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Highlights 1 

First study of the response of exoelectrogenic biofilm to microplastics. 2 

Polyethylene microplastics declined current density of microbial electrolysis cell. 3 

Polyethylene microplastics inhibit the cell viability, increased dead cell ratio. 4 

Extracellular polymeric substances declined with the occurrence of microplastics. 5 

Extracellular electron transfer related genes and cytochrome c decreased. 6 
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Abstract 13 

Exoelectrogenic biofilm and the associated microbial electrochemical processes have 14 

recently been intensively studied for water treatment, but their response to and 15 

interaction with polyethylene (PE) microplastics which are widespread in various 16 

aquatic environments has never been reported. Here, we investigated how and to what 17 

extent PE microplastics would affect the electrochemistry and microbiology of 18 
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exoelectrogenic biofilm in both microbial fuel cells (MFCs) and microbial electrolysis 19 

cells (MECs). When the PE microplastics concentration was increased from 0 to 75 20 

mg/L in the MECs, an apparent decline in the maximum current density (from 1.99 to 21 

0.74 A/m
2
) and abundance of electroactive bacteria (EAB) in the exoelectrogenic 22 

biofilm was noticed. While in the MFCs, the current output was not significantly 23 

influenced and the abundance of EAB lightly increased at 25 mg/L microplastics. In 24 

addition, PE microplastics restrained the viability of the exoelectrogenic biofilms in 25 

both systems, leading to a higher system electrode resistance. Moreover, the microbial 26 

community richness and the microplastics-related operational taxonomic units 27 

decreased with PE microplastics. Furthermore, the electron transfer-related genes 28 

(e.g., pilA and mtrC) and cytochrome c concentration decreased after adding 29 

microplastics. This study provides the first glimpse into the influence of PE 30 

microplastics on the exoelectrogenic biofilm with the potential mechanisms revealed 31 

at the gene level, laying a methodological foundation for the future development of 32 

efficient water treatment technologies. 33 

Keywords: microplastics; microbial exoelectrogenic biofilm; microbial 34 

electrochemical systems; extracellular electron transfer  35 
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1. Introduction 36 

Microplastics (MPs), plastic particles less than 5 mm, have been found 37 

worldwide, prevalent in the terrestrial and aquatic environment (wastewater, rivers, 38 

lakes, and ocean) and even in the secluded environment (Peeken et al., 2018; 39 

Rochman, 2018; Woodward et al., 2021). The amount of MPs in the environment is 40 

growing fast due to the degradation of plastics from industrial abrasives and personal 41 

care products, especially during the COVID-19 period when the face masks are 42 

extensively consumed (Kwak and An, 2021; Sun et al., 2020). The vast majority of 43 

microplastics from domestic and industrial wastewater would flow into the 44 

wastewater treatment systems (Zhang et al., 2020a). The MPs concentration found in 45 

the influent of Danish municipal sewage treatment plants was as high as 29.6 mg/L 46 

(Vollertsen and Hansen, 2017). In the influent of a wastewater treatment plant in 47 

South Korea, it could reach 31400 particles/L (Hidayaturrahman and Lee, 2019). 48 

Furthermore, high concentration of nano-polystyrene and polyethylene microplasitics 49 

(e.g., 320 mg/L and 100 mg/L, respectively) were used to reveal the influence on cell 50 

viability and wastewater biotreatment performance (Sun et al., 2018; Tang et al., 51 

2021). With the continued use of the plastic product, the concentration of 52 

microplastics would accumulate to a considerable concentration because of the hard-53 

degradable properties.  54 

MPs are considered an emerging threat because they are important vectors of 55 

different pollutants, including antibiotics, heavy metals, and micropollutants (Avio et 56 

al., 2017; Niu et al., 2021; Sarkar et al., 2021). It has been estimated that the MPs in 57 

the body of organisms could induce a physical toxicity disturbance and digestive 58 

system entanglements resulting in the damage of aquatic ecosystems (Niu et al., 2021; 59 

