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Highlights 

 In-situ Au-NPs/rGO modification enhanced EAB’s power density by 

28.66-42.82%. 

 EABs activity can be regulated by phenolic compounds with a “boundary”. 

 EABs showed heterogeneity in structure, composition, and activity under the 

shock. 

 EPS play a vital role in balancing EET and cells protection. 
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Abstract 

Electroactive biofilms (EABs) can be integrated with conductive nanomaterials to boost 

extracellular electron transfer (EET) for achieving efficient waste treatment and energy 

conversion in bioelectrochemical systems. However, the in situ nanomaterial-modified EABs 

of mixed-culture, and their response under environmental stress are rarely revealed. Here, two 

nanocatalyst-decorated EABs were established by self-assembled Au nanoparticles-reduced 

graphene oxide (Au-NPs/rGO) in mixed-biofilms with different maturities, then their 

multi-property were analyzed under long-term phenolic shock. Results showed that the power 

density of Au-NPs/rGO decorated EABs was significantly enhanced by 28.66-42.82% due to 

the intensified EET pathways inside biofilms. Meanwhile, the electrochemical and catalytic 

performance of EABs were controllably regulated by 0.3-3.0 g/L phenolic compounds, which, 

however, resulted in differential alterations in their architecture, composition, and viability. 

EABs originated with higher maturity displayed more compact structure, lower thickness (110 

μm), higher biomass (8.67 mg/cm
2
) and viability (0.85-0.91), endowing it better antishock 

ability to phenolic compounds. Phenolic-shock also induced the heterogeneous distribution of 

extracellular polymeric substances in terms of both spatial and bonding degrees of the 

decorated EABs, which could be regarded as an active response to strike a balance between 

self-protection and EET under environmental pressure. Our findings provide a broader 

understanding of microbe-electrode interactions in the micro-ecology interface and improve 

their performance in the removal of complex contaminants for sustainable remediation and 

new-energy development. 
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1. Introduction 

Bioelectrochemical systems (BESs) are multidimensional engineered devices for 

accomplishing versatile microbial electrochemical technology (Hirose et al. 2018, Li et al. 

2018), in which electrochemically active microorganisms (EAMs) are grown under the 

interaction with electrodes and other cells proactively to form a hierarchical electroactive 

biofilms (EABs) (Yang et al. 2019, Zheng et al. 2020). EABs have been demonstrated 

unparalleled conversion potential for environmental pollution treatment, sustainable energy 

production, and value-added chemical synthesis (Fang et al. 2020, Logan and Rabaey 2012), 

which involve unique mechanisms of enabling extracellular electron transfer (EET) for 

information and energy exchange with external donors/acceptors (Borole et al. 2011), and 

connect intracellular metabolism with extracellular redox reactions (Saratale et al. 2017). 

Consequently, enhancing EABs metabolic activity and regulating EET from EABs to 

electrodes or vice versa are the prime goals for BESs blossoming in environmental 

electrochemistry research (Hou et al. 2020, Zhou et al. 2017). 

Shaping EABs with in situ assembled catalysts via bioelectrochemical reduction has 

been considered as an effective approach to intensify EABs performance due to the 

advantages of the enlarged electrode surface, diminished charge transfer resistance, 

independent on external energy input, and environmental friendliness (Hou et al. 2016, Yong 

et al. 2014b). For instance, self-assembled Au-nanoparticles (Au-NPs) in G. sulfurreducens 

EAB received a higher substrate consumption and current density in BESs (Chen et al. 2018). 

Reduced graphene oxide (rGO) fabricated from GO bioreduction remarkably stimulated the 
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EET at microbe-electrode interface (Yong et al. 2014b). In particular, mixed-culture EABs 

contain not only EAMs but also electrochemically inactive microorganisms (EIMs), both of 

which can harmoniously coexist and synergistically produce power in BESs fed with 

fermentable electron donors (Li et al. 2019a). Nevertheless, the feasibility of assembling 

nanocatalyst decorated EABs in mixed-culture and the effect on their architecture, catalytic 

properties, and EET efficiency of EABs have not been clearly clarified. 

Up to date, two EET pathways have been proposed: (i) direct EET (dEET), where 

electrons are transported from EAMs envelope to the electrode or across the biofilm via 

extended redox proteins/conductive nanowires located in the outer cell membrane; and (ii) 

indirect EET (iEET), where EET is mediated by endogenous/exogenous mobile or spatially 

fixed redox shuttles (Logan et al. 2019). Lately, it is reported that EET across EABs is 

spatially and mechanistically heterogeneous (Torres et al. 2010, Zhou et al. 2020). Since 

EABs matrix not only comprises bacterial cells but is also surrounded by extracellular 

polymeric substances (EPS), which account for up to 90% of the dry weight of EABs biomass 

(Flemming and Wingender 2010, Sheng et al. 2010), thus EET between the cells and electron 

acceptors/donors would be sure to pass through the EPS layer. 

As previously stated, there is no biofilm without an EPS matrix (Flemming and 

Wingender 2010). EPS assist in bacterial adhesion, nutrients storage, and biofilm structure 

establishment and serve as a protective barrier against unfavorable external environments (Li 

et al. 2020). In addition to proteins and polysaccharides, which were assumed to be the most 

abundant EPS components, nucleic acids, lipids, and humic substances have also been 

                  



7 

 

manifested in a great amount (Xiao et al. 2017). These substances allow intense interactions 

among microbial cells and between EABs and electrodes, leading to the formation of 

synergistic microbial consortia (Liu et al. 2019). Since EPS matrix encases the EABs cells, 

interfaces them with the electrode, and also houses some electroactive components such as 

nanowires and c-type cytochromes, amounts of experiments have demonstrated that these 

substances possess redox and/or semiconductive properties (Xiao and Zhao 2017). For 

example, EPS produced by Geobacter contributed to the electrochemical activity of EABs 

owing to the redox-active proteins trapped therein (Li et al. 2020). It is also accepted that the 

talent of EABs to achieve high power density is closely associated with the conductive 

biofilm matrix that facilitates rapid EET (Chadwick et al. 2019, Yang et al. 2019). Hence, it 

becomes essential to clarify whether electrons would be captured or speeded up by EPS 

during EET. 

