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• EABs from BBW had poorer electrical
activity than those from synthetic waste-
waters.

• EABs from BBW exhibited higher
resistance to Ag+ shock than that from
glucose.

• Oxygen and nitrogen moieties of proteins
and humic acid in EPS played important
roles in anti-Ag+ shock.
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The electrochemical activity of bioelectrochemical systems (BESs) was proven to be dependent on the stability of
electroactive biofilms (EABs), but the response of EABs based on real wastewater to external disturbances is not
fully known. Herein, we used real wastewater (beer brewery wastewater) as a substrate for culturing EABs and
found that current generation, biomass, redox activity and extracellular polymeric substances (EPS) content in those
EABs were lower as compared to EABs cultured with synthetic wastewaters (acetate and glucose). However, the
EABs from the beer brewery wastewater showed moderate anti-shock resistance capability. The proteins and humic
acid in loosely bound EPS (LB-EPS) exhibited a positive linear relationship with current recovery after Ag+ shock, in-
dicating the importance of LB-EPS for protecting the EABs. Fluorescence and Fourier transform infrared spectroscopy
integratedwith two-dimensional correlation spectroscopy verified that the spectra of the protein-like region of LB-EPS
changed considerably under the interference of Ag+ concentration and the C\\O group of humic acid or proteins was
mainly responsible for binding with Ag+ to attenuate its toxicity to the EABs. This is the first study revealing the un-
derlyingmolecularmechanismof EABs culturedwith real wastewater against external heavymetal shock and provides
useful insights into enhancing the application of BESs in future water treatment.
1. Introduction

The bioelectrochemical systems (BESs) are environmentally friendly
technology that employ electroactive biofilms (EABs) as catalysts and reac-
June 2022; Accepted 30 June 202
tion bodies to achieve simultaneous decontamination and energy
production (Logan and Rabaey, 2012). To date, BESs have been explored
in a variety of applications ranging from wastewater treatment to energy
production, biosensors and bioremediation (Cabrera et al., 2021; Kim
et al., 2007; Liu et al., 2004; Nancharaiah et al., 2015; Srikanth et al.,
2018; Zhang et al., 2020a). As the most critical component of BESs, EABs
are prone to environmental disturbances, which hinder the bio-
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electrocatalytic activity of BESs. Previous studies have shown that the elec-
tron transfer pathways and microbial communities of EABs cultured with
synthetic wastewater were significantly impacted by external disturbances
such as temperature, pH change, hydrodynamic shear, heavy metal shock
and antibiotic exposure (Patil et al., 2010; Patil et al., 2011; Wang et al.,
2017; Zhang et al., 2020b). In this regard, numerous studies have focused
on mitigating the effects of external disturbances to EABs. For example, en-
capsulating EABs with biocompatible polydopamine to provide protection
from extreme acid shock (Du et al., 2017) or modifying EABs with Au-
NPs/rGO to enhance the anti-shock ability to phenolic compounds (Li
et al., 2021).

Extracellular polymeric substances (EPS) are fundamental parts of
EABs as well as the microorganisms that inhabit them, with multiple roles
including strengthening bacterial adhesion and promoting the structural
development of biofilms (Ras et al., 2011). The abundant components
(e.g., proteins, polysaccharides, nucleic acids, and humic substances) with
the active groups (e.g., carboxyl, phenol and amino groups) in EPS can pro-
vide protective barriers and a nutrient bank for the growth of biofilms
(Frederick et al., 2011; Lin et al., 2020; Shou et al., 2018; Xue et al.,
2012), which makes the biofilms more resistant to external stresses than
individual planktonic cells. EPS can vary in quantity and composition as a
result of operational conditions and environmental factors (Li et al., 2008;
Zhao et al., 2016), whichmay affect the ability of biofilms to respond to ex-
ternal disturbances (Gao et al., 2020; Xu and Sheng, 2020). We recently
found that EABs produced at 0 V possessed the largest number of EPS and
exhibited the highest resistance to Ag+ stimulation in comparison to
those grown under other anode potentials (Hou et al., 2020). Li et al.
(2020) found that EABs growing under limited acetate availability de-
creased the secretion of polysaccharide in EPS, leading to a reduction in
the ability to protect the EABs from disintegration by extreme environmen-
tal conditions. These studies used synthetic wastewater to provide ideal
conditions, but no clear and plausible conclusion has been proposed for
the stability of EABs cultured directly on real wastewater. Considering the
composition of real wastewater is more complex and diverse than that of
synthetic wastewater, it is desirable to investigate the stability of EABs
under such conditions as well as to reveal their resistance mechanisms to
external shocks.

