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A B S T R A C T

Quinone-mediated extracellular electron transfer (EET) is a well-known and important microbial
respiration process in many natural and engineering systems. While it has been recognized that both the
speciation of quinones and cell metabolism are pH-sensitive, the pH dependence of quinone-mediated
EET is still unclear. In this study, pH effects in the range of 6.2 to 7.8 were investigated in a
bioelectrochemical system using 9,10-anthraquinone-2-sulfonic acid (AQS) as a model quinone. The
results showed that the current generation increased at pH 6.2–6.8 and then tended to stabilize, with a
slight decrease at pH 7.0–7.8. The open circuit voltage (OCV) changed in a similar manner as a function of
pH. The cell growth after current generation at different pH values was also indicated by the total DNA,
which increased at pH 6.2–6.8 and then decreased at pH 7.0–7.8. Thermodynamic calculations and cyclic
voltammetry measurements indicated that the redox potentials of AQS were negatively correlated with
pH. At pH 6.2–7.0, both cell growth and the AQS redox properties had positive effects; at pH 7.0–7.8, while
the AQS redox properties still had a positive impact on the EET capacity, the decline in the cell density
slowed the increase of the EET capacity. These results provide a fundamental understanding of quinone-
mediated EET processes and emphasize the importance of pH.

ã 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Extracellular electron transfer (EET) is well-known to be a
typical mechanism for microbial respiration processes with
terminal electron acceptors [1–5] and has a major impact on the
fate of trace metals and nutrients, as well as the degradation of
organic matter [6–8]. Although direct electron transfer from
bacteria to substrates via outer membrane cytochromes is
considered to be the basic EET pathway, electron shuttles (ES)
play a key role in facilitating long-range electron transfer from the
bacterial cell surface to insoluble electron acceptors (e.g., iron(III)
oxides and electrodes) via the cycling of their reduced and oxidized
states [9–11]. Quinone compounds are very common types of ESs
and not only widely exist in aquatic and terrestrial environments
(exogenous ESs) but can also be secreted by various micro-
organisms (endogenous ESs) [1,12–15]. The ubiquity of quinone
compounds and their particular redox properties highlight their
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environmental significance and their roles in EET processes [9,16].
Given that the redox behavior and the speciation of quinones varies
substantially under different conditions, the mechanisms of
quinone-mediated EET at the molecular level are not fully
understood.

Because the cycling of reduced and oxidized quinones drives
the electron shuttling processes [17], redox transformation
between reduced and oxidized quinones definitely occurs. An
oxidized quinone contains two carbonyls (��C¼O) on the para
position of a phenyl ring [18,19]. The oxidized quinone can be
transformed into a semiquinone after accepting one electron and
to a hydroquinone after accepting a second electron [20,21]. During
this process, it has been noted that a proton (H+) is also involved in
the transformation from the quinone to the hydroquinone [20],
indicating that the pH may directly affect the quinone-mediated
EET process [22]. The kinetics of the hematite reduction by bio-
reduced anthraquinone-2,6-disulfonate at different pH values
showed a decreasing tendency of the iron reduction rate with an
increase in pH from 4.5 to 7.6 [22]. The reaction system contained
microbes, quinones and iron oxides, all of which might be sensitive
to pH [23–25]. Based on the Nernst equation, the redox potentials
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of the quinones and iron oxides were directly determined by their
speciation as a function of pH, resulting in pH-dependent
thermodynamics [26,27]. In addition, cell metabolism was also
obviously affected by pH, and an optimal range of pH was favorable
for cell growth [23,28] and caused a potential high efficiency of the
quinone-mediated EET. However, in a complex system containing
microbes, quinones and iron oxides, it was very hard to clarify
which factor(s) were responsible for the changes in the iron
reduction rate as a function of pH.