Recent researches have shown that EABs are vulnerable to external disturbances (Du et 

al. 2017, Hou et al. 2020). The microbial community, EPS composition, and EET pathways 

inside EABs can be drastically altered under substrate limitation, toxicants exposure, and pH 

change, thereby reshaping the BESs activity (Hou et al. 2020, Zhou et al. 2017). As the 

potential increased from 0.2-0.6 V, the secretion of extracellular proteins decreases, which is 

well-corresponding to the current variation (Li et al. 2019a). While polysaccharides are often 

activated by specific environmental stress for cell-protection or energy-supply, EET in the 

spatial layers can be hindered by these insulative components (Li et al. 2020, Yang et al. 

2019). Therefore, accelerating the EET pathway and reinforcing the EABs stability have 
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become a hotspot for practical applications of BESs. However, how is the EABs evolved 

under long-term toxic shock? How do specific functional microbial species 

compete/collaborate during this process? How EPS is regulated by the shock to keep EET 

efficiency and cell-protection? So far as we knew, there’s limited information about this. 

Hence, the aims of this study are i) to investigate the feasibility of in situ Au-NPs/rGO 

modification by mixed-culture EABs; ii) to examine the alteration of EABs activities and the 

underlying reasons from the aspects of architecture, composition, and interaction; iii) to 

reveal the distribution and properties of EPS and their role in EABs performance under highly 

toxic shock. Syringic acid (SA), vanillic acid (VA), and 4-hydroxybenzoic acid (HBA) were 

selected as representative phenolic toxicants, which are undesirably generated from the 

pretreatment of lignocellulosic and coal conversion processes (Li et al. 2019a). These 

compounds could accumulate to a total concentration of 3.0 g/L in the lignocellulose-derived 

wastewater, and have a highly toxic effect on microorganisms even human during the 

downstream process (Parisutham et al. 2014, Zeng et al. 2017). To the best of our knowledge, 

this is the first work to decrypt the relationship between toxicants-shock and EABs 

performance from the perspective of both microbes and EPS. The findings could be valuable 

for understanding the interactions between EABs and the micro-ecological environment in 

BESs for potential environmental applications. 

2. Materials and methods 

2.1 Cultivation of EABs under phenolic compounds 

The classical dual-chamber BESs (70 mL effective volume of each chamber), separated 

                  



9 

 

by a proton exchange membrane (Nafion-117, Dupont), were constructed as previous (Li et al. 

2019a). Two pieces of graphite felt (GF) electrode (4.0 cm × 4.0 cm) were connected with 

1,000 Ω resistance. The anolyte (g/L) was deoxygenated by bubbling N2 for 20 min before 

use, which consisted of glucose (1.0), NaH2PO4 (2.544), Na2HPO4 (4.0896), NH4Cl (0.31), 

and KCl (0.13), along with minerals (10 ml/L) and vitamins (10 ml/L). The catholyte 

contained K3[Fe(CN)6] (50 mmol/L) and phosphate buffer (pH 7.0). Two modified EABs 

were obtained as follows: 1) gradient assembly of composite biofilm (GAC biofilm) was 

inoculated with mixed wastewater containing anolyte, phenolic compounds (SA, VA, and 

HAB, each at 10 mg/L) and Au
3+

/GO (each of 10 mg/L) from the first stage, then the 

concentration of phenolic compounds and Au
3+

/GO was gradually increased to 50 mg/L in 

subsequent stages. There are 8 stages in this operation, in which the concentration of phenolic 

compounds and Au
3+

/GO increased in stages 1-5 and Au
3+

/GO was replaced by anolyte 

effluent in stages 6-8 (Table S1). Each stage was repeated 3-4 cycles to improve the 

adaptability of EABs to low-toxic phenolic shock and further refreshed anolyte when the 

output voltage of BES was under 50 mV; 2) secondary assembly of composite biofilm (SAC 

biofilm) were based on the original biofilm taken from previous well-operated BESs (fed with 

phenolic compounds and ran for one year (Li et al. 2019a)). The cultivation processes of SAC 

biofilm were the same as that of GAC biofilm. 

After GAC and SAC biofilms were established, higher concentrations of SA, VA, and 

HBA (0.3-3.0 g/L) were supplemented in anolyte, respectively, which acted as the highly 

toxic shock to these two EABs. After that, a set of experiments (five batch runs feeding with 
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0.9 g/L SA, VA, and HBA, respectively) were conducted to investigate the catalytic stability 

of EABs. Each run was continuous for 72 h since after that time, phenolic compounds were 

almost completely degraded. Between each batch run, both biofilms were washed with 

oxygen-free anolyte. All batch runs were operated in triplicate at 30 °C. 

2.2 Electrochemical and catalytic performance measurement 

The voltage output of the BESs were continuously monitored by a data recorder 

(Keithley 2700, USA). The current density (I=U/RA) and power density (P=UI) were 

calculated based on the effective area of the GF electrode (16.0 cm
2
). The 

promotion/inhibition rate of phenolic compounds on EABs was calculated as the equation (1): 

Promotion Inhibition⁄ (%) = 
𝑉𝑚𝑎𝑥−𝑉𝑛

𝑉𝑛
× 100%       (1) 

Where Vmax is the maximum voltage during the highly toxic shock operation and Vn is the 

voltage corresponding to a specific batch run with a certain concentration of phenolic 

compound (0.3-3.0 g/L), n corresponding to 1-6. 

