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ABSTRACT: Despite the importance of exogenous electron shuttles Lactate E
(ESs) in extracellular electron transfer (EET), a lack of understanding of
the key properties of ESs is a concern given their different influences on
EET processes. Here, the ES-mediated EET capacity of Shewanella
putrefaciens 200 (SP200) was evaluated by examining the electricity
generated in a microbial fuel cell. The results indicated that all the ESs
substantially accelerated the current generation compared to only SP200.
The current and polarization parameters were linearly correlated with
both the standard redox potential (E}s) and the electron accepting
capacity (EAC) of the ESs. A thermodynamic analysis of the electron
transfer from the electron donor to the electrode suggested that the EET  ESs: Electron shuttles
from c-type cytochromes (c-Cyts) to ESs is a crucial step causing the IEAs: Insoluble electron acceptors
differences in EET capacities among various ESs. Based on the derived

equations, both Ef and EAC can quantitatively determine potential losses (AE) that reflect the potential loss of the ES-mediated
EET. In situ spectral kinetic analysis of ES reduction by ¢-Cyts in a living SP200 suspension was first investigated with the Egg,
E ¢y, and AE values being calculated. This study can provide a comprehensive understanding of the role of ESs in EET.

IET: Intracellular ET
EET: Extracellular ET

H INTRODUCTION (such as metal reduction and current generation).lg’20 The
optimal enhancement of ferric reduction by Geobacter
metallireducens was observed when their standard redox
potentials (Ef) fell within a narrow range (—225 to —137
mV),>' and similar behavior has been observed for other
bacteria, including Klebsiella pneumonia 117, Shewanella
decolorationis S12, and Aeromonas hydrophila HS01.>* Hence,
no linear correlation between the Ep of ESs and iron reduction
rates was observed. However, the iron reduction rates exhibited
by Shewanella putrefaciens CN32 were negatively correlated
with the EY of various ESs (—247 mV to 11 mV).>* The key
components in the electron-transfer chain are outer-membrane
c-type cytochromes (OM c-Cyts, such as OmcA, OmcB, MtrC,
and OmcS), which have a broad potential windows that span
from —320 mV to —15 mV.>*** Only the ¢-Cyts with E;, value
lower than that of the ES can reduce the ES. The E,° of the ESs

> .23 .
elemental biogeochemistry, contaminant degradation, and used by O’Loughlin™ were all higher than —247 mV,

some engineering aspects (microbial fuel cells (MFCs), su%gesting that the ¢-Cyts can rzelduce a.ll the- ESs, while the
bioremediation, etc.);'*™'® however, the redox behavior of E}” of the ESs used by Wolf et al.”" were just higher than —500

ESs has been poorly characterized, and a fundamental

Dissimilatory metal-reducing bacteria can convert biochemical
energy for metabolism through extracellular electron transfer
(EET), which has been widely reported in both natural systems
and artificial devices (e.g., microbial fuel cells)."~* Although the
direct electron transfer from bacteria to substrates via outer-
membrane cytochromes is considered to be the basic EET
pathway, the electron shuttles (ESs) play a key role in
facilitating the 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.*”'® ESs not only widely exist in aquatic and
terrestrial environments (exogenous ESs), but can also be
secreted by various microorganism (endogenous ESs).''”'?
The ubiquitousness of ESs and their particular redox properties
highlight their environmental significance and their roles in
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mV, indicating that even the c-Cyts with the lowest E;,° (=320
mV) are not able to reduce the ESs with E,” between —500 mV
and —320 mV. While this may be the case, the investigation of
the correlation between Ef and electricity generation in the
presence of various ESs has rarely been reported.”**"

Recently, the electron transfer capacity of ESs has been
investigated using electrochemical methods, which is reportedly
a promising approach to the direct quantification of the
electron transfer capacity during the shutting process of
ESs. 20728 Using this method, researchers investigated the
effects of various quinones on the iron reduction rates and
electricity generation and observed that the iron reduction rates
and amount of current generated were positively and linearly
correlated with the electron transfer capacity of quinones.”**
The quantitative property—activity relationships among elec-
tron transfer capacity, the redox equilibria of quinones
(speciation of quinones), and iron reduction rates were
established; the electron transfer capacity was observed to be
expressed by concentrations of various quinone species and Ej,
which can be used to predict the properties (both kinetic and
thermodynamic aspects) of other ESs or the redox states of ESs
under different conditions.”> However, given the complexity of
the ES-mediated EET mechanism, detailed mechanistic studies
related to the molecular-level processes that control the relative
importance of these EET mechanisms are still needed. Hence,
the investigation of the thermodynamics of each elementary
reaction in the EET process is important for elucidating the
roles of ESs and the critical reaction steps that control the ES-
mediated EET processes.