Seidensticker et al., 2017). Nano polystyrene plastics could easily enter the body of 60 
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organisms such as invertebrates (Cole and Galloway, 2015; Trevisan et al., 2019), and 61 

plants (Sun et al., 2020) and trigger severe adverse responses. Besides, evidence also 62 

showed that MPs could influence microbial activities and metabolisms by reshaping 63 

their community structure. For example, polyethylene terephthalate MPs could inhibit 64 

the hydrolysis process in aerobic digestion (Wei et al., 2021). The methanogenesis 65 

process could be significantly restrained by long-term exposure to polyvinyl chloride 66 

MPs because of the alteration of microbial composition (Zhang et al., 2020a). It was 67 

also reported that the microbial nitrogen cycle in the sediment could be interfered 68 

with by different kinds of MPs (Seeley et al., 2020). The capacity of wastewater 69 

treatment could be influenced in the presence of MPs (Qin et al., 2020; Zhang et al., 70 

2020b). However, the study of MPs and their effect on natural or engineered 71 

processes is in its infancy. A deeper understanding of the role of MPs in several key 72 

microbial processes is still missing. 73 

Microbial electrochemical systems (MESs) such as microbial fuel cells (MFCs) 74 

and microbial electrolysis cells (MECs), which employ electroactive bacteria (EAB) 75 

to harvest electrons from organic or inorganic pollutants, have been widely studied 76 

and considered a promising and energy-efficient approach for wastewater treatment 77 

and clean production of high-value chemicals (Chiranjeevi and Patil, 2020; Wang and 78 

Ren, 2013; Bajracharya et al., 2016; Fu et al., 2021). The activity of EAB and the 79 

formed biofilm is the crucial element that determines the extracellular electron 80 

transfer (EET) ability and the electrogenesis performance of various MESs. 81 

Extracellular polymeric substances (EPS) are fundamental components and complex 82 

chemical microenvironments in the structure of biofilm. They could prevent the 83 

biofilm from being attacked by antibiotics and immune cells, playing essential roles in 84 

the microbial EET process (Karygianni et al., 2020; Xiao and Zhao, 2017). Besides, 85 
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cytochrome c and nicotinamide adenine dinucleotide (NADH) play critical roles in 86 

microbial extracellular and intracellular electron transfer processes (Xiao and Zhao, 87 

2017; Zhang et al., 2021b). Several studies have shown that the EPS and microbial 88 

composition on the EAB biofilm could be influenced and even reshaped due to 89 

substrate limitation and the exposure of different toxicants (Hou et al., 2020; Li et al., 90 

2021). It has been reported that nanoparticles (silver) can affect the microbial 91 

composition of anodic biofilm, EPS composition, and EET-associated genes (Zakaria 92 

and Dhar, 2020). As wastewater nowadays may contain a substantial amount of MPs, 93 

it could probably influence the electrochemical activity and microbiology of EAB 94 

biofilm in the process of wastewater treatment, which has never been reported. 95 

In this study, for the first time, the impact of polyethylene MPs (PE-MP) on the 96 

exoelectrogenic biofilm and the associated extracellular electron transfer processes 97 

and the underlying mechanisms were explored. The response of the electrogenesis 98 

biofilm to MPs was investigated in terms of electrochemical characteristics, biofilm 99 

morphology, EPS composition, and microbial community structure. Lastly, the 100 

variation of EAB abundance, EET-associated genes, and protein was analyzed. This 101 

study may shed light on the evolution of electroactive bacteria and biofilm and 102 

resilience of the associated engineered processes/systems under specific 103 

environmental stress.  104 

2. Methods and materials 105 

2.1. Sources of inoculum and PE-MP.  106 

Wastewater from Lundtofte municipal wastewater treatment plant (Lyngby, 107 

Denmark) was used as the inoculum in the MESs. The chemical oxygen demand 108 

(COD), total solids (TS), ammonium nitrogen from the wastewater were 300, 3.53, 109 