The concentration of SA, VA, and HBA was quantified by an Agilent 1260LC Infinity 

series (Agilent Technologies, USA) equipped with a YMC-Triart C18 column and a G1314F 

UV variable detector at 255 nm. The mobile phase was methanol/0.1% acetic acid (30/70) 

with the flow rate of 1.0 mL/min. The catalytic performance of EABs was evaluated by the 

degradation efficiency and rate of phenolic compounds at the first 24 h during each run. 

Moreover, the degradation loss rate (equation (2)) and degradation recovery rate (equation (3)) 

were introduced to assess the catalytic stability of GAC and SAC biofilms. 
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Degradation loss = DEcon (0.9 g/L) – DEbat (n)      (2) 

Degradation recovery = DEbat (n+1) – DEbat (n)    (3) 

Where DEcon (0.9 g/L) is the degradation efficiency of 0.9 g/L phenolic compounds in 

continuous run; DEbat is the degradation efficiency of 0.9 g/L phenolic compounds in a 

specific batch run and n corresponding to 1-4. 

2.3 EABs characterization and community analysis 

The micromorphology of GAC and SAC biofilms in the early stage (the second stage) 

and later stage (the eighth stage) was characterized by field-emission scanning electron 

microscopy (FESEM, SU1080, Japan). The biomass density of the two EABs was measured 

by BCA Protein Assay Kit (Thermo, USA). Each biofilm was stained with a LIVE/DEAD 

BacLight Bacterial Viability Kit (L7007, Thermo Fisher Scientific Inc., USA) and then the 

confocal laser scanning microscope (CLSM, LEICA DM6000 B, Germany) was employed to 

observe the 3D structure and outer, middle, and interior layer of EABs. The viability 

(live/total cells) of each layer and coverage rate of cells in each layer (CR, area of total 

cells/total area of the layer image) were analyzed via Image J software (Li et al. 2020). 

Microbial community analysis of GAC biofilm was carried out at the initial stage (after 

the second stage, I), middle stage (after the fifth stage, II), later stage (after the eighth stage, 

III), and shock stage (after highly toxic shock, IV). Comparatively, we only investigated the 

SAC biofilm at the later and shock stage since its microbial shifts during the enrichment stage 

were shown in our previous study (Li et al. 2019a). The total DNA was extracted using the 
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PowerSoil DNA isolation Kit (Mo-Bio, Carlsbad, CA, USA). Bacteria primers 338F 

(5’-ACTCCTACGGGAGGCAGCA-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’) 

were utilized to amplify V4 region of the 16S rRNA gene (Illumina PE300, Majorbio, 

Shanghai, China). The microbial composition was analyzed on Majorbio 

CloudPlatform (www.majorbio.com). The interaction networks (positive/negative links 

between bacteria) of the two EABs were constructed and calculated by Cytoscape software 

(Wang et al. 2019). 

2.4 EPS observation, quantification, and characterization 

2.4.1 The observation of the spatial structure of EPS 

After being shocked by phenolic compounds, the proteins, β-polysaccharides, and lipids 

in EPS were examined by CLSM (Leica TCS SP8) as previously (Yang et al. 2019). Briefly, 

EABs were taken from the anode chamber and washed with PBS. After that, sodium 

bicarbonate (0.1 mol/L, 100 μL) was added to cover the biofilms, followed by incubation with 

FITC solution (1.0 g/L, 30 μL) in dark for 1 h. Subsequently, the biofilms were incubated 

with calcofluor white (CW) solution (300 mg/L, 100 μL) in dark for 30 min and Nile red (NR) 

solution (10 mg/L, 60 μL) for 10 min. After staining, the biofilms were washed twice with 

PBS to remove excess staining reagents. Finally, the distribution of the above-mentioned 

components was examined (Chen et al. 2017). The 3D structure of EPS and their composition 

in different layers (outer, middle, and interior) were analyzed with ZEN 2011 (Blue Edition, 

Carl Zeiss) (Yang et al. 2019). The coverage rate of EPS (area of EPS/total image area), 

fluorescence intensity (FI) distribution, and relative rate of each component (average FI of 
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each component/total FI) were analyzed via software Image J and Origin 9.1. 

2.4.2 The extraction and quantification of EPS 

 EPS fractions were extracted from the EABs and then collected after filtering through a 

membrane filter (0.22 μm) following a previous method (Li et al. 2019a). Specifically, the 

anolyte was filtered via cellulose membrane to obtain bacteria-free EPS, namely solvable EPS 

(S-EPS). The biofilms were washed with 0.9 % NaCl and heated at 70 ℃ for 30 min, then the 

suspension was collected and centrifuged at 5,000 rpm for 15 min as loosely bond EPS 

(LB-EPS). The bacteria precipitate was resuspended in NaCl solution (0.9 %, 5 mL), mixed 

with Na2-EDTA (5 %, 5 mL), and shaken at 180 rpm for 4 h, the suspension was filtered 

through a membrane and obtained as tightly bound EPS (TB-EPS). Finally, the 

polysaccharides and proteins in EPS were measured using the sulfuric acid-phenol method 

and BCA Protein Assay Kit (Thermo, USA), respectively (Yu et al. 2016). 

2.4.3 The composition and redox activity of EPS 

The main components in EPS collected from EABs were analyzed using a 3D 

excitation-emission matrix (3D-EEM). The excitation wavelength was 200 to 400 nm in 5 nm 

sampling increments, and the emission range was 250 to 550 nm in 5 nm sampling intervals. 