The elementary reaction between OM c¢-Cyts and electron
acceptors is widely recognized as being an important step
during the EET processes; consequently, some studies have
focused on the reduction of metals by the purified OM ¢-Cyts
from dissimilatory metal-reducing bacteria.** ' However, a
large discrepancy was reported in the redox properties between
purified proteins and protein complexes in a living cell because
the highly reactive enzymes can be easily changed during the
purification process.*” Proteins embedded in a lipid membrane
can function together as a whole in the living cell, and their
properties should be influenced by a shift in the equili-
brium.>*** Therefore, a study of in vivo ¢-Cyts will provide
more meaningful information that may aid in advancing our
understanding of the in situ EET mechanism. Because the
active center of ¢-Cyts, heme irons, have a large molar
absorption coeflicient, spectroscopic methods such as evan-
escent wave spectroscopy and surface-enhanced infrared
absorption have typically been used to investigate the in vivo
properties of c-Cyts."®**** An in situ spectroscopic method was
also used to study the reaction between Fe*" and c¢-Cyts in
intact Leptospirillum ferrooxidans under aerobic conditions.> In
our previous work, we also used UV/visible diffuse-trans-
mittance absorption spectroscopy to monitor the ¢-Cyts in the
living cells of bacterial suspensions.3’22 However, a detailed
investigation on the in situ kinetics between the ¢-Cyts and ESs
in living bacteria suspensions is still lacking.

In this study, the ES-mediated EET by Shewanella
putrefaciens 200 (SP200) were investigated in the presence of
various ESs with E}, values in the range of —247 mV to —51 mV
in MFCs; the objectives were to (i) evaluate the effects of
various ESs on electron outputs of SP200 by measuring the
current generated; (ii) correlate the electron outputs with the
EY and the EAC of various ESs and establish the quantitative
property—activity relationships among electron outputs, Ep,
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EAC, and speciation of ESs; (iii) derive the thermodynamic
equations of each elementary reaction during the ES-mediated
EET processes from bacteria to an insoluble electron acceptor;
and (iv) examine the in situ spectral kinetics of ES reduction in
a living SP200 suspension. This study is expected to enhance
our fundamental understanding of the electrochemical proper-
ties and thermodynamics of various ESs and their influence on
the EET in many natural and engineered systems.

B EXPERIMENTAL SECTION

Materials. Shewanella putrefaciens 200 (SP200) is an iron-
reducing bacterium.>***” The strain was grown aerobically as
batch cultures in LB medium to the midexponential phase and
was subsequently used for electrochemical experiments. 2-
Hydroxy-1,4-naphthoquinone (2-HNQ, 97%) and 9,10-anthra-
quinone-2-sulfonic acid (AQS, 98.0%) were purchased from
Acros. 9,10-Anthraquinone-2,6-disulfonic acid (AQDS, 98%),
9,10-anthraquinone-2-carboxylic acid (AQC, 99%), resazurin
sodium salt (RZ, 90%), and flavin mononucleotide (FMN,
93%) were purchased from TCI (Japan). Riboflavin (RF, 98%)
was purchased from Aladdin (China). Other chemicals were of
analytical grade and were obtained from Guangzhou Chemical
Co. (China).

MFC Configuration and Operation. Double-chamber
MEFCs were used in this study with schematic and configuration
in Supporting Information (SI) Figure S1. A suspension of
SP200 in midexponential phase (ca. 107 cells mL™") with ESs
(50 uM) in a phosphate buffer solution (0.2 M, pH 7.0)
containingg lactate (20 mM), mineral solution and vitamin
solution®® was added to the anode chamber, and then it was
purged with O,-free N, for at least 30 min before being
transferred into an Anaerobic Chamber (DG250, Don Whitley
Scientific, England). The anode chamber was sealed with butyl
rubber stoppers, and 0.1 M potassium ferricyanide was
subsequently added to the opposite chamber as a catholyte
and a 1000 Q resistor was set as an external load. The reactors
were taken out of the Anaerobic Chamber and connected with
the 32-channel voltage collection instrument (AD8223, China).
All experiments were conducted at a controlled temperature of
30 °C. The current was calculated from the obtained voltage
and external resistance on the basis of Ohm’s law. The
polarization, power densities and open-circuit voltages of the
MFCs were measured; the experimental details are provided in
the SL** Cyclic voltammetry (CV) and EAC measurements
were performed using a gotentiostat (CHI660D, Chenhua Co.,
Ltd., Shanghai, China).”