The study of bioelectrochemical systems (BES) is a promising
approach to examine the in situ dynamics of EET by directly
recording the microbial current generation [29,30]. The impor-
tance of the formal potential (Eh) of quinones in a quinone-
mediated EET process has been highlighted in a previous study
[31–35], because the Eh of quinones determined the main potential
losses in a quinone-mediated EET that represented the driving
force (DE) of the entire system [31]. Because the pH can influence
the Eh of quinones, it is likely to further change DE as well as the
overall electron transport efficiency in the BES. In addition, the
optimal pH may be very favorable for cell growth of biofilm on the
electrodes [36], resulting in further influencing the EET capacity in
the BES. Hence, pH changes may both induce the alternation of
quinone speciation and cell growth and, eventually, the rate and
extent of quinone-mediated EET processes.

In this study, 9,10-anthraquinone-2-sulfonic acid (AQS), which
can be easily measured by UV/Visible spectroscopy [31], was used
as a model quinone in a BES with the classical strain Shewanella
oneidensis MR-1[23]. Current generation and open circuit voltages
were examined at different pH values. The electrochemical
measurements, the speciation of AQS, and the cell growth were
integrated in this study (i) to examine the effects of pH on the
capacity of a quinone-mediated EET and (ii) to reveal possible
factors responsible for pH-dependent effects in the presence of
AQS. These observations may help us improve our fundamental
understanding of the mechanisms involved in a quinone-mediated
EET under various environmental conditions.

2. Experimental

2.1. Cell growth and materials

Shewanella oneidensis MR-1 (MR-1) was isolated from anoxic
sediments from Lake Oneida, NY [23], and purchased from MCCC
(Marine Culture Collection of China, China). The strain was
cultured aerobically at 30 �C and shaken continuously at
180 rpm in LB medium until the mid-exponential phase was
reached. Cell growth was determined by measuring the optical
density at 600 nm (OD600). The cell suspension was centrifuged,
washed and diluted to the desired concentration for subsequent
bioelectrochemical experiments. The 9,10-anthraquinone-2-sul-
fonic acid (AQS, AR, 98.0%) was obtained from Acros (China). Other
Fig. 1. (a) A depiction of a bioelectrochemical system. Working electrode and counter 

spectroelectrochemical system, which is a custom-made anaerobic quartz cuvette. Wo
electrode.
chemicals were purchased from Guangzhou Chemical Reagent
Factory (Guangzhou, China). in China. All solutions were prepared
using Milli-Q deoxygenated ultrapure water (18 MV cm, Easy
Pure’II RF/UV, USA).

2.2. The BES setup and electrochemical measurements

A potentiostat (CHI660D, Chenhua Co., Ltd., Shanghai, China)
was used for electrochemical measurements. A MR-1 (2 �108 cells
mL�1) suspension (110 mL) was cultivated in the presence of
50 mM lactate and 50 mM AQS in a serum bottle under anoxic
conditions. The BES was equipped with three electrodes on the top
of the serum bottle that held the MR-1 suspension (Fig. 1a). Two
pieces of carbon cloth (2 cm � 6 cm) were used as a working
electrode and a counter electrode. A calomel electrode was used as
a reference electrode. A fixed-potential of 0.441 V (vs. SHE) was
applied to the BES and controlled by the potentiostat. As a
comparison, the current generation experiment was also carried
out on flat glassy carbon electrode instead of carbon felt electrode.
The device was shown in Fig. S1a. A flat glassy carbon (10 � 10 mm)
was used as a working electrode in order to provide a smooth
surface and reduce the biofilm formation. The BES was subjected to
three phases (Phase I, open circuit; Phase II, closed circuit; Phase III,
open circuit). During Phase I and Phase III, the open circuit voltage
(OCV) was recorded for 2 hours to obtain a steady-state OCV value.
During Phase II, the current generation was measured for 48 h. Low
scan rate cyclic voltammetry (CV) (1 mV s�1) in Phase III was
performed after 2 days of current generation. The CV of the AQS
solution was measured at different pH values after purging with
oxygen-free N2 for 10 min at a 50 mV s�1 scan rate, and a glassy
carbon electrode, a palladium wire electrode, and a calomel
electrode were used as the working electrode, counter electrode,
and reference electrode, respectively. The solution/suspension pH
in the range of 6.2 to 7.8 was adjusted with 200 mM phosphate
buffer (PBS). Solutions containing NH4Cl (1.24 g L�1), KCl (0.52 g
L�1), a vitamin stock solution (5 mg L�1), and a mineral stock
solution (12.5 mg L�1) [37] were also added to the cell suspension
to maintain cell growth.