Herein, the aim of this study was to explore the responses of EABs from
real wastewater to Ag+ shock, using EABs from synthetic wastewater for
comparison. EABs were constructed under three different substrates
(i.e., beer brewery wastewater, sodium acetate and glucose), where the
contents of EPS in the as-formed biofilms were measured. Ag+ is one of
the most toxic metal ions for bacteria and its concentration is expected to
substantially increase in the near future due to the growing use of silver
nanoparticles (AgNPs) in food, beverages, healthcare and other industries
(Zakaria et al., 2018). Beer brewery wastewater was used because it con-
tains organic compounds that are suitable resources for the BESs and has
been employed successfully for bioenergy production by BESs (Wang and
Ren, 2014). We chose glucose and sodium acetate synthetic wastewaters
for comparison because they are typical fermentable and non-fermentable
substrates, respectively (Prathiba et al., 2022; Tejedor Sanz et al., 2018).
When the biofilms reached maturity, they were treated with Ag+ solution
to investigate the anti-shock characteristics of the EABs. We then estab-
lished the relationship between EPS components and resistance of EABs,
and used fluorescence and Fourier transform infrared (FTIR) combined
with two-dimensional correlation spectroscopy (2D-COS) analysis to reveal
the binding mechanism of EPS to Ag+.

2. Materials and methods

2.1. BES reactors construction and operation

Single-chamber BES reactors were constructed using a 100mL transpar-
ent plexiglass container, where a graphite plate (1.5 × 2.0 × 0.5 cm) was
employed as the working electrode, and titanium wire and a saturated cal-
omel electrode (SCE) were used as the counter electrode and reference
2

electrode, respectively (Yuvraj and Aranganathan, 2017). The BES reactors
were connected to a multichannel potentiostat (CHI 1000C, Chenhua,
China), applying a constant potential (0.2 V vs. SCE) at each anode to
enrich EABs. The beer brewery wastewater (BBW) used in this experiment
was collected from Guangzhou Zhujiang Brewery Co. Ltd. (Guangzhou,
China) and stored at 4 °C before use. The sodium acetate (NaAc) synthetic
wastewater contained (per L): 1.0 g NaAc, 11.4 g Na2HPO4∙12H2O, 2.84 g
NaH2PO4∙2H2O, 0.31 g NH4Cl, 0.13 g KCl, 7.5 mL vitamin solution, and
7.5 mL mineral solution (pH = 6.8). The glucose synthetic wastewater
contained (per L): 0.781 g glucose, 11.4 g Na2HPO4∙12H2O, 2.84 g
NaH2PO4∙2H2O, 0.31 g NH4Cl, 0.13 g KCl, 7.5 mL vitamin solution, and
7.5 mL mineral solution (pH = 6.8). All BES reactors were inoculated by
the effluent of previously well-running BES reactors and run under a
constant temperature of 30 °C (Yuan et al., 2011).

2.2. Exposure of EABs to Ag+ solution

Ag+ was selected to poison the EABs due to its strong toxicity to bacte-
ria (Ghandour et al., 1988; Silver et al., 2006). The Ag+ solution (30 mg/L)
was obtained by dissolving 0.0472 g AgNO3 in 1 L deionized water. When
EABs grow tomaturity (the BESs having generated eight consecutive cycles
of current), the anodes were removed andwashed using distilledwater and
then inserted into the Ag+ solution. After 3 h of exposure, distilled water
was used to wash the anodes three times to remove the remaining Ag+ so-
lution before being re-installed in the BES reactors and fed with fresh nutri-
ent solution. The Ag+ concentration and exposure time were selected
mainly based on previous research (Hou et al., 2020).