In Situ Spectral Measurements of c-Cyts and ESs.
SP200 was grown aerobically in nutrient broth at 30 °C for 18
h. The suspension was subsequently centrifuged at 7000g for 10
min at 4 °C; the pellets were washed three times and then
transferred into the Anaerobic Chamber and resuspended in
sterile oxygen-free PIPES buffer (1,4-piperazinediethanesul-
fonic acid, pH 7.0). The cell suspension at a final concentration
of 1 X 10® cells mL™" was added to a rectangular quartz cuvette
with an optical path length of 1.0 cm, and the cuvette was
subsequently sealed and taken out of the Anaerobic Chamber.
The control without ES was first measured before ES (0.15
mM) was added, and the spectra were collected at intervals
using a UV/visible spectrophotometer (TU-1901 Beijing,
China) equipped with an IS19—1 integrating sphere reflectance
attachment (22 to 25 °C).>***° The scanning wavelength range
was 300—700 nm. The wavelength of the specific peak of
individual ES was 453, 328, and 331 nm for 2-HNQ,, AQDS,,,
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Table 1. Average Constant Current (I,,.) and Electrochemical Parameters (OCV, P,,.,, and R,,) of MFCs in the Absence or

Presence of ESs, Standard Redox Potentials (Eg), Electron Accepting Capacities (EAC), and log K,

parameters CK AQC AQS
L. (mA) 0.222 0.627 0.639
OCV (mV) 323 674 699
P (mW m™) 206 1016 1335
Ry, (Q) 34 70 40
E¥ (mV) —247 —22§
EAC (mmol,” (molgg)™") 262 212
log K, 3.23 0.19

of ESs

FMN RE AQDS 2-HNQ RZ
0.619 0.625 0.582 0.534 0.380
685 698 658 606 459
1095 1271 940 765 375
62 47 71 78 101
-219 —-208 —184 —-137 =51
220 235 199 167 29
—-1.73 —1.46 —0.76 1.38 N/A

and AQS,,, respectively, and the concentrations of ESs were
obtained according to the standard curves. While the accurate
concentration of ¢-Cyts was not quantified here, the ratios of ¢-
Cyt,a/c-Cyt,, used in the E; calculation can be directly
obtained from the ratios of the peak intensity of c-Cyts at 552
nm.

B RESULTS AND DISCUSSION

Effects of ESs on Electron Outputs. The results in SI
Figure S2 reveal that the current in all the MFC reactors
initially increased slowly until 24 h and then sharply reached a
constant output after approximately 72 h. To clearly illustrate
the differences in the electron outputs, the average current
values in the constant stage were calculated; the results, which
are summarized in Table 1, suggest that the average constant
current (I,,,) with and without ESs decreased in the order AQS
> AQC > RF > FMN > AQDS > 2-HNQ > RZ > CK (Table
1), where the highest I,,. value with AQS was 2.9 times higher
than that without an ES and even the lowest I, value with RZ
was 1.7 times higher than that without an ES. These results
indicate that the presence of ESs substantially enhanced the
electron outputs by the SP200 compared with the control
treatment (CK), which is consistent with previous similar
studies on iron reduction.”® As Shewanella has the capacity of
releasing riboflavin,*' the supernatant from the SP200
suspension cultured without any ES in the MFC was collected
for characterization of potential self-secreted riboflavin by
DPVs and UV—vis spectra. Results in SI Figure S3a show that a
tiny peak was observed at ~ —0.2 V (vs SHE) which may
represent the self-secreted riboflavin of SP200. However, the
peak intensity of this possible self-secreted riboflavin is much
lower than that of the exogenous riboflavins with S0 M. The
UV—vis spectra (SI Figure S3b) also show that the absorbance
of self-secreted riboflavin was much lower than that of the
exogenous riboflavins. Therefore, the influence of self-secreted
riboflavin can be ignored.