2.3. Spectroelectrochemical measurements

The speciation of AQS varied during the potentiostatic incubation
of MR-1 in the presence of AQS and could be directly measured by
UV-Visible absorption spectroscopy. In addition, the outer mem-
brane c-Cyts could also be measured by UV-Visible diffuse-
transmittance absorption spectroscopy. To monitor the spectra of
the AQS and the outer membrane c-Cyts in the BES, a wide quartz
cuvette (1 cm path, 5 cm width) equipped with three electrodes
(Fig. 1b) was used to simultaneously measure the electricity
and spectra of AQS and the outer membrane c-Cyts in the cell
suspension via diffuse-transmittance absorption spectroscopy (TU-
electrode: carbon cloth; reference electrode: calomel electrode. (b) An image of a
rking electrode and counter electrode: carbon cloth; reference electrode: Ag/AgCl



Fig. 2. (a) Current density vs. time at different pH values (6.2–7.8). The anaerobic
potentiostatic cultivation of MR-1 (2 � 108 cells ml�1) was performed with 50 mM
lactate and 50 mM AQS at a fixed-potential of 0.441 V (vs. SHE); (b) The Imax of Phase
II as a function of pH. (b) The open circuit voltage was measured in Phase I and Phase
III as a function of pH.
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1901 Beijing, China) combined with an electrochemical workstation
(CHI660D, Chenhua Co. Ltd., Shanghai, China).

2.4. Microbiology measurements

Because bacteria adhered to the carbon cloth electrodes, a
Power Soil1 DNA isolation kit from Mobio Laboratories, Inc. (USA),
was used to extract DNA from the carbon electrode following the
manufacturer’s instructions. A DNA solution (100 mL) was
obtained. The DNA concentration (10 mL) was measured with an
Invitrogen Qubit1 2.0 Fluorometer (Thermo Fisher, USA) using a
fluorescent reagent and calibrated using the standard sample
provided by the manufacturer. DNA extraction for the experiments
was conducted in triplicate, and the mean values and error bars
were derived from the average and standard deviation values
calculated from three replicates. The morphology of cells on the
carbon cloth electrodes were examined by with a scanning
electron microscope (SEM, S-3000N, Hitachi). The samples were
soaked in a 2.5% glutaraldehyde solution for 5 hours to keep intact
without any damage to the cells and then dehydrated in an ethanol
gradient and t-BuOH. Finally, the sample was coated with
evaporated platinum before being viewed via SEM with an
operating voltage of 15 kV.

3. Results

3.1. Electricity generation by MR-1 with AQS at different pH values

The current density and OCV in BES with MR-1 and AQS were
investigated at pH 6.2–7.8. While no current was generated in
Phase I and Phase III due to the open circuit conditions, the results
revealed that the current in Phase II in the BES with AQS increased
gradually at the beginning (0–20 h) and then the output became
constant after approximately 20 h, as shown in Fig. 2a. The
maximum constant current (Imax) showed that the Imax value at pH
6.2 was only 0.76 A m�2, but when the pH was increased to 6.8, the
Imax value was substantially increased to �2.1 A m�2 and then
slightly decreased to �1.9 A m�2 as the pH increased to 7.8, as
shown in Fig. 2b. The maximum current generation was observed
at pH 6.8. The OCV values in Phase I (OCVI) and Phase III (OCVIII) as a
function of pH are plotted in Figs. 2c and 2d. The results show that
the OCVI decreased in a step-wise manner from pH 6.2 to 7.8, while
the OCVIII decreased from pH 6.2 to 6.8 and then slightly increased
at pH values from 7 to 7.8. In addition, the OCVIII was more negative
than the OCVI at the same pH. While a high correlation coefficient
(R2) of 0.89 was observed between OCVI and pH, weak correlation
was observed for Imax vs pH (R2 = 0.48), and OCVIII vs pH (R2 = 0.19),
respectively.