The spectra was recorded at a scan rate of 1,200 nm/min. UV-visible spectroscopy (UV-2600, 

Shimadzu, Japan) was employed to measure the absorption spectra of heme cytochrome c (Ye 

et al. 2018). The redox capability of EPS was detected by cyclic voltammetry (CV), which 

was performed from -0.8 to 0.8 V with a scan of 10 mV/s (CHI 1660C, CH Instrument, 

Shanghai, China). Subsequently, Au
3+

/GO solution (50 mg/L) was added into EPS fractions 
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and shaken at 180 rpm for 72 h to further confirm the redox ability of EPS for Au-NPs/rGO 

synthesis. 

3. Results and discussion 

3.1 Self-assembly of Au-NPs/rGO for fabricating GAC and SAC biofilms 

   SEM images indicated that GAC biofilm showed a sparse structure with a low biomass in 

the early stage (Fig. 1a), where irregular rGO micro-sheets were tightly bonded on GF 

skeleton and the Au-NPs (around 10-30 nm) were uniformly deposited on the cells surface 

(Fig. 1b). After several stages, Au-NPs densely aggregated to assemble Au “shutters” (50-200 

nm), which integrated with rGO “expressway” to form a 3D bacteria “city” with an 

intumescent porous network architecture (Fig. 1c). Interestingly, crossed-nanowires appeared 

in GAC biofilm (Fig. 1d), indicating an efficient EET could be achieved between cells since 

conductive nanowires can be employed to accomplish long-distance electrons transfer (Logan 

et al. 2019). The self-assembled Au-NPs/rGO was also certified by the color change of 

anolyte during the inoculation process, the anolyte precipitation, and X-ray photoelectron 

spectroscopy analysis (Fig. S1). Comparing to GAC biofilm, SAC biofilm was efficiently 

developed based on its original mature structure (operated for one year by feeding with 

phenolic compounds (Li et al. 2019a)) (Fig.1 e-f), which featured a compact interwoven 

network by embedding Au-NPs “shutters” and rGO “expressway” into the biofilm gaps (Fig. 

1g) to form a robust hybrid biofilm with a higher cell density and shorter cell-to-cell distance 

(Fig. 1h). 

The EET efficiency of EABs is mainly bottlenecked by the dEET via c-type cytochromes 
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and nanowires, as well as iEET mediated by electron shuttles (Xiao et al. 2017). To accelerate 

EET, numerous previous works have focused on electrode modification with various 

conductive materials such as carbon-based materials (Yazdi et al. 2016) and polymers (Hou et 

al. 2013). These strategies, however, only facilitate EET between the electrode and the 

directly contacted EAMs, while a huge number of EAMs distributed in the outer layer of 

EABs cannot efficiently exchange electrons with the inner electrode (Chen et al. 2018). 

Considering the excellent conductivity of the wide distributed Au-NPs, its intimate 

connection with cell membranes and electrode probably reduced the dEET resistance of EABs 

(Chen et al. 2018). Meanwhile, rGO “expressway” provided a large active surface for the 

cross-linking of bacteria aggregates and transportation of electron shuttles, thus boosting 

iEET efficiency (Li et al. 2019b, Yong et al. 2014b). These were further evidenced by CV and 

EIS analysis that both GAC and SAC biofilms exhibited a clearer redox pair and reduced 

resistance value (ohmic resistance and surface charge transfer impedance) in the later stage 

than that of the early stage (Fig. S2 a-b and S3). Overall, the multiplexed conductive 

pathways could be strengthened by the self-assembled Au-NPs/rGO in both biofilms. 

3.2 Electrochemical and catalytic performance of GAC and SAC biofilms 

In the first two stages, a sharp climb (0.22 to 0.58 V) followed with a gentle increase of 

the maximum voltage (Vmax) was presented in BES with GAC biofilm, indicating the gradual 

assembly and acclimatization of the EAB (Fig. 2a) (Yong et al. 2014a). Nevertheless, the Vmax 

presented a regular fluctuation during the following process, and the amplitude between 

minimum-Vmax and maximum-Vmax diminished, which could be attributed to GAC biofilm 
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gradually adapted to the suppression of low-toxic phenolic compounds (Chen et al. 2018). In 

contrast, SAC biofilm maintained a relatively stable voltage output throughout the enrichment 

stage due to its high original maturity. Specifically, not only it did perform a slight fluctuation, 

but also the minimum-Vmax was higher than that of GAC biofilm, providing the evidence that 

SAC biofilm possessed higher activity for voltage generation. As expected, the Vmax of GAC 

and SAC biofilms obviously increased and stabilized around 0.70-0.72 V during stage 6-8. 

Similarly, their power density reached 575.13 and 638.45 mW∙m
-2

, respectively (Fig. S2c), 

which were 28.66% and 42.82% higher than that of the original biofilm without modification 

(447.01 mW m
-2

). These further confirmed the above results that the in situ self-assembled 

Au-NPs/rGO can significantly enhance the electrochemical activity of both EABs. 

When 0.3-3.0 g/L SA, VA, and HBA were separately introduced as the highly toxic 

shock, the Vmax of the EABs all presented decreased-promotion rate with phenolic 

concentration raised from 0.3 to 0.9 g/L and subsequent increased-inhibition rate from 1.5 to 

3.0 g/L (Fig. 2b). In detail, the optimal voltage output (corresponding to minimum-promotion 

rate) was achieved in the range of 0.9 to 1.5 g/L for both GAC and SAC biofilms, and the 

latter showed higher values. Meanwhile, the inhibition rates of the three compounds on SAC 

biofilm attained 12.82-20.74%, 2.31-14.95%, and 3.29-6.29%, respectively, which were 

significantly lower than that of GAC biofilm (17.63-27.05%, 9.92-16.43%, and 7.53-12.48%) 

and the original biofilms (as high as 36.18-63.90%). This was tied well with the previous 

study (Yan et al. 2019) and illustrated that SAC biofilm with the higher original maturity 

energetically adapted to the increased phenolic-shock, thus achieving a higher voltage 
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generation. 