2.3. Characterization of EABs

To investigate the electrochemical activity of the anode biofilms, cyclic
voltammetry (CV) was performed when the current reached the maximum
value (turnover) and the minimum value (non-turnover). The properties of
CV were performed by a scan rate of 1 mV/s from−0.8 to +0.2 V vs. SCE
(Feng et al., 2016). The biomass of biofilms was determined using One Step
Bacterial Active Protein Extraction Kit and BCA Protein Assay Kit (Thermo,
USA). In order to image the topography and assess the cell viability of the
biofilm, the graphite plates attachedwith biofilmwere rinsed in a sterile sa-
line solution to remove the medium, then stained with a LIVE/DEAD
BacLight Bacterial Viability Kit (L7012, Thermo Fisher Scientific Inc.,
USA) in the dark for 20 min, and finally examined by confocal laser scan-
ning microscopy (CLSM) (LSM 800, Carl Zeiss, Germany) (Wang et al.,
2016). The three-dimensional (3D) structure of the biofilmwas constructed
using the ZEN (Blue Edition, Carl Zeiss). The viability (live/total cells) of
each biofilm layer was determined based on pixel counts via Comstat 2.1
software (Xue et al., 2012). For each biofilm sample, multiple positions
were randomly selected for image acquisition and further image analysis.

2.4. Extraction, quantification and characterization of EPS

To extract EPS from the biofilms, the biofilms were scrapped carefully
from the anodes (Cao et al., 2011; Yang et al., 2019a). In brief, the collected
biofilms were placed in centrifuge tubes to form 5mL suspension via 0.9 %
NaCl solution. Then an equal volume of preheated solution (70 °C) was
added followed by water bath sonication for 2 min and vortex for 2 min
and finally centrifugation at 5000g for 15 min. Loosely bound EPS (LB-
EPS) was obtained by filtration of the supernatant through 0.22 μm (Cao
et al., 2011). The remaining precipitate was re-suspended with 0.9 %
NaCl solution, then heated in a 50 °Cwater bath for 30 min and centrifuged
at 5000g for 20 min. The final supernatant filtered through 0.22 μm was
collected as tightly bound EPS (TB-EPS) (Yang et al., 2019a). The content
of the main components in the collected EPS (proteins, polysaccharides
and humic acid) were determined separately. Polysaccharides was mea-
sured using the anthrone‑sulfuric acid method (Larsson and Törnkvist,
1996), humic acid and proteins were determined through a modified
Lowry method (Frolund et al., 1995) and a BCA Protein Assay Kit (Thermo,
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USA) (Kang et al., 2014), respectively. The concentrations of polysaccha-
rides, humic acid and proteins were normalized to the biomass of biofilms
as mg/g VSS. UV/Vis spectroscopy (UV-2600, Shimadzu, Japan) was used
to measure the absorption spectra of the c-type cytochromes in EPS.
2.5. Fluorescence and FTIR measurements

Following the protocol of a previous study (Chen et al., 2015), 2DCOS
analysis was performed on synchronous fluorescence and FTIR spectra of
LB-EPS with the addition of Ag+ (0–30 mg/L) as external disturbances.
The extracted EPS were first freeze-dried (LGJ-10C, Sihuan, China), then
dissolved in ultrapure water and adjusted to a concentration of 15 mg/L
(pH 7.0). A series of EPS-Ag+ gradient concentrations samples were gener-
ated by adding appropriate volumes of silver ions and then the test samples
were shaken at 25 °C for 12 h tomake sure complete equilibration of the re-
action and then analyzed using a fluorescence spectrometer (Edinburgh,
FLS1000, UK) (Chen et al., 2015; Hur and Lee, 2011). The freeze-dried
EPS-Ag+ samples were homogenized with dried KBr (IR grade), pressed
and then measured using an infrared spectrometer (Nicolet iS50R,
Thermo-Fisher, USA). Based on the methodology of the Noda and Ozaki re-
port (Noda and Ozaki, 2004), 2DCOS spectra were produced using 2D
Shige software (Kwansei-Gakuin University, Japan). More detailed mathe-
matical procedures were described in the SI-1 in Supplementary Materials.
Prior to 2DCOS analysis, the FTIR spectra were smoothed and baseline-
corrected using OMNIC 8.0 software.
Fig. 1. (a)Maximum current density versus time during formation of the EABs under var
s); (c) the corresponding first derivative analysis of the turnover CV; (d) CV scans of EA
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3. Results and discussion