Because Shewanella has the capacity of producing riboflavin
which will eventually increase EET rate, the role of the endogenous
flavins on EET rates was examined. Firstly, the supernatant was
collected from the MR-1 suspension cultured without any electron
mediator in the BES. Results in Fig. S2a showed that the peaks at
372 and 445 nm were attributed to 2 mM riboflavin, but no obvious
peak observed in the supernatant of suspension, suggesting that
the absorbance of self-secreted riboflavin in the BES was much
lower than 2 mM riboflavin, and far less than AQS (50 mM) used in
this study. Hence, the effect of self-secreted riboflavin on the EET
rates in the bioelectrochemical system may be neglected due to its
tiny amount. Secondly, the current generations at pH 7 with
exogenous riboflavin (2 mM), AQS (50 mM) and without exogenous
electron mediator were examined in the BES. Results in Fig. S2b
showed that the maximum current in the treatment with 2 mM
exogenous riboflavin was 17-times higher than the treatment
without exogenous electron mediator, and the current in the
treatment with 50 mM AQS was even 38-times higher than the
treatment without exogenous electron mediator. This suggested
that the influence of self-secreted riboflavin on the current
generation can be ignored.

3.2. CVs of BES with MR-1 and AQS under different pH

Because it was demonstrated that slow scan-rate voltammetry
can detect electron transfer between bacteria and electrodes [38],
the CVs of all of the BES in Phase III at pH 6.2–7.8 were conducted
with a slow scan rate (1 mV s�1). The results in Fig. 3a reveal a



Fig. 3. (a) The CVs of BES with AQS at different pH obtained from a slow-rate scan (1 mV s�1). The measurement was performed in the bioelectrochemical system after a
potentiostatic incubation. (b) The first derivative analysis of the CV results; (c) Cyclic voltammograms of AQS at different pH value, obtained using a glassy carbon electrode as
the working electrode after 10 min of oxygen-free N2 purging. (d) Linear correlation between midpoint potential of AQS (Em) and pH.
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Fig. 4. (a) UV/Vis diffuse-transmittance absorption spectra of the spectroelec-
trochemical system obtained in Phase I and Phase III. The potentiostatic
measurement was performed in the presence of 50 mM lactate and 50 mM AQS
under a fixed-potential of 0.441 V (vs. SHE) (b) The spectra of oxidized AQS (AQSox)
and reduced AQS (AQSred) was obtained via an electrochemical reduction.
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sigmoidal anodic current profile characteristic of catalytic
activity, which was a typical biofilm shape [38]. The CV maximum
catalytic current increased from pH 6.2–6.8 and then slightly
decreased from pH 7 to 7.8. A first derivative analysis of the
voltammetry results allowed the estimation of the potential at
which the rate of increase of the catalytic wave reached a
maximum [39]. To distinguish the redox peaks of the biofilm and
AQS, the first derivative analysis of CVs showed that two strong
symmetrical peaks were observed on the left side of each curve in
all treatments and that the peak position shifted negatively as the
pH increased from 6.2 to 7.8, as shown in Fig. 3b, which could be
attributed to the redox cycling of the AQS. Additionally, the weak
peaks on the shoulder could also be attributed to redox proteins
[40]. The CVs of pure AQS at different pH values were examined.
The results shown in Fig. 3c demonstrate that symmetrical
voltammetry results were observed for AQS at different pH
values, revealing that the redox transformation of AQS was fully
reversible. Both the midpoint potentials (Em) of AQS in BES and
pure AQS are plotted as a function of pH in Fig. 3d, which shows a
linear relationship with a very similar slope of 52.8 for AQS in BES
and 63.9 for pure AQS.