The catalytic activity of two EABs was evaluated based on their degradation 

performance to three phenolic compounds during the highly toxic shock stage (Fig. 3 a-c). 

More specifically, the fitting curve of SA degradation efficiency (35.09-82.51%) showed a 

linear decrease in both EABs. However, the degradation efficiency of VA (44.30-100%) and 

HBA (69.98-92.15%) were fitted into parabolas with high slopes and waves with low slope, 

respectively, and their peak values were all received between 0.6 to 0.9 g/L. These implied 

that the effects of high-toxic shock on EABs biocatalytic were SA > VA > HBA, which was 

well consistent with their influence on the electrochemical activity (Fig. 2b). Notably, obvious 

differences were found in the degradation rates of phenolic compounds. As the concentration 

ranged from 0.3 to 1.5 g/L, the degradation rates of the three compounds were all steadily 

increased. Nevertheless, when their concentration further increased to 3.0 g/L, the degradation 

rate of HBA non-stop raised to 0.089 g L
-1

 h
-1

, while SA and VA showed stable or even 

declined values. This was similar to the previous report that EABs activity can be promoted or 

inhibited when exposed to a certain range of antibiotics (Zhou et al. 2017), and revealed the 

existence of a phenolic “concentration boundary”, around which the activity of the biofilms 

could be regulated. It is worth emphasizing that both higher biodegradation efficiencies and 

rates were realized in SAC biofilm compared to GAC and the original biofilm (the highest 

value of degradation rates were in the range of 0.051-0.064 g L
-1

 h
-1

), implying that long-term 

exposure to phenolic not only endowed it excellent electrochemical performance, but also 

higher catalytic capability when facing more severe shock. Yan et al. also proved that after 1.5 
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years operation, the metabolic and anti-shock capabilities of EABs were significantly 

reinforced, which was favorable for removing quinolones antibiotics even under sudden 

environmental changes (Yan et al. 2019). By combining the electrochemical and catalytic 

performance, a mechanism for regulating EABs activity was proposed, that is, within a 

certain range of phenolic compounds, EABs activity was promoted at low-concentrations but 

inhibited at high concentrations. This also provides us an application for controlling the 

concentration of phenolic compounds to improve the EABs performance during the removal 

of phenolic-containing wastewater. 

After being shocked with highly toxic phenolic, the degradation efficiency of 0.9 g/L SA 

dramatically declined from 66.34 and 70.63% (the third run in the highly toxic shock stage) to 

31.21 and 31.28% in GAC and SAC biofilms, respectively (Fig. 3d), confirming the truth of a 

restrained activity after crossing the “boundary”. Interestingly, this suppression was gradually 

weakened in following runs, although the degradation loss of SA (9.94 and 10.27% in GAC 

and SAC biofilms, respectively) still appeared in the fifth batch run. The significant recovery 

of VA degradation was also predictably presented (7.10 and 23.23% in GAC and SAC 

biofilms, respectively), and HBA even contributed to a slight increase in its degradation 

efficiency, demonstrating that the damaged activity can be positively repaired in the more 

mature EABs (SAC biofilm), especially at the relatively lower phenolic-concentration (within 

the “boundary”). A similar result was also found that after the Ag
+
 shock, the current of EABs 

could be restored in a short time by the low concentration of Ag
+
 (Hou et al. 2020). 

Consequently, the performance recovery proved the strong stability of two EABs, and aligned 
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with the above phenolic concentration-dependent regulation mechanism. 

3.3 Architecture, composition, and interaction of GAC and SAC biofilms 

To better understand whether the changes in the electrochemical and catalytic 

performance of EABs are associated with their specific properties, we investigated their 

differences in terms of thickness, biomass, viability, and key species shift after the highly 

toxic shock. Despite the smaller thickness was obtained in SAC biofilm (100 μm), its biomass 

density (8.67 mg/cm
2
) was 195.90% higher than that of GAC biofilm (2.99 mg/cm

2
) (Fig. S4 

a1-b1). This was further verified by the coverage rate of total cells in the outer, middle, and 

interior layers of GAC (19.62-42.42%) and SAC (29.90-65.43%) biofilms (Fig. S4 a3-b5), 

which agreed well with the SEM results that the latter had a more compact structure (Fig. 1). 

Aggregation behavior is considered to be a protective strategy for microbes to resist 

environmental pressure (Yang et al. 2019). Therefore, the assembly of SAC biofilm based on 

the original biofilm was mainly contributed to its cell density but not biofilm thickness. Prior 

work also demonstrated that the higher porosity and excessive thickness of biofilms are not 

favorable for EET due to the high diffusional limitations (Sun et al. 2015), which might be a 

reasonable evidence for the higher electroactivity of SAC biofilm. The heterogeneous 

distribution of cells viability was noticed in different spatial locations of the two EABs (Fig. 

4a and S3). GAC biofilm was composed of a higher ratio of dead cells (viability of 0.19 to 

0.34), whereas live cells (viability of 0.85 to 0.91) dominated SAC biofilm. Besides, the 

highest viability (0.34) was manifested in the middle layer of GAC biofilm, since it not only 

avoided the diffusional limitations close to the inactive interior layer but also released from 

the strong external stress on the outer layer (Hou et al. 2020). It is worth mentioning that all 
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three layers of SAC biofilm, which exhibited a more compact structure, were not severely 

inhibited, thus contributing to better electrochemical (Fig. 2) and catalytic (Fig. 3) activities 

even under the highly toxic shock. 