and 2.12 mg/L, respectively. Polyethylene is one of the most ubiquitous polymers in 110 
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water bodies (Cook et al., 2020). PE-MP (Cat no.434272. Sigma-Aldrich) with the 111 

particle size range of 40-48 µm were used.  112 

2.2. Reactor configuration and operation.  113 

Twelve cuboid double chamber MES reactors were designed as previously 114 

described (Yang et al., 2021). The anode (5×5×8 cm
3
) and cathode (5×5×8 cm

3
) 115 

chamber were separated by a cation exchange membrane (CMI 70001, Membrane 116 

international, NJ). The membrane was immersed in a 5% NaCl solution for 12 hours 117 

to allow for membrane hydration and expansion. This preconditioning procedure can 118 

also improve the diffusion permeability (Berezina et al., 2008; Xu et al., 2021) A 119 

carbon fiber brush (diameter 5.0 cm, length 5.0 cm, Mill-Rose, USA, pretreated at 120 

450 
o
C for 30 min) was used as anode and a titanium woven wire mesh (4.5 ×4.5 cm) 121 

was used as cathode. Cathode was coated with 0.5 mg/cm
2
 platinum to keep a stable 122 

cathode reduction rate (Luo et al., 2014). Titanium wire was used to connect the 123 

anode and cathode through an external resistance for operation in MFCs (1000 Ω) and 124 

MECs (10 Ω) modes.  125 

The multiple reactors were divided into six duplicate groups by different 126 

operation modes (MFCs/MECs) and different PE-MP concentrations (0, 25, 75 mg/L), 127 

marked as MFC0, MFC25, MFC75, MEC0, MEC25, and MEC75. During the setup 128 

process, the anode of both MFCs and MECs were filled with wastewater together with 129 

1 g/L sodium acetate and 50 mM phosphate buffer solution (PBS). The catholyte of 130 

MFCs was a solution containing 50 mM PBS and 50 mM ferricyanide. As for MECs, 131 

only 50 mM PBS was used in the cathode. All reactors were operated in a batch mode 132 

at room temperature, and the medium in both chambers was refreshed every seven 133 

days. After refreshing the anolyte, the anode of all reactors was flushed with nitrogen 134 

gas for 15 min to keep an anaerobic atmosphere. The anolyte was continuously stirred 135 
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at 200 rpm during the batch. An external voltage of 0.8 V was applied to the groups in 136 

MEC mode.  137 

2.3. Analytical methods.  138 

2.3.1. Physico-chemical analysis and calculation.  139 

COD was measured using the APHA standard method (Association et al., 2017). 140 

The voltage through the external resistance of all reactors was recorded using a 141 

multimeter (Model 2700, Keithley Instruments, Inc., Cleveland, OH, USA) with a 30-142 

min interval. The current was calculated using Ohms Law (I=V/R). Power density (P 143 

= IV/A) was calculated based on the projected surface of the cathode (Zhao et al., 144 

2019).  145 

2.3.2. Electrochemical analysis.  146 

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 147 

analysis were conducted by using a potentiostat (Ivium-n-Stat, Ivium Technologies, 148 

Eindhoven, the Netherlands) with three-electrode configuration (i.e., anode as the 149 

working electrode, Ag/AgCl as a reference electrode, and cathode as the counter 150 

electrode). CV was performed from -0.8 to +0.8 V at a scanning rate of 2.5 mV/s. EIS 151 

was carried out from 10,000 to 0.1Hz with an amplitude of 10 mV. Resistance data 152 

including ohmic resistance (Rs), charge transfer resistance (Rct), and finite diffusion 153 

resistance (Rd) were calculated after fitting the Nyqusit plots with equivalent circuit 154 

model according to previous methods (Wang et al., 2020a). 155 

2.3.3. The extraction and analysis of EPS.  156 

A heating method was used to extract different EPS fractions from the anode 157 

biofilm at the end of the experiment (Li et al., 2021). The carbon brush with biofilm 158 