To compare the electrochemical properties of MFCs with
different ESs, the polarization behavior of different MFCs was
determined on the 3.5th day of operation. The polarization
curves in SI Figure S4a indicate that, although the open-circuit
voltage (OCV) of CK was the lowest voltage value, the OCVs
of other MFCs in the presence of ESs were substantially higher
than that of CK. The OCVs at zero current density are
summarized in Table 1 with the ranking order AQS > RF >
FMN > AQC > AQDS > 2-HNQ_ > RZ > CK. The internal
resistances (R;,) were also obtained by calculating the slope of
the voltage vs current production curves (SI Figure S4a); the
results are presented in Table 1 and suggest that the order of
R, of all of the MFCs was RZ > 2-HNQ > AQDS >AQC >
FMN > RF > AQS > CK. Power density curves were also
measured (SI Figure S4b), and the maximum power densities
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(Ppax) of the MFCs were derived from the peaks; the results
presented in Table 1 reveal that the rank order of P, was the
same as that for OCV. The P, value with AQS (1335 mW
m™2) was 6.5 times greater than that with CK. The polarization
behavior of these MFCs clearly demonstrates that the presence
of ESs substantially enhanced the current output capacity, as
indicated by their observed higher OCV and P_,. To clearly
illustrate the contribution of the anode and cathode to the
overall current generation, the electrode potentials of the
anodes and cathodes were also examined. The results in SI
Figure S4c indicate that, although the cathode potentials of the
various MFCs were consistent, the anode potentials varied
substantially in a manner similar to the variation of the overall
polarization curves in SI Figure S4a; these variations indicate
that the differences in electricity output by SP200 with ESs
were mainly attributable to the different anode potentials
induced by the ESs.

Impact of EX on ES-Mediated Extracellular Electron
Transfer. Because the redox potential (E;) of ESs is a critical
parameter related to thermodynamic control of the ES-
mediated extracellular electron transfer process,”"** the
correlation between the current generated with ESs in MFCs
and their standard redox potential (Efg) were investigated. The
results (Figure la) indicate that the I, decreased gradually as
the EYs was increased from —247 mV to —51 mV (Table 1);
this behavior is also reflected in the cyclic voltammograms
(CVs) in SI Figure SS. A high correlation coefficient (R) of
0.973 was obtained from the linear regression fitting of I, vs
E}, which indicates that the I,,, was strongly correlated with
the Eg of ESs. Further analyses were conducted on the
correlation between Ejs and the electrochemical parameters
(oCv, P,,,, and R,,) derived from the polarization curves in SI
Figure S4. Although the OCV and P,,, tended to decrease with
increasing Ejg, similar to the case for I, the Ry, increased
gradually with increasing E} and strong linear relationships
were observed in the plots of OCV vs E¥s (R = 0.946) (Figure
1b), P, vs E}s (R = 0.873) (Figure 1c), and Ry, vs Efs (R =
0.763) (Figure 1d). A similar linear correlation was also
observed between E{ and the effects of ESs on microbial iron
reduction by Shewanella putrefaciens CN32, where the iron
reduction rates were negatively correlated with the Ej, of the
ESs (=247 mV to 11 mV).» Although no linear correlation was
observed between EY and the iron reduction rates with ESs in a
wide range from —500 mV to —3 mV,*°"> we nonetheless
noted that a decrease similar to that in Figure la was obtained
when the ESs with EJg values in a narrow range of —254 mV to
—3 mV were considered. The good correlations between Ejg
and all of the examined parameters (I, OCV, P, and R;,)
confirmed that the Ef of the ESs was a key factor in enhancing
the electron output of SP200.
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Figure 1. Correlation between the standard redox potentials of ESs
(EYg) and the electrochemical parameters (a) I, (b) OCV, (c) Py
and (d) Ry, The data were measured on the 3.5th day of operation,
when the current of all the cells reached a stable value and an open
circuit was maintained for 4 h.

Impact of EAC on ES-Mediated Extracellular Electron
Transfer. The relationship between the EAC and iron
reduction rates has been previously reported,”® > and the
results suggest that the ES-mediated microbial iron reduction
rates strongly depend on the EAC of those ESs. Here, the EAC
of different ESs were determined using amperometric i-t
measurements in a buffer solution (pH 7.0, phosphate 0.2 M)
similar to that used in MFCs. The results in Table 1, which
were calculated from the results in SI Figure S6, showed a
descending order of AQC > RF > FMN > AQS > AQDS > 2-
HNQ > RZ. To clearly illustrate the relationship between the
effectiveness of ESs for electron output by SP200 and their
EAC, the I,,. as a function of EAC was plotted, as presented in
Figure 2a. The results revealed that the I, values correlated
well with the EAC of the ESs, as indicated by correlation
coefficients (R) as high as 0.930 for the linear regression fitting.
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Figure 2. Correlation between the electron accepting capacities (EAC)
of ESs and the electrochemical parameters (a) I, (b) OCV, (c) P,y
and (d) Ry, The data were measured on the 3.5th day of operation,
when the current of all the cells reached a stable value and an open
circuit was maintained for 4 h.

