,
we also collected the current density of the abiotic electrode under
illuminated conditions (Fig. 2a, blue trace). The stable abiotic current density was 0.150 ± 0.014 lAcm 2, which was only 32% of the
current density of bio-photoanode under the same conditions.
Therefore, we could conclude that the enhanced current density
can be ascribed to the bacterial EET process rather than abiotic processes. Notably, the photocurrent density from illuminated biophotoanode was consistently higher than that of the dark conditions, and that of abiotic TiO2 electrode, during more than 20 h
under illumination. This suggested that G. sulfurreducens remained
active in EET on the TiO2 surface under visible-light illumination,
and that the OM c-cyts maintained their structures for the EET process when in their excited state. This was further examined in following experiments.
We acknowledge that the current density reported here was at
least one order of magnitude lower than those reported for the G.
sulfurreducens based bioanode [28,32]. This can be primarily
ascribed to the low efficiency of direct electron transfer from
excited cytochromes to the conduction band of TiO2 [23]. However,
it is important to recognise that the scope of this study was to
investigate the impact of visible-light illumination on bacterial
EET pathways, instead of on developing new methods for enhancing EET. In addition, experiments were conducted to culture G. sulfurreducens directly on the FTO electrode, which is a conductive
electron acceptor. According to Fig. S3, visible-light illumination
did not have a noticeable impact on the EET from G. sulfurreducens
to the FTO electrode. Since the FTO electrode is conductive and can
directly receive electrons from the ground-state OM c-cyts, the G.
sulfurreducens would preferentially perform EET through groundstate OM c-cyts under these circumstances, rather than this occurring via excited-state OM c-cyts.
Next, the impact of visible-light illumination on EET was characterised by measuring the open-circuit potential of the biophotoanode. A representative OCP profile for the bio-photoanode
and the abiotic control TiO2 electrode under illuminated and dark
conditions are shown in Fig. 2b. Under dark conditions, the OCP of
the bio-photoanode was 0.042 ± 0.024 V. However, the OCP under
illuminated conditions exhibited a negative shift of 0.221 V to 0.
263 ± 0.010 V (Fig. 2b). Since the OCP of the bio-photoanode was ultimately controlled by the redox potential of OM c-cyts [33], the negative shift in the OCP indicated that the formal redox potential of OM
c-cyts shifted negatively under visible light illumination. This is in
accordance with the change in the electronic state of the OM ccyts from the ground-state to the excited-state (Scheme 1). The possibility that the observed negative shift of the OCP was due to abiotic
process can be excluded, as the OCP value for the abiotic TiO2 electrode under illuminated conditions was 0.131 ± 0.005 V, which
was 0.120 V more positive than that of the bio-photoanode under
the same experimental conditions.
The cyclic voltammograms of the bio-photoanode under dark
and illuminated conditions are shown in Fig. 2c. Unlike the CV of
turnover conditions of G. sulfurreducens biofilm [34], the characteristic sigmoidal shape signal was not observed. Instead, similar to
previous studies, the shape of the CV of the bio-photoanode suggested that the interfacial electron transfer process was largely
controlled by the conductive properties of the TiO2 layer [22,35].
However, distinct differences still existed between the voltammograms obtained from the bio-photoanode under dark and illuminated conditions. If we define the onset of anodic current as the
potential at which the current density of the anodic scan reached

above zero, then the corresponding values for dark and illuminated
conditions were 0.062 ± 0.008 V and 0.308 ± 0.018 V, respectively (Fig. 2d). In our experimental setting, the anodic current
would start to flow as soon as the potential applied to electrode
was more positive than that of the redox potential of OM c-cyts.
Therefore, a lower onset potential for the anodic current indicated
that the redox potential of OM c-cyts was more negative under
illuminated conditions, which is in accordance with the shift of
OM c-cyts from ground-state to excited-state. In addition to the
negative shift of the onset potential, the anodic limiting current
density in the CV test under illumination at + 0.3 V reached 3.32
0 ± 0.098 lAcm 2, which was 7-fold higher than that under dark
conditions (0.453 ± 0.010 lAcm 2). This further demonstrates that
the bacteria-to-electrode electron transfer processes were more
favourable under illuminated conditions, using the excited-state
OM c-cyts as a conduit.
It should be noted that although there was a low concentration
of chromophore molecules such as riboflavin and flavin

Fig. 3. The physiological characterisation of Geobacter sulfurreducens after the
photo-electrochemical test. (a) A scanning electron microscopy (SEM) image of G.
sulfurreducens on the TiO2 electrode. (b) Live/Dead Staining of G. sulfurreducens
observed using confocal laser scanning microscopy (CLSM). (c) The normalised
absorbance of the G. sulfurreducens biofilm formed on TiO2.
5
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of earth, including in shallow sediments where both sunlight and
semi-conductive metal oxides are abundant [36–38]. Once illuminated with sunlight, which is composed of visible-light as well as
UV-light, the OM c-cyts of the DMRB in shallow sediments could
shift from ground state to excited state. As a result, the electrons
in these OM c-cyts would have a lower redox potential, which is
beneficial for accelerating the electron transfer to semiconductive minerals such as certain Fe- and Mn-oxides, and the
overall effect of this would be the acceleration Fe and Mn cycling
in biogeochemical reactions.

mononucleotide in the electrolytes, which can be synthesised by G.
sulfurreducens, they did not contribute to the electrochemical
responses observed in the biotic systems in Fig. 2. In fact, control
experiments using heat-sterilised G. sulfurreducens were performned, and visible-light illumination did not lead to a marked
negative shift in the onset potential of the anodic current, nor in
the open-circuit potential (Fig. S4).
3.3. Impact of visible-light illumination on viability of G.
sulfurreducens

CRediT authorship contribution statement

After the photoelectrochemical test, the effect of performing
EET through excited-state OM c-cyts on G. sulfurreducens was
examined. We first examined the morphology of the bacteria on
the TiO2 electrode. According to Fig. 3a, G. sulfurreducens had good
coverage of the surface of the electrode. The rod-shape G. sulfurreducens was clearly visible and intact, with no sign of cell lysis or
damage. It should be noted that tiny cracks were observed on
the coated TiO2 surface. However, G. sulfurreducens formed weblike structures and connected these cracks (Fig. S5). In order to further confirm that EET through excited-state OM c-cyts did not
induce cell damage, Live/Dead staining was used to examine the
viability of the G. sulfurreducens cells. According to Fig. 3b, almost
all of the bacteria remained alive after the experiment, providing
another line of evidence supporting our hypothesis that performing EET through excited-state OM c-cyts would not induce cell
damage. Moreover, the UV–Vis spectrum of the G. sulfurreducens
biofilm was collected after the photo-electrochemical test
(Fig. 3c). The UV–Vis spectrum of the bio-photoanode was distinctively different from that of the TiO2-coated electrode (Fig. S6),
with a sharp Soret-band and a relatively broad Q band clearly visible, which are characteristic of OM c-cyts. The presence of the
Soret-band and Q band demonstrated that OM c-cyts maintained
their structures after 20 h of excitation.[20]
Taken together, the results suggest that performing EET through
excited-state OM c-cyts did not induce cellular damage to G. sulfurreducens. This could be explained by the following: firstly, the
light source (i.e. visible light) used in this study does not induce
charge separation for TiO2, and therefore no oxidative damage to
bacteria would occur; and secondly, without the oxidative damage
from TiO2, G. sulfurreducens could remain active during the entire
course of the experiment. The cell would therefore be able to repair
the possible damage to OM c-cyts induced by excitation.
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