Additionally, the microbial diversity and abundance in GAC and SAC biofilms showed 

similar shift trends, which gradually increased during the enrichment stage (I-III) and then 

decreased during the highly toxic shock stage (IV) (Table S2). However, they exhibited 

significant different shift degrees in shared OTU numbers and sample distances (Fig. S5). In 

the stage I-III, the main phyla containing a large number of EAMs (e.g., Proteobacteria and 

Firmicutes) gradually decreased from 84.14 to 53.79% in GAC biofilm (Fig. 4b), with the 

lower tolerance EAMs (e.g., Veillonellaceae and Lactococcus) were extremely inhibited at the 

genus level (Fig. 4d). Contrary to that of EAMs, an increased abundance of common 

fermentative bacteria was observed at both phylum (e.g., Saccharibacteria and Bacteroidetes) 

and genus levels (e.g., Acetobacterium), which was in high accordance with our previous 

finding (Li et al. 2019a). The removal of phenolic simultaneous with voltage generation is 

derived from the synergy effect between fermentative bacteria and EAMs, to be more 

specifically, phenolic was first degraded to small intermediates (e.g., acetate) by fermentative 

bacteria and then was consumed for electrons generation by EAMs (Li et al. 2019a, Zeng et al. 

2015). While some species are susceptible to high toxicity, which lead to the disruption of the 

syntrophic partnership (Zakaria and Dhar 2020). Accordingly, the dynamic of the two EABs 

deviated from their initial tendency to varying extents exposed to highly toxic phenolic. 

Among fermentative bacteria, the increased proportion of Acetobacterium (6.70% in GAC 
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biofilm and 14.11% in SAC biofilm) could mainly be ascribed to their excellent abilities in 

degrading phenolic compounds (Zeng et al. 2017), while Saccharibacteria and petrimonas 

were eliminated since they cannot resist phenolic shock (Fig. 4c). Interestingly, the proportion 

of Geobacter, a model EAM, increased from 4.78 to 8.20% in SAC biofilm, which might be 

another reason for its better electroactivity compared to that of GAC biofilm. Strikingly, SAC 

biofilm displayed more total nodes, positive links and higher connectivity than GAC biofilm 

in their ecological networks (Fig. 4 e-f and Table S3), demonstrating that the former had 

stronger and more complex interactions between multiple species. In the present study, 

therefore, the advantages in architecture (more compact structure with lower thickness and 

higher biomass), composition (larger proportion of vigorous and superior-performance 

bacteria), and interaction (stronger positive connections) co-determined the performance of 

EABs, which were mainly profited from the long-term exposure to phenolic compounds. 

3.4 Spatial distribution and composition of EPS associated with biofilms performance 

Besides microbial community, the maintenance of biofilm structure and functions also 

involves highly complex and dynamic EPS (Karygianni et al. 2020). To further clarify the role 

of EPS in EET and cell-protection against the harsh environment, their structure and 

composition in different spatial locations were in situ analyzed after phenolic-shock. Similar 

to EABs micromorphology (Fig. 1), EPS was hierarchically distributed throughout the 

biofilms and massively covered the electrodes skeleton (Fig. 5 a1-b1 and S6). Additionally, a 

higher fluorescence intensity (FI) and coverage rate (43.09-91.59%) of EPS in the outer, 

middle, and interior layers were all realized in SAC biofilm (Fig. 5 a2-b4), which could be 

                  



22 

 

attributed to the higher biomass and viability that responsible for the secretion of EPS under 

phenolic-shock. 

The proteins, polysaccharides, and lipids in EPS were also heterogeneously distributed in 

the different spatial and planar positions of EABs (Fig. 5 c-d and S6). In GAC biofilm, 

proteins were uniformly coated on each piece of the skeleton and showed more prominent 

heights and obvious undulations. While polysaccharides and lipids exhibited the coincident FI 

fluctuation, illustrating the aggregated distribution of these components. Furthermore, the 

three extracellular substances accumulated the highest value in the outer layer (31.08, 19.60, 

and 13.48 a.u.), which could be regarded as self-defense against toxic phenolic (Yang et al. 

2019) and evidenced that the outer cells suffered from more severe external stress and shown 

lower activity (Fig. S4). Similar phenomena were also found that these components were 

distributed in the outer layer of sludge granules, thereby actively reducing the cytotoxicity of 

red mud to agglomerated cells (Ye et al. 2018). In comparison, with higher peak heights and 

widths, the wider distribution of extracellular proteins in SAC biofilm was detected in 

different layers. It is noticed that polysaccharides displayed relatively low FImax (5.70 to 9.42 

a.u.), while the value of lipids was as higher as 26.37 a.u.. Polysaccharides are widely 

reported to exhibit protective roles not only in EABs but also in some other types of bacteria 

involving against antimicrobials, immune response, and antibiotics (Karygianni et al. 2020). 

However, the content of polysaccharides was not high in both biofilms in the present work, 

implying that other main components might make a great contribution to protect biofilms. 

Meanwhile, the protective role of lipids was also found in model microorganisms such as 
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candida albicans (Kong et al. 2016), while little is known about the role of extracellular lipids 

in EABs. Combing the distribution and proportion of lipids in the two biofilms and the higher 

antishock ability of SAC biofilm, lipids could be the main component in EPS for protecting 

the biofilms from highly toxic phenolic compounds. 