These results suggest that the effectiveness of different ESs for
enhancing electron outputs is positively associated with the
EAC of the ESs. Further analysis of the relationship between
the EAC and the electrochemical properties of MFCs with ESs
suggested that, although the OCV and P, increased with
increasing EAC, the R, decreased gradually with increasing
EAC; strong linear relationships were observed in the plots of
OCV vs EAC (R = 0.902) (Figure 2b), P, vs EAC (R =
0.803) (Figure 2c), and R;,, vs EAC (R = 0.670) (Figure 2d).
This finding is consistent with those of previous reports,”~>*
which suggests that ES-mediated EET processes are strongly
dependent on the EAC of the ESs.

Since transport of ESs into cell or surface reaction of ESs
with cytochromes may influence the overall EET processes, the
log K,,, of ESs was also taken into consideration. While the log
K., values of all the ESs are quite different as shown in Table 1,
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no good linear correlation was observed between log K, and
I, (SI Figure S7). According to the calibration of results
obtained at 552 nm from UV/vis spectra of cell suspension (SI
Figure S13) using cytochrome ¢ from equine heart (Sigma,
C2506, €559 = 25.68 mM™'), the total cytochrome concen-
tration in cell suspension was estimated as 1—1.5 uM (hemes),
which was much less than that of ESs (50 uM), and hence, the
log K,, of ESs may just have very limited influence on the
overall EET processes.

As the MFCs experiments were conducted with an external
resistor of 1000 ohm, the effective anode potential may be
different leading to a changing kinetics of ES reoxidation. To
further prove the reported phenomenon in Figures 1 and 2, the
experiments were performed under galvanostatic condition
with the details of schematic and configuration in SI Figure S8.
As the current is fixed, the voltage outputs will reflect the
difference in the electrode potential caused by the presence of
ESs. Results in SI Figure S9 also showed a linear correlation
between the electrode potentials and Egg (and EAC), which
was consistent with the results from the MFCs experiments
(Figures 1 and 2). Therefore, the impact of E}s and EAC of ESs
on the extracellular electron transfer of SP200 can be well
verified.

Thermodynamics of ES-Mediated Extracellular Elec-
tron Transfer. On the basis of the aforementioned electrode
potentials in SI Figure S4c, the difference among the treatments
with various ESs is attributed to their different anode potentials;
hence, thermodynamic analysis of the reactions that occur at
the anode will be useful for revealing the electron transfer
mechanisms during the ES-mediated electron outputs.
According to Picardal et al,** the ¢-Cyts are the predominant
cytochromes present in the outer-membranes of SP200, and a
91-kDa heme-containing protein was found in the OM of
SP200.* To further investigate the chemical properties of the
OM c¢-Cyts of SP200, the outer-membrane proteins have been
extracted and similar patterns of oxidized (c-Cyt,,) and reduced
c-Cyts (c-Cyt,.q) were observed in the UV/vis diffuse-
transmittance spectra of whole cell and extracted OM proteins
of SP200 (SI Figure S12a). The spectroelectrochemical spectra
of the extracted OM proteins characterized in a range of
potentials spanning between 0 mV and —500 mV (SI Figure
S12b), reveal that the c-Cyt, was transformed to the c-Cyt,4
with decreasing external potential. After AQDS was added to
the reduced OM proteins, the peak intensity at 552 nm rapidly
decreased, indicating that the reaction between c¢-Cyt,4 and
AQDS occurred. Therefore, this result can provide a direct
evidence for the electron transfer from c-Cyt,4 to ESs.

The riboflavin-mediated current generation was investi-
gated™ by using S. oneidensis MR-1 with wild type and deletion
mutants with results that the current generation with the
AmtrC, AmtrA, AmtrB, and AomcA/mtrC deletion mutants
decreased greatly as compared with that with wild type,
suggesting the involvement of ¢-Cyts in the EET of Shewanella
species. In addition, the current generation by S. oneidensis MR-
1 decreased rapidly in the presence of metabolic inhibitor (2-
heptyl 4hydroxyquinolineN-oxide) for Mtr pathway,** further
reflecting the involvement of ¢-Cyts. Therefore, in an anode
chamber with SP200 and ESs, the electron transfer pathway can
be divided into three steps: (i) the intracellular electron
transport (IET) from an electron donor to the OM, (ii) the
extracellular electron transfer (EET) from OM c-Cyts to
exogenous ESs, and (iii) the diffusion of reduced ESs to the
electrode (anode). The step-by-step potential losses can drive
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the electron flow from the electron donor to the anode,
resulting in the electron output (current).