3.1. Electrochemical activity of EABs formed from different substrates

The current response of BESs was recorded by a potentiostat and
displayed cyclic current over time once the reactor was reloaded with
fresh medium. When the BESs generated stable current for three consecu-
tive cycles, indicating that the BESs have been successfully start-up. As
shown in Fig. 1a, the EABs cultured with beer brewery wastewater
approached a steady-state current density of 0.5 ± 0.1 mA/cm2, which
was much lower than that of NaAc (2.1 ± 0.1 mA/cm2) and glucose
(1.1 ± 0.1 mA/cm2). Typically, the maximum current density obtained in
the BESs using glucose as the substrate was lower than that in BESs fed
with acetate due to the loss of electron by means of competing microbes
(Lee et al., 2008; Prathiba et al., 2022). Previous studies have also shown
that the current generation or coulomb efficiency of the BESs fed with com-
plex real wastewater were generally low due to the fermentable organic
matter, non-exoelectrogen invasion, low conductivity, and availability of
other electron acceptors (Feng et al., 2011; Yu et al., 2015). Beer brewery
wastewater has a high content of organic substances such as carbohydrates
that require conversion into smallermolecules to be utilized by electrogenic
microorganisms at the anode (Logan et al., 2019). Moreover, the untreated
beer brewery wastewater used in this study may contain electron acceptors
that compete and disturb the electron accepting function of the anode
(Zhao et al., 2020), whichmight lead to its relatively lower current density.
In addition, CV scans under turnover conditions showed similar current
ious substrates; (b) CV scans of EABs under the turnover condition (scan rates: 1 mV/
Bs under the non-turnover condition (scan rates: 1 mV/s).
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responses (Fig. 1b). The turnover CVs of these EABs were typical sigmoid-
shape (Fricke et al., 2008), where showed the ability of substrate oxidation
and electron transfer in the sequence of BBW < Glucose < NaAc. The first-
order derivative CV (Fig. 1c) showed that the EABs incubated with sub-
strates of sodium acetate and glucose exhibited the increased electrical ac-
tivities (I′ > 0) over a similar range of anode potential, while the potential
range of the EABs from BBW was significantly different. This indicated
that there may be different electron transfer components involved in the
real wastewater EABs compared to the EABs from synthetic wastewater
(Guo et al., 2021). These results can also be verified by the non-turnover
CVs of the EABs (Fig. 1d), where the lowest current response was observed
for beer brewery wastewater and the position of the redox pairs was also
significantly different from the other EABs. In addition, the biomass of
EABs was highly consistent with the variation of current generation
(Fig. S1), where the lowest amount of biomass was obtained for the EABs
formed from BBW. Overall, as expected, these results suggested that the
electrochemical properties of EABs cultured with real BBW were inferior
to those of the synthetic wastewater.

3.2. Resistance of various EABs to Ag+ toxicity

Current recovery ratios of EABswere 74.19%, 51.04% and 67.11% for
sodium acetate, glucose and beer brewery wastewater, respectively, after
3 h exposure to Ag+ solution (Fig. 2). No noticeable drop in current was
found when EABs were treated in KNO3 solution for the same 3 h
(Fig. S2), indicating that the decrease in the current was due to Ag+ expo-
sure rather than caused by the manipulation process (such as moving the
electrode) or the toxicity of NO3

−. Notably, the EABs cultured with beer
brewery wastewater had significantly higher anti-shock capability than
that with glucose, but was lower than that with acetate.

The change in the EABs viability before and after Ag+ shock was exam-
ined by used of fluorescent staining to distinguish live from dead cells. All
EABs were observed to possess a structure of a live outer-layer on top of a
dead inner-core layer, which was consistent with previous studies (Hou
et al., 2020; Sun et al., 2015). For each substrate, the number of dead
cells (red in color) in the EABs became higher after exposure to Ag+ solu-
tion (Fig. 3a), indicating the adverse effect of Ag+ on bacteria. As shown
in Fig. 3b, the viability (live/total cells) of biofilms before and after treat-
ment with Ag+ showed a comparable trend to the recovery rate of the cur-
rent (Fig. 2). A viability of 35.8 % was observed for the EABs cultured in
BBW, with lower activity than sodium acetate cultured biofilm after Ag+