According to EET mechanisms, it is hard for electrons generated in the outer layer of 

EABs to be transferred to the inner electrode surface via direct contact or nanowires since 

EABs thickness is normally over tens of microns (Chen et al. 2018). Theoretically, cells 

closed to the electrode are beneficial to achieving dEET, which is more efficient than iEET 

(Xiao and Zhao 2017). Nevertheless, dEET might be blocked by the EPS envelope mainly 

composed of nonconductive substances (e.g., polysaccharides) (Li et al. 2020). In this case, 

extracellular redox-active molecules (e.g., c-type cytochromes and humics) could drive 

multistep electron hopping to facilitate dEET (Xiao et al. 2017). These molecules also benefit 

iEET by serving as electron mediators maintained in the gap between cells and electron 

acceptors/donors (Xiao and Zhao 2017). As a result, the amount of extracellular redox 

molecules in EPS are essential for efficient EET in both direct and indirect pathways in the 

region near the electrode (Yang et al. 2019). In view of this, the relative ratio of the major 

substances in the different layers of biofilms was evaluated. As shown in Fig. 5e, the 

proportion of proteins in the interior (58.87%) and middle layers (72.05%) of SAC biofilm 

was significantly higher than that of GAC biofilm (47.52 and 58.86%), while polysaccharides 

in the former was lower than that in the latter. Considering that proteins are consisted of 

multiple types of redox molecules, and polysaccharides are widely considered as an insulative 
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substances, the higher efficient EET mediated by EPS could be achieved in SAC biofilm 

(Xiao and Zhao 2017). A similar study also reported that the insulating extracellular 

polysaccharide can be reduced to achieve a higher current density under limited substrate 

concentration, confirmed that the EAB preferred to grow rather than energy storage when the 

carbon source was limited (Li et al. 2020). In this work, exposure of EABs to the highly toxic 

phenolic-shock resulted in high spatial and compositional heterogeneity of EPS, where a 

larger proportion of polysaccharides and lipids was induced as main components in protective 

barrier to scatter in GAC biofilm instead of accumulating redox proteins to mediate EET. This 

unbalanced behavior was not obviously shown in SAC biofilm, because the high maturity 

conferred it a strong antishock ability to endure high concentrations of phenolic compounds. 

It should be mentioned that this does not mean that the EET was only associated with proteins 

or the protection was only related to polysaccharides and lipids because these functions might 

be achieved by the co-effect of the main components in EPS (Jennings et al. 2015). 

3.5 Protection and redox properties of EPS in electroactive biofilms 

EPS could be divided into soluble EPS (S-EPS), loosely bound EPS (LB-EPS), and 

tightly bound EPS (TB-EPS) based on the binding degree to cell surface (Tian et al. 2019). 

The differentiation between these types of EPS is well-documented in the distribution and 

function of particular components (Hou et al. 2020, Ye et al. 2018). As shown in Fig. 6a, 

proteins in the above three types EPS of SAC biofilm reached 0.30, 0.69, and 1.62 mg/cm
2
, 

respectively, which were 2.14, 1.21 and 2.10 folds that of GAC biofilm (0.14, 0.57, and 0.77 

mg/cm
2
), indicating the distribution of this substance not only relied on the spatial locations 
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but also the bonding degrees. Considering that they are energetically involved in the EET 

process, the promoted proteins secretion was also observed by applying suitable anode 

potentials (Li et al. 2019a). The total amount of polysaccharides (0.44 and 0.57 mg/cm
2
 in 

GAC and SAC
 
biofilms) was significantly lower than that of proteins (1.48 and 2.60 mg/cm

2
), 

while almost the same polysaccharides content was detected in LB-EPS and S-EPS (Fig. 6b), 

which presumed that other components (such as lipids) may also participate in the resistance 

and resilience of EABs. It is noteworthy that proteins and polysaccharides accumulated the 

highest concentration in TB-EPS, which in agreement with the previous finding that exposure 

of biofilms to CeO2 promotes more TB-EPS production than LB-EPS (You et al. 2015), thus 

proposing a hypothesis that EPS tightly bound to EABs plays a predominant role in EET and 

cells-protection. 

3D-EEM further manifested the correlation between LB-EPS and TB-EPS and evidenced 

the varied responses of EABs when facing phenolic-shock (Fig. 6 c1-d2). The same peaks 

(peak e: microbial polysaccharides; f: humic acid-like substances) (Wang et al. 2014) and 

similar FI were obtained in TB-EPS of both biofilms, implying that these components were 

basically involved in the EABs antishock performance. In addition, GAC biofilm displayed 

peak a and b, corresponding to aromatic proteins (Ly et al. 2018), in both LB-EPS and 

TB-EPS (higher FI), whereas the tyrosine protein-like (peak c) and soluble microbial 

by-product-like substances (peak d) were only identified in SAC biofilm (Yang et al. 2015). It 

was found that aromatic amino acids are crucial for the EET process, and humic acids are also 

regarded as effective electron-exchanging moieties (Xiao and Zhao 2017, Yang et al. 2019). 
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Apart from this, C-type cytochromes (c-Cyts) were also differently stored in EPS, where 

TB-EPS (the highest value) and LB-EPS of SAC biofilm performed the stronger adsorption 

peak than that of GAC biofilm (Fig. S7). This substance localized to the outer membrane or 

EPS matrix is widely accepted to participate in the electron transfer chain in contact with 

insoluble donors/acceptors, affirming the pivotal role of c-Cyts-containing TB-EPS in EET as 

well as excellent redox activity of SAC biofilm (Ye et al. 2018). The EPS heterogeneity in 

different spatial positions and bonding degrees of biofilms together pointed to a strong 

association between the EABs activity and EPS secretion. Relying on the advantages of the 

initial state, SAC biofilm not only evolved more excellent metabolism activity for phenolic 

degradation with voltage generation simultaneously, but also displayed a more positive 

response and coordination ability to the accumulation and allocation of EPS components, 

which could be a self-regulation for keeping balance between EET efficiency and 

cell-protection. 

It has been shown that EPS can serve as an important reservoir for sulfamethizole 

sorption and the tested biofilms exhibit weakened activities after EPS extraction (Wang et al. 

2018). In this regard, EPS was gently removed from both EABs by the ultrasonic method to 

evaluate their influence on catalytic performance. The amount of polysaccharides and proteins 

bound to biofilms was partly dispersed in S-EPS (Fig. 6 a-b) but did not cause a significant 

loss of biomass (< 2%), and biofilms still maintained their signature micromorphology (Fig. 