In Step (i), the electron donor (lactate) can be utilized by
SP200 and result in concomitant enrichment of the SP200 cells

(eq 1):

SP200 + lactate™ — (SP200), + acetate” + CO, + H*
(1)

Because the utilization of an electron donor by bacterium is
considered to be the power source of electron flow in MFCs,
the anode potential is determined by the following half-cell
reaction (eq 2):

C,H,0; + 2H,0 — C,H;0; + HCO; + SH* + 4e”
@)

Hence, the specific theoretical anode potential can be
calculated on the basis of the standard redox potential of
lactate and the concentrations of each species via the Nernst
equation. Herein, the influence of ESs on the electron-donor
utilization was expected to be similar for all of the MFCs (with
or without an ES) because the initial cell density and lactate
concentration were identical for all of the MFCs. Results in SI
Figure S10 also confirmed that no significant difference of cell
density was observed between the treatments with and without
ESs, though the biofilm growth was observed on the anode
electrode (SI Figure S11). Hence, the potential losses in Step
(i) can be assumed to be similar for all of the MFCs with or
without an ES.

In Step (ii), because of the existence of potential loss
between the electron-donor potential (E,..) and the potential
of the outer membrane (OM), the electrons are released from
the OM of the cells into OM c¢-Cyts, resulting in an electron
sink on the c—Cy’cs.46 Hence, the oxidized c¢-Cyts (c-Cyt,,) are
transformed into reduced ¢-Cyts (c-Cyt,q) via the reduction by
the electrons generated by the process in eq 2. For
convenience, a two-electron reaction was assumed in
thermodynamic calculations, as shown in eq 3:

C_Cytox +t2 © C_Cytred (3)

The ¢-Cyt,q can directly transfer electrons to electrodes
when the OM is in contact with anode, which is a basic
mechanism for the biofilm cases. However, after the addition of
ESs, the ¢-Cyt,q is readily captured by the soluble oxidized ES
(ES4y), which results in the generation of reduced ES (ES.,.q)
via eq 4, the ES .4 can attract the electrons from the OM of the
cells (especially the cells located away from the anode surface)
to the electrode, resulting in the exogenous ES-mediated EET
processes:

c-Cyt , + ES;, < c-Cyt + ES 4 (4)
where the two-electron reaction for ES reduction is assumed,
and the half-cell reaction can be written as eq S:

ES,, + 2e” < ES. 4 (5)

The specific redox potentials of the ¢-Cyts and ESs (E,cy
and Egg) can be calculated by the Nernst equations presented
in eqs 6 and 7:

0 RT [C‘C)’tred]
E —In ————
2F  [c-Cyt ]

E c-Cyt —

c-Cyt =

(6)
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[E Sred]
[ESOX]

RT
Egg = E](S)S - Eln

(7)

where R is the ideal gas constant (8.3145 J mol™ K™'); F is the
Faraday constant (96485 C mol™" e7); T is the temperature
(K).; and E?_Cyt represents the standard redox potentials of the
¢-Cyts, which have been previously reported in the range of
—400 mV to 0 mV.*>*’7>° The standard redox potentials of the
ESs (E}s) are presented in Table 1. The potential loss (AE)
between the ¢-Cyts and the ESs is equal to (E.cy — Egs).
Combining AE = E_c, — Egg with eq 6 and eq 7, we can
express the AE as eq 8:

RT

RT, [eCyt, JES, )
2F

AE = E’,, — Egs —
ot TES [e-Cyt_1[ES,qq]

(8)

In Step (iii), the interaction between ES 4 and the anode is
described as ES,4 diffusion to the anode surface followed by
electron transfer from ES.4 to the anode, resulting in the
generation of current (eq 9):

ES.4 + anode — anode-ES_; — ES_, + current

)

Although the electron transfer from ES 4 to the anode is very
fast when they are in contact,” the transport of soluble ES, 4 to
the anode is a slow diffusion process governed by Fick’s law.*
The diffusion of ES, 4 to the electrode can be calculated as eq
10:

i = nF
! "( (10)

where j is the current density (A m™2) obtained using SP200,
Dy is the diffusion coefficient of the ES (m? s™'), Az is the
transport distance (m), A[ES,4] is the concentration gradient
of ES,.q (mol m™3), and nF converts from moles to coulombs.
The diffusion coefficients of organic molecules are relatively
small and can assumed to be similar for all of the ESs;*” hence,
no great differences were observed among the various ESs with
respect to Step (iii).

On the basis of the previous discussion, the IET from an
electron donor to an OM (Step (i)) and the diffusion of
reduced ESs to the electrode (Step (iii)) can be assumed to be
similar for all of the MFCs with or without ESs; hence, the EET
from the OM ¢-Cyts to exogenous ESs (Step (ii)) is a critical
step that is responsible for the differences in the overall output
of electrons by SP200 in the presence of different ESs.