shock, but higher than glucose cultured biofilm. Meanwhile, the thinnest
EABs was obtained in BBW (Fig. 3c), whichwas in accordance with its low-
est current and biomass. Quantitative analysis of cell viability in each bio-
film layer was performed on the Z-stacks captured by CLSM, and all EABs
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Fig. 2. A comparison of the maximum current density of the EABs before and after
Ag+ exposure (30 mg/L, 3 h) and the corresponding current recovery ratios.
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exhibited more dead cells in the inner layer and more viable cells in the
outer layer (Fig. 3c), which may be caused by the proton gradient and
mass transfer limitation of electron donors within the biofilm (Yang et al.,
2019b). Although the current and biomass obtained from EABs with real
BBW as substrate were the lowest, their resistance to Ag+ shock in regards
to electrical activity and cell viability were not the worst.

3.3. EPS production in various EABs and the importance of proteins and humic
acid in LB-EPS to protect EABs against Ag+ toxicity

The EPS, which can be classified as LB-EPS andTB-EPS as far as the state
of association with bacterial cells, play a significant role in the protection of
biofilms when they are exposed to external stimulation (Fu et al., 2021; Lai
et al., 2018; Nocelli et al., 2016). As shown in Fig. 4a, the EPS contents of
the EABs from the three substrates differed, where the BBW EABs produced
the lowest amounts of LB-EPS and TB-EPS. We further determined the poly-
saccharides, proteins and humic acid contents in EPS (Fig. 4b and c). The
highest content in all three LB-EPSwas polysaccharides under the operating
parameters of this study, which was different from the previous study with
a short operation time (Hou et al., 2020). As the increase in the running
time, the thickness of biofilms increased and the resistance to mass trans-
port was enhanced, which stimulated the production of extracellular poly-
saccharide under this unfavorable condition (Yang et al., 2019b). A
previous study have also confirmed that thick membrane-aerated biofilm
contained higher content of polysaccharides than proteins (Li et al., 2008).

In addition, the EPS were further evaluated by UV–Vis spectroscopy. All
spectra showed a strong absorption band at 409 nm in the oxidized form of
EPS and Soret band (419 nm) and Q band (524 and 553 nm) in the reduced
form of EPS (Fig. S4), which could been attributed to the characteristics of
the oxidized and reduced forms of c-type cytochromes (Heidary et al.,
2020; Liu et al., 2011). This suggested that both LB-EPS and TB-EPS frac-
tions of EABs cultured with BBW contained c-type cytochromes, which
are the key electron transfer components of electroactive bacteria and are
also the main redox substances in the EPS of these organisms (Cao et al.,
2011; Tan et al., 2019). As the measured absorbance is proportional to
the concentration of c-type cytochromes, the content of c-type cytochromes
in the various EPS followed the trend of BBW<Glucose<NaAc, whichwas
consistent with the trends of current generation of the EABs.

Considering that the importance of EPS in protection of biofilms from
external stresses (Fu et al., 2021; Lai et al., 2018), we investigated the rela-
tionship between EPS components and the current recovery rates from the
different EABs. As shown in Fig. 5, each component of TB-EPS and polysac-
charides of LB-EPS were poorly correlated with current recovery rate of the
biofilms after Ag+ exposure (R2 < 0.55, P < 0.05). However, both the pro-
teins and humic acid of LB-EPS showed significantly positive correlation
with the current recovery rate (R2 = 0.99 and 0.99, respectively; P <
0.05). These results demonstrated that the proteins and humic acid of LB-
EPS may contribute to more important effects regarding the resistance of
EABs. This phenomenon was consistent with the EPS of EABs on various
anode potentials under synthetic wastewater condition from our previous
study (Hou et al., 2020). In addition, proteins and humic acid in sludge
EPS have also been found to show relatively higher ability for metals ions
adsorption than polysaccharides (Wei et al., 2019). Compared to TB-EPS,
LB-EPS is located closer to the surface of the biofilms. Therefore, as a phys-
ical barrier, the proteins and humic acid in LB-EPS may be the dominant
compounds in binding with Ag+ to attenuate its toxicity to EABs.