S8). However, an extreme decrease in the degradation efficiency of phenolic compounds 

(19.42-35.01%) was found in GAC biofilm, while the decrease rates only reached 
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11.79-17.31% in SAC biofilm (Fig 3 d-f). This might be due to the difference of EPS residues 

in the two biofilms (2.82 and 1.73 mg/cm
2
 for SAC and GAC biofilm, respectively) and 

revealed that the stronger safeguard can be achieved in SAC biofilm, in which EPS 

(especially TB-EPS and LB-EPS) acted as an indispensable part in maintaining its activity. 

The removal of refractory toxic organics (e.g., phenols and antibiotics) is considered to 

interact with EPS in biological treatment systems involving binding and adsorption, etc. (Tian 

et al. 2019). However, the mechanism regarding the EPS-assisted pollutant removal in EABs 

has rarely been studied. Our on-going research is investigating whether there are interacting 

polar groups between them. Additionally, stripping the EPS also impair their electroactivities 

since the redox peak values of LB-EPS and TB-EPS were considerably declined (Fig. S9 a-b). 

The color change of mixed solutions and the difference in precipitation amount during 

EPS-mediated Au
3+

/GO reduction further supported this result (Fig. S9 c). Similar reports 

demonstrated that the redox state of EPS can be applied for the reduction of Cr
6+

, Au
3+

, and 

selenite, while separating surface EPS would weaken its efficiency (Dong et al. 2020, Yan et 

al. 2020, Zhang et al. 2020). Therefore, the content and ratio of EPS components was not only 

related to the protection strength of biofilms but also closely linked with its redox capability, 

which is an effective response to coordinate the EABs multi-functions under external shock. 

4. Conclusions 

In this study, SAC biofilm (secondary assembly of composite biofilm) with a higher 

original maturity was found to exhibits more excellent electrochemical and catalytic 

performance than GAC biofilm (gradient assembly of composite biofilm) after in situ 
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decoration with Au-NPs/rGO. These performance can be promoted at low phenolic 

concentrations but inhibited at high concentrations, which provided an effective strategy for 

the regulation of EABs activity. Furthermore, SAC biofilm displayed a more compact 

structure with higher biomass, lower thickness, and stronger activity, which underlies its 

powerful antishock ability. EPS was presented a heterogeneous distribution in different layers 

and bonding degrees, where proteins, polysaccharides and lipids were more accurately located 

in SAC biofilm, which could be regarded as an active response to keep a good balance 

between self-protection and EET under external environmental shock. Our findings are 

crucial to reveal the underlying mechanism of regulation of EABs in the interfacial 

micro-ecological environment, and bring a deeper insight into the application of EABs in 

environmental remediation and new-energy development. 
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List of Figures 

 

Fig. 1 SEM images of GAC biofilm in the early (a-b) and later stage (c-d) and SAC biofilm in 

the early (e-f) and later stage (g-h). The red arrows, red circles, and yellow circle represent 

Au-rGO, cross-linking of cells and Au-rGO, and nanowires, respectively. 
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Fig. 2 Time profile of voltage output during the assembly of GAC and SAC biofilms (a). 

Numbers 1-7 and the grey arrows indicate the inoculation cycles and the addition of Au
3+

/GO 

with phenolic compounds, respectively. The green and orange circles represent minimum-Vmax 

of GAC and SAC biofilms, respectively; the promotion and inhibition rates of different 

concentrations of SA, VA, and HBA on voltage generation of GAC and SAC biofilms (b). 

The red box indicates the phenolic “concentration boundary” for regulating voltage output. 
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Fig. 3 Degradation efficiencies (bars) and rates (dash lines) of 0.3-3.0 g/L SA (a), VA (b), and 

HBA (c) in GAC and SAC biofilms. The solid lines represent the fitting lines of degradation 

efficiencies of phenolic compounds, and the grey arrows indicate “concentration boundary” 

for regulating catalytic performance; the stability of GAC and SAC biofilms for the 

degradation of SA (d), VA (e), and HBA (f). Cycles 0-6 corresponding to the degradation 

efficiency of 0.9 g/L phenolic compounds in the shock stage (0), five batch runs (1-5), and 
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after EPS removal (6), respectively. 
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Fig. 4 Cell viability of GAC and SAC biofilms in the outer, middle, and interior layers (a); 

shift of key microorganisms at phylum level (b) and fermentative (c) and electrochemically 

active microorganisms (d) at gene level; the interaction network of key microorganisms in 

GAC (e) and SAC biofilms (f). The dark green and orange circles indicate key fermentative 

and electrochemically active microorganisms, respectively. The purple and pink lines indicate 
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positive and negative links, respectively, and line width represents interaction strength. 

  

                  



42 

 

 

Fig. 5 Spatial distribution images of EPS in GAC (a) and SAC (b) biofilms analyzed by 

CLSM, including the 3D (1), outer (close to the anolyte interface, 2), middle (approximately 

the averagely division position of the biofilm, 3), and interior layers (near the electrode, 4) of 

EPS. The graphs present here are merged images containing signals from FITC (protein, 

green), NR (lipid, red), and CW (polysaccharide, blue). Coverage rate (CR): EPS area /total 

image area; fluorescence intensity curves of protein, polysaccharide, and lipid in the different 

layers of GAC (c) and SAC (d) biofilms; and their relative rate in total fluorescence intensity 

of EPS (e). 
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Fig. 6 Protein (a) and polysaccharide (b) concentrations in TB-EPS, LB-EPS, and S-EPS of 

GAC and SAC biofilms before and after (*) EPS separation determined by chemical detection; 

3D-EEM fluorescence spectra of the LB-EPS (1) and TB-EPS (2) of GAC (c) and SAC (d) 

biofilms. 
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