As evident from eq 8, the potential loss from the OM ¢-Cyts
to the ES is not only determined by the E?_Cyt and Ey, but is
also influenced by the speciation of ¢-Cyts and ESs (([c-Cyt,.q]
[ES..])/([c-Cytoy ] [ES,eq]))- The E?—Cyt value can be assumed
to be the same for all of the treatments with or without ESs
because the same bacteria with the same cell density were used
in all of the treatments. Therefore, the variables in eq 8 include
EY and the speciation of ¢-Cyts and ESs. The results in Figure
1 indicate that the current generation (I,,.) and polarization
parameters (OCV, P, and R,,) are linearly correlated with
Es, which reveals that the differences in Efsamong the ESs may
result in a different potential loss (AE) and further influence
the EET efliciency from SP200 cells to the electrode. In
addition, the results in Figure 2 reveal that the current
generation (I ,.) and polarization parameters (OCV, P, and
R,,) are also correlated with the EAC of ESs, which can be
calculated according to the following equation (eq 11):

DESA [Esred]
Az

9311

ne 2, [ES]
[ESw] — [ESil (1)

Here, if only two forms of ES (ES,.q and ES,,) are assumed,
the EAC can be simplified as eq 12:

ES ES
EAC = |: red] — |: red] — 1
[Estot] [Esred] + [Esox] (ESy]

EAC =

ox.

]
+ TEsal

(12)

where [ES,,,] represents the total concentration of ES and 7,
represents the total amount of accepting electrons. The
equations (eqs 8 and 12) and results in Figure 2 confirm that
the speciation of c-Cyts and ESs can directly induce different
potential losses (AE) and further influence the EET efficiency
from the SP200 cells to the electrode. Therefore, the ES-
mediated EET process is expected to be directly determined by
the kinetics of the c-Cyts and ES species.

In Situ Spectral Analysis of ES Reduction in a Living
Cell Suspension. Because Step (ii) is presumed to be the
critical step during the electron transfer from the electron
donor via the OM ¢-Cyts and ESs to the electrode and,
simultaneously, Step (i) and Step (jii) are presumed to be
similar for all of the treatments under the specific conditions
used in this study, we first investigated the in situ spectral
kinetic analysis of ES reduction in a living SP200 suspension to
further illustrate the relationship between the thermodynamic
changes and kinetics of the species of ¢-Cyts and ESs. We
performed this investigation by measuring the spectral changes
of ¢-Cyts and ESs simultaneously. Here, three ESs (2-HNQ,
AQDS, and AQS) were selected because these three ESs are
easily measured by UV/Visible spectroscopy. Their spectra are
distinct (SI Figure S13) and contain specific peaks at 453 nm
(2-HNQ,,), 328 nm (AQDS,,), 331 nm (AQS,,), and 552 nm
(¢-Cyt,eq)- The combination of individual spectra of ¢-Cyts and
ESs by calculation resulted in a spectrum similar to those of the
real mixture of SP200 and ESs, thereby indicating that the
concentrations of ¢-Cyts and ESs can be obtained from their
individual peak intensities. The results in SI Figure S14 show
the spectral changes of three selected ESs in the SP200
suspension that occurred as time elapsed; the spectra of ¢-Cyts
are presented as well. The intensities of the peaks at 453 nm (2-
HNQ,,), 328 nm (AQDS,,), 331 nm (AQS,,), and 552 nm (c-
Cyt,q) were extracted, and the kinetics was plotted in SI Figure
S15. The results indicate that the concentrations of all three
ESs decreased quickly with time, thereby confirming the
effective ES reduction by the SP200. In the case of the OM -
Cyts, although the c-Cyt,q sharply decreased from ~0.03 to
0.01—0.015 at the beginning (first min), the ¢-Cyt,4 increased
gradually thereafter, indicating that the c-Cyt 4 reacted with
ESs very rapidly at the beginning of the reactions but the
electrons were then refilled to the c-Cyt, via IET, which
resulted in a subsequent increase in the c-Cyt,.4 concentrations.