3.4. The mechanism of EPS of EABs with real BBW binding to Ag+

To further understand the binding mechanism of LB-EPS cultured with
real wastewater to Ag+, we used synchronous fluorescence and infrared
spectroscopy combined with 2DCOS analysis, which has previously been
shown to be a promising approach for elucidating the mechanism of
metal-organic interactions (Chen et al., 2015; Yu et al., 2012). Before per-
forming 2DCOS analysis, common one-dimensional synchronous fluores-
cence and FTIR were employed to initially determine the conformational



Fig. 3. (a) CLSM of EABs formed under different substrates before and after Ag+ exposure (red represents dead cells and green represents live cells); (b) mean cell viability of
the EABs before and after Ag+ exposure; (c) viability profiles of EABs before (left) and after Ag+ exposure (right).
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changes caused by EPS binding to Ag+. Fig. 6a showed the change in syn-
chronous fluorescence of EPS as different concentrations of Ag+ were
added. According to previous studies, three fluorescence regions can be
roughly assigned to protein-like, fulvic-like, and humic-like corresponding
to the wavelength ranges of 250–300, 300–380, and 380–550 nm (Chen
et al., 2015; Hur et al., 2011). The EPS of beer brewery wastewater exhib-
ited a higher fluorescence intensity of the protein-like peak than those of
the fulvic-like and humic-like peaks (Fig. 6a), suggesting a higher pro-
teins percentage in LB-EPS. With the increase of Ag+ concentration,
the fluorescence intensity of the protein-like fractions diminished, indi-
cating that the electronic structure changes in the regions were caused
by forming complexes with Ag+. The main infrared spectral features
of LB-EPS appeared over the 1000–2000 cm−1 range, where almost all
the information about the vibrations of the constituent skeleton of EPS
Fig. 4. (a) LB-EPS and TB-EPS contents of the EABs formed under various substrates;
fractions (c), respectively.
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can be detected (Abdulla et al., 2010; Yu et al., 2011). Fig. 6b showed
that the dominant functional groups of LB-EPS belonged to the C\\O\\C
group of polysaccharides (1085 cm−1), carbonyl C_O group of humic
acids or proteins (1390 cm−1) and stretching of C_O in secondary
amides (amide I) (1650 cm−1). It is noticeable that these peaks de-
creased in intensity with the increase of Ag+ concentration, meaning
that these groups, i.e. carbonyl C_O in humic acids or proteins, C_O
stretching in amides and C\\O\\C in polysaccharides, contributed sig-
nificantly to the binding of Ag+.

To further reliably determine the structural variation of Ag+-bound
EPS, we used 2DCOS to help improve the spectral resolution by extending
the spectrum in a second dimension, allowing us to deconvolve overlapping
peaks more easily. According to Fig. 6c, the synchronous 2DCOS maps
displayed one predominant autopeak (275/275 nm) along the diagonal
EPS of electroactive biofilms under different substrates for LB-EPS (b) and TB-EPS



Fig. 5. Plots showing the correlation between the current recovery and content of LB-EPS and TB-EPS fractions: (a) proteins (PN); (b) humic acid (HA); (c) polysaccharides
(PS).
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line and a small cross-peak centered at 330 nm, suggesting that significant
changes in the spectra within the protein-like region occurred under the in-
terference of the Ag+ concentration change. The cross-peak was positive,
indicating that the spectra had the same decreasing trend. Moreover, the
cross-peaks centered at 275 nm and 330 nm in the asynchronous map
were positive. According to Noda's rule (Noda and Ozaki, 2004), the
change followed the order of 275 nm > 330 nm. That is, Ag+ binds with
EPS components in the following order: protein-like region > fulvic-like
region. For 2DCOS-FTIR, the synchronous 2DCOS map showed two
autopeaks centered at 1087 cm−1 and 1390 cm−1, with cross-peaks cen-
tered at 1600 cm−1, 1640 cm−1, and 1765 cm−1 (Fig. 6e). The symbols
of these cross-peaks are given in Table S1. The peak at 1390 cm−1 changed
the most, followed by the peak at 1087 cm−1, with all cross-peaks being
positive. This result confirmed that C\\O of humic acid or protein and
C\\O\\C of polysaccharides were potential moieties for the binding reac-
tion with Ag+ in LB-EPS. The asynchronous 2DCOS-FTIR map displayed
five positive and five negative cross-peaks (Fig. 6f and Table S1). According
to Noda's rule (Noda and Ozaki, 2004), the order of functional groups
Fig. 6. LB-EPS cultured with beer brewery wastewater with (a) changes in the fluoresce
(b) changes in the FTIR with increasing Ag+ concentrations from 0 to 30 mg/L; synch
synchronous (e) and asynchronous (f) 2D-COS generated from the FTIR.
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bound with Ag+ can be derived: 1390 cm−1 > 1765 cm−1 > 1600 cm−1

> 1087 cm−1 > 1640 cm−1, that is, C\\O of humic acid or proteins >
C_O of polysaccharides > N\\H of amide > C\\O\\C of polysaccharides
> C_O of amides.