3.3. Spectra of AQS and MR-1 in the BES under different pH

The results shown in Fig. 4a demonstrate the absorption spectra
of the BES with MR-1 and AQS. The spectrum of MR-1 in the
absence of AQS showed a typical pattern of reduced c-Cyts, with
characteristic peaks at 419 nm and 552 nm. The peak at 330 nm was
attributed to oxidized AQS (AQSox) as indicated by the spectrum of
pure AQSox in Fig. 4b. Upon incubation with MR-1 in Phase I, the
partial AQSox was transformed into a reduced form (AQSred) with a
characteristic peak at 383 nm, as indicated by the spectrum of
AH2QS. It was noted that the peak at 383 nm decreased gradually as
the pH increased from 6.2 to 7.8. After current was generated
(Phase III), more AQSox was transformed into AQSred (AH2QS and
AHQS) and the peak at 330 nm decreased and that at 383 nm
increased. A very small peak was also evident at 400 nm, as
indicated by the spectrum of AHQS at pH 7.4 and 7.8.



Fig. 5. SEM images of the electrodes at pH 7 in Phase I (a) and Phase III (b). The total bacteria DNA in Phase III of BES at different pH (c) and the cell density of the cells only
incubated in anaerobic cuvettes with AQS (3.3 mM) as electron acceptors (d).

412 Y. Wu et al. / Electrochimica Acta 213 (2016) 408–415
3.4. Cell growth under different pH

SEM images of the carbon cloth electrode before and after
potentiostatic incubation at pH 7 are shown in Figs. 5a and 5b,
which obviously shows that a biofilm was observed in Phase III
after 2 days of current generation. To quantitatively illustrate the
dynamics of the biofilm formation and cell growth, the total DNA of
the biofilm on the carbon cloth electrode under different pHs was
extracted and measured. The results in Fig. 5c show that the total
DNA increased from pH 6.2 to 6.8 and then slightly decreased from
pH 7 to 7.8. In comparison, the cell growth with AQS (3.3 mM) in an
anaerobic cuvette under anoxic conditions was examined. The
results in Fig. 5d show that the cell density increased from pH 6.2
to 7.0 and then decreased from pH 7 to 7.8.

4. Discussion

4.1. The reactions of AQS-mediated EET processes

It has been well-documented that c-Cyts in the outer
membrane were involved in the electron transfer processes during
the current generation by MR-1 [41,42]. Specifically, the electron
transfer pathway in an anode chamber with MR-1 and AQS
includes intracellular electron transport (IET), extracellular elec-
tron transfer (EET), and the diffusion of reduced AQS to the anode
electrode. The step-wise potential losses can drive the electron
flow from the electron donor to the anode, resulting in the
generation of a current. In the IET process, the following half-cell
reaction (Rxn. 1) determines the electron production rates and the
concomitant anode potential:

C3H5O
�
3 þ 2H2O ! C2H3O

�
2 þ HCO�

3 þ 5Hþ þ 4e� ðRxn:1Þ
Hence, according to the Nernst equation, the specific theoretical
redox potential of the electron donor can be derived by Eq. (1).

EC3H5O
�
3
¼ E0C3H5O

�
3
� 0:015ln

½C2H3O
�
2 �½HCO�

3 �
½C3H5O

�
3 �

þ 0:17pH ð1Þ

Apparently, the redox potential of lactate increases with
increasing pH, indicating that the reducing ability of electron
donor decreases as the pH increases. In addition, the pH in Phase III
dropped by 0.2–0.3 units compared with the pH in Phase I, which
could further confirm the proton release that occurs in Rxn. 1.

As a result of the IET processes, c-Cytox was reduced to c-Cytred,
followed by the occurrence of EET processes via electron transfer
from c-Cytred to AQS (Rxn. 2).

c�Cytred þ AQSox$c�Cytox þ AQSred ðRxn:2Þ
The half reaction for c-Cyts transformation is shown in Rxn. 3:

c�Cytox þ 2e�$c�Cytred ðRxn:3Þ
The redox potentials of the c-Cyts (Ec-Cyt) can be calculated from

Eq. (2):

Ec�Cyt ¼ E0c�Cyt �
RT
nF

ln
½c�Cytred�
½c�Cytox�

ð2Þ



Fig. 6. (a) Linear correlation between OCVI and standard potential of AQS (Em). (b)
Linear correlation between OCVIII and standard potential of AQS (Em). (c) Linear
correlation between Imax and standard potential of AQS (Em).
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The half reaction for AQS transformation is shown in Rxn. 4:

AQS þ 2Hþ þ 2e�$AH2QS ðRxn:4Þ
The redox potentials of AQS (EAQS) can be calculated from

Eq. (3):

EAQS ¼ E0AQS � 0:0295ln
½AH2QS�
½AQS� � 0:059pH ð3Þ

The standard redox potential at a specific pH can be calculated
from Eq. (4).