Because the speciation of ¢-Cyts and ESs are critical for the
AE in eq 8 and the EAC in eq 12, the natural logarithm values
of [C'Cytred]/[c'cytox]) [Esox]/[ESred]l and ([C'Cytred:l [Esox])/
([c-Cytox) [ES,eq]) were calculated and the specific redox
potentials of c¢-Cyts (Ec-Cyt) and ESs (Egg) as well as the
potential losses (AE) were obtained from eqs 6 — 8. Because
the values of E?,Cyt in the wide range of —400 mV to 0 mV have
been previously reported,”*”*® a value of —0.25 V (vs SHE)
can be reasonably used here for the calculation of specific E
values (EC_Cyt and AE). Results in Figure 3a reveal that the E cp
in the presence of ESs decreased gradually with time, which is
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Figure 3. Calculated E;, values of ¢-Cyts (a), ESs (2-HNQ, AQDS, and
AQS) (b) and the potential loss (AE) (c) in terms of eqs 7, 8, and 9.
The natural logarithm values of [¢-Cyt,.q]/[c-Cytoy], [ESoxl/[ES;edls
and ([c-Cyt,eq] [ESox))/([c-Cytog][ES,eq]) as functions of time were
calculated from the individual concentrations of each species in SI
Figure S15. The EJ of ESs were obtained from Table 1, and the E?,Cyt
was estimated to be —0.25 V (vs SHE) according to previously
reported values.”>*7*

attributed to the regeneration of c-Cyt,y via intracellular
electron transfer process, but the E_c,, decreased very slightly
(from —240 mV to —280 mV) due to the simultaneous
reoxidation of ¢-Cyt,4 by ESs. The Egg of the three tested ESs
in Figure 3b decreased with elapsed time because of the direct
reduction by ¢-Cyt,.4 and were ranked as an order of 2-HNQ >
AQDS > AQS, which is consistent the order of Esin Table 1.
The potential losses (AE) in Figure 3¢ for three ESs increased
with time, indicating that the driving force of the reaction
between the c¢-Cyt,q and ES; decreased as the reaction
proceeded. As the potential loss can lead to a positive-shift of
overall potential, the more positive anode potential (SI Figure
S4c) was observed for 2-HNQ with the lowest AE value
(Figure 3c).

Although the generation of constant current in MFCs can be
attributed to the redox equilibrium for all of the electron
transfer processes, including Steps (i), (ii), and (iii), the redox
reactions of the ESs in the living SP200 suspension still differed
substantially from the equilibrium state because the experi-
ments were conducted in a short time (<30 min); moreover, no
electrode was used because as a terminal electron acceptor in

9312

the reaction system, resulting in the electron transfer simply
ceasing at the ES, 4 However, the aforementioned discussion
first provided a quantitative analysis of the relationship between
the potential loss of EET and the speciation of ¢-Cyts and ESs.
Future work will be very worthwhile to comprehensively
understand the relationship between the kinetics of redox
species and the specific redox potentials via the combination of
thermodynamic calculations and the in situ spectral analyses of
the speciation of ¢-Cyts and ESs.

Environmental Implications. A number of ESs or ES-
bearing natural organic materials have been reported to be
involved in many EET processes, including microbial electricity
generation, biogeochemical cycling of redox-active elements,
and contaminant transformations.'® While the finding that the
presence of ESs can significantly facilitate electricity generation
by a dissimilatory iron reducing bacteria (DIRB), the ES-
mediated EET mechanism during electricity generation can also
be analogous to many other systems with electron outputs by
DIRB, particularly in anoxic environments (e.g., microbial metal
reduction, biodegradation of organic chlorinated compounds,
carbon cycling and greenhouse gas formation).>*™>> The linear
correlation between the electrical parameters (I, OCV, P,
and R,,) and the Ef5 and EAC highlighted the critical roles of
electrochemical properties of ESs in shuttling EET processes
and implied that various ESs in natural environments
contribute to natural biogeochemical redox processes to
different extents.'” Whereas most previous studies focused on
the kinetic aspects of ES-mediated EET processes,”**™> only
a few studies related to the potential loss in the EET
processes*® from a thermodynamic viewpoint have been
reported. However, detailed theoretical studies on the redox
potentials of both ESs and ¢-Cyts (Egs and E, cy) as well as the
potential losses (AE) provide a molecular-level understanding
of the ES-mediated EET processes; furthermore, increased
understanding of the critical steps controlling the relative
importance of these mechanisms will help in the development
of bioremediation strateégies and in the prediction of natural
attenuation processes.’>' The in situ spectral kinetic analysis
of ES reduction in a living SP200 suspension provided a direct
method of examining the ESs and ¢-Cyts simultaneously, and
this method was used to calculate the theoretical redox
potential according to the thermodynamic calculation equations
related to the Eg, E c\ and AE; thus, the correlation between
kinetic and thermodynamic analyses were established. This
approach will help advance quantitative models describing the
reactivity and capacity of contaminant fate and transport at the
field scale.5>%
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