Similar analysis was also performed in LB-EPS cultured with glucose
synthetic wastewater with different Ag+ concentrations as interference
(Fig. S6 and Table S2). LB-EPS of glucose showed fewer binding sites com-
pared to that of sodium acetate and beer brewery wastewater (SI-2 in Sup-
plementary Materials), which may be the reason for the lower resistance.
Previous studies have shown that Geobacter species are frequently found
to be abundant in acetate-fed BESs (Dhar et al., 2016a; Dhar et al., 2016b;
Torres et al., 2009), whereas a syntrophic cooperation between fermenta-
tive microorganisms and electroactive bacteria is predominant when fed
with glucose (Li et al., 2016). Zakaria et al. (2018) found that electroactive
bacteria (e.g., Geobacter spp.) have a higher tolerance to AgNPs toxicity
compared to fermentative bacteria. In this regard, the anode biofilm in ace-
tate fed MEC could maintain its electrochemical performance after expo-
sure to AgNPs. However, when a fermentable substrate (i.e., glucose) was
nce spectra with addition of Ag+ concentrations (0, 5, 10, 15, 20, 25 and 30 mg/L);
ronous (c) and asynchronous (d) 2D-COS generated from the fluorescence spectra;
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used as a substrate, the lower tolerance of fermentative bacteria to the tox-
icity of AgNPs resulted in the disruption of the synthetic partnership be-
tween electrobacteria and fermentative bacteria in the biofilm, which
affected the overall performance of the MEC (Zakaria and Dhar, 2020).
The release of Ag+ has been defined as the main antibacterial mechanism
of AgNPs (Levard et al., 2012; Yin et al., 2011). Therefore, it is reasonable
to suppose that this is also the reason for the stronger resistance to Ag+

shock in sodium acetate-fed EABs than in glucose-fed EABs in our BESs.
Considering that EPS were identified as the main defense mechanism
against heavy metal ions toxicity, our results are consistent with this state-
ment not only in the current recovery rate, but also in the number of EPS
binding sites. However, the complexity of the real wastewater inevitably
leads to a more diverse biofilm community in addition to electroactive
and fermenting bacteria. This diversity is not positive for electroactivity,
but it is perhaps the community diversity that eventually showed a positive
effect on resistance to toxic shock. In this study, fermentation-based syn-
thetic wastewater did not show better resistance to Ag+ impact, but real
beer brewery wastewater contained fermentable and non-fermentable sub-
strates showed more resistance than expected.
4. Conclusions

This study found that the EABs cultured from real beer brewery waste-
water had the lowest current generation, biomass, redox activity, and EPS
content compared to EABs cultured with synthetic wastewaters, but the re-
sistance to Ag+ impact was not the worst. Correlation analysis showed that
the proteins and humic acids of LB-EPS may contribute the most to the re-
sistance of EABs to Ag+ toxicity. Spectroscopy integratedwith 2DCOS anal-
ysis elucidated that LB-EPS of the EABs from real beer brewery wastewater
followed a sequence of C\\O of humic acid or proteins > C_O of polysac-
charides>N\\Hof amide>C\\O\\C of polysaccharides>C_Oof amides
for binding toAg+. Thesefindings extend the understanding of interactions
between metal ions and electroactive biofilms, particularly fed with a real
wastewater substrate. The present study reveals for the first time the under-
lying mechanisms of EABs cultured with real wastewater for resistance to
external metal ions shock. However, the experiment only used beer waste-
water aswell as Ag+ asmodel substrate andmodel heavymetal.More types
of real wastewater and metal ions are needed in future to provide compre-
hensive understanding on the anti-shock characteristics of EABs from real
wastewaters.
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