EAQS
0 ¼ E0AQS � 0:059pH ð4Þ

The driving force of the IET process and the AQS-mediated EET
process are indicated by Eqs. (5) and (6).

DEIET ¼ EC3H5O
�
3
� Ec�Cyt ð5Þ

DEEET ¼ Ec�Cyt � EAQS ð6Þ

Hence, both DEIET and DEEET were directly affected by the pH
due to the involvement of H+ in the reactions. The pH changes may
affect the proton release in Rxn. 1 and ultimately affect EC3H5O

�
3
and

DEIET. The pH changes may also affect the proton consumption in
Rxn. 4 and ultimately affect Ec-Cyt and DEEET.

In the diffusion process, AQSred diffused to the anode surface
and concomitantly transferred electrons from AQSred to the anode,
resulting in the generation of current (Rxn. 5):

AQSred þ Anode ! Anode � AQSred ! AQSoxþCurrent ðRxn:5Þ
The transport of soluble AQSred to the anode is a slow diffusion

process governed by Fick’s law [43], and the diffusion process can
be calculated by Eq. (7).

j ¼ nF
DAQSD½AQSred�

Dz

� �
ð7Þ

where j is the current density (A m�2), DAQS is the diffusion
coefficient of the AQS (m2 s�1), Dz is the transport distance (m),
D[AQSred] is the concentration gradient of AQSred (mol m�3), and nF
is a conversion factor from moles to coulombs. It can be speculated
that the diffusion process is not pH-dependent because H+ is not
involved.

4.2. Roles of pH-dependent AQS redox properties

The aforementioned results indicate that the AQS-mediated EET
at different pH values was affected by the AQS redox properties,
such as the redox speciation and redox potential of AQS. To
examine the role of the AQS redox properties on AQS-mediated
electricity generation, a linear regression of Imax, OCVI and OCVIII

was plotted as a function of the standard redox potential of AQS at a
specific pH, which was indicated by the midpoint redox potential
(Em). The results in Fig. 6a show that a high correlation coefficient
(R2) of 0.86 was obtained between Em and OCVI, indicating that the
initial OCV of the system was dominated by the redox properties of
AQS. However, the results shown in Fig. 6b demonstrate that a
weak correlation was observed between OCVIII and Em (R2 = 0.21).
Similar to OCVIII, the results shown in Fig. 6c also demonstrate a
weak correlation between Imax and Em (R2 = 0.45).

The slope of Em versus pH was 52.8 mV, which is close to the
theoretical value 59 mV based on Eq. (4), revealing that the AQS-
mediated EET process was a proton-coupled electron transfer
reaction. A spectral analysis of the cell suspension with AQS
(Fig. 4a) indicated that AH2QS was the single reduced form of AQS
at all pH values at the beginning of Phase II, but the peak of AH2QS
at 383 nm gradually decreased with increasing pH because the Em
became more negative at a high pH according to Fig. 3c (CV of AQS),
making it difficult for OM c-Cytred to reduce the AQSox. At the end of
Phase II, a small peak at 400 nm for AHQS appeared at pH 7.8. The
following half reactions were supposed to occur (Rxns. 6 and 7).
Only one electron is needed for AHQS generation, while two
electrons are needed for AH2QS generation, suggesting the
electron-carrier capacity at pH 7.8 may be lower than that at pH
<7.8, which may be responsible for the lower Imax and OCVIII at pH
7.8.

AQS þ Hþ þ e�$AHQS ðRxn:6Þ

AHQS þ Hþ þ e�$AH2QS ðRxn:7Þ
Therefore, the effects of pH on the AQS-mediated EET were

attributed to the different AQS speciation and the involvement of
protons in the reactions.

4.3. Role of pH-dependent cell growth

It was well-documented that cell growth was also obviously
affected by pH [23,28] and might cause the changes in the quinone-
mediated EET. To examine the role of cell growth as indicated by
total DNA on AQS-mediated electricity generation, a linear
regression of Imax and OCVIII as a function of DNA was plotted in
Fig. 7. The results shown in Figs. 7a and b demonstrate that a linear
relationship was observed for Imax and OCVIII as a function of DNA



Fig. 7. (a) Linear correlation between Imax and total DNA. (b) Linear correlation
between OCVIII and total DNA.
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with a correlation coefficient (R2) of 0.74 and 0.89, respectively,
implying that cell growth was also an essential factor affecting the
AQS-mediated EET. The results of cell growth in the anaerobic
cuvettes showed that the optimal pH of MR-1 was 7.0, indicating
that the fastest rates of cell growth occurred at pH 7 [44], so it is not
surprising that a high cell density leads to a high lactate
consumption rate and a high electron output via IET and EET,
resulting in the linear correlation between OCVIII and total DNA. In
addition, it was noted that the R2 value of OCVIII vs. total DNA (0.89)
was much higher than that of OCVIII vs. Em (0.21), suggesting that
the contribution of pH-dependent cell growth was much greater
than the contribution of pH-dependent AQS redox properties to
the overall quinone-mediated EET capacity.

From the cell density and current generation at pH from 7 to 7.8
in Fig. 5c, the current generation did not decreased significantly
due to the substantial decay of cell density, implying that the more
negative redox potentials of AQS at pH 7–7.8 may play an
important role of maintaining the current generation at a high
level. To further evaluate the roles of pH-dependent AQS redox
properties to EET capacity, the current generation experiment was
carried out on flat glassy carbon electrode instead of carbon felt
electrode in order to provide a smooth surface and reduce the
biofilm formation. Results in Fig. S1b showed the current
generation with flat glassy carbon electrode (<50 mA m�2) was
much lower than that with carbon felt electrode (<2.5 A m�2).
Results in Fig. S1c showed that the current generation increased
from pH 6.2 to 7.4 and then decreased from pH 7.4 to 7.8. While the
optimal pH for cell growth was at pH 7.0, the current generation
kept increasing at pH from 7.0 to 7.4, suggesting that the pH-
related changes of AQS redox potential might play an important
role in maintaining the current generations at a high level. The
current decreased from 7.4 to 7.8 eventually, highlighting the
importance of pH on cell growth in the EET process. Therefore, both
of cell growth and AQS redox potentials played important roles in
pH-dependent EET processes.

Based on the aforementioned discussion on the role of AQS
redox properties and cell growth at different pH values, the pH-
dependence of both the AQS redox properties and cell growth
contribute to the quinone-mediated EET processes. When the pH
in BES is below the optimal pH of 7 for MR-1 cell growth, both cell
growth and the AQS redox properties have positive effects on the
increase in the EET capacity. When the pH is higher than the
optimal pH of 7, while the AQS redox properties still have a positive
impact on the EET capacity, a decline in the cell density slows the
increase in the EET capacity.

5. Conclusion

In this study, the effects of pH values from 6.2 to 7.8 were
investigated in a bioelectrochemical system using 9,10-anthraqui-
none-2-sulfonic acid (AQS) as a model quinone. The results showed
that the current generation increased from pH 6.2 to 6.8 and then
decreased slightly from pH 7.0 to 7.8. The open circuit voltage
(OCV) changed as a function of pH in a similar manner. Cell growth
after incubation under different pH conditions was also indicated
by the total DNA concentration, which also increased from pH 6.2
to 6.8 and then decreased from pH 7.0 to 7.8. Thermodynamic
calculations and cyclic voltammetry measurements indicated that
the AQS redox potential was negatively correlated with pH. From
pH 6.2 to 7.0, both cell growth and the AQS redox properties have
positive effects; from pH 7.0 to 7.8, while the AQS redox properties
still have a positive impact on the EET capacity, a decline in the cell
density slows the increase in the EET capacity. These results
provide a fundamental understanding of the quinone-mediated
EET processes and highlight the importance of pH.
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