was rinsed in 0.9% NaCl and then heated at 70 
o
C for 30 minutes, followed by 159 

centrifuging at 10750 g for 15 minutes. The suspension was collected and filtered 160 
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through a 0.22 µm filter as loosely bound EPS (LB_EPS). The carbon brush left in the 161 

centrifuge tube was then resuspended in 0.9% NaCl and 5% Na2-EDTA, then shaken 162 

at 180 rpm for 4 h. The collected suspension was filtered and obtained as tightly 163 

bound EPS (TB_EPS). The EPS obtained above were characterized with excitation-164 

emission matrix (EEM) fluorescence spectroscopy. EEMs were measured using an 165 

AquaLog fluorometer (HORIBA) to show the changes of LB_EPS and TB_EPS. 166 

Absorbance and fluorescence excitation was measured from 240 to 600 nm in 3 nm 167 

increments. Fluorescence emission was recorded with a charge-coupled device from 168 

220  to 620 nm at an increment of approximately 3.3 nm at integration times of 1-3 169 

seconds. Samples with absorbance exceeding 1.5 cm
-1

 were diluted before 170 

measurements. Data were processed in MATLAB (The MathWorks Inc.) using the 171 

drEEM toolbox (v0.6.3) as follows (Murphy et al., 2013). Raw data were imported 172 

and blanks subtracted from the sample fluorescence. Inner filter effects were corrected 173 

with the absorbance-based method (Kothawala et al., 2013). Fluorescence signals 174 

were normalized to the Raman peak area at excitation 350 nm. First and second-order 175 

Rayleigh and Raman scatter were excised and interpolated excised (1
st
 and 2

nd
 order 176 

scatter) and interpolated (only 2
nd

 order scatter). Fluorescence intensities were 177 

extracted at predefined wavelength pairs according to established procedures (Coble, 178 

2007). 179 

2.3.4. Biofilm Viability Observations.  180 

Live/Dead cells were visualized to evaluate the viability of biofilm on the surface 181 

of the anodic carbon brush under different PE-MP concentrations. The carbon brush 182 

samples were collected in triplicate for each reactor at the end of the experiment. The 183 

viability of the biofilm on the carbon brush was observed using the Confocal Laser 184 

Scanning Microscopy (CLSM) (Leica TCS SP5, Germany). Before the observations, 185 
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the biofilm samples were rinsed with 50 mM PBS, then stained with a LIVE/DEAD 186 

BacLight bacterial viability kit (Invitrogen, Carlsbad, CA, United States) and 187 

incubated in the dark for 15 min, and afterward rinsed with 50 mM PBS twice to 188 

remove the residual fluorochrome. The biofilm was measured under the z-stack mode. 189 

The green and red dyes of SYTO-9 and propidium iodide were used to stain the live 190 

and dead cells, which could emit green and dead fluorescence, respectively. The 191 

excitation and emission for SYTO-9 are 488 nm and 500-550 nm, for propidium 192 

iodide are 561 nm and 570-650 nm. The mean fluorescence intensity was calculated 193 

from the triplicate samples based on the corresponding CLSM data. The three-194 

dimensional biofilm was reconstructed using Imaris software (version 7.4.2), the ratio 195 

between live cells and dead cells was calculated using the green and red fluorescence 196 

intensity data (Robertson et al., 2019). 197 

2.4. Microbial community analysis.  198 

The total microbial DNA was extracted from the biofilm using a FastDNA Spin 199 

Kit for Soil (Qiagen, CA, USA). The bacterial 16S rRNA genes at V4-V5 200 

hypervariable regions were amplified with PCR primers 388F 201 

(ACTCCTACGGGAGGC AGCAG)) and 806R (GGACTACHVGGGTWTCTAAT). 202 

The purification of amplicon DNA was conducted by Majorbio (Shanghai, China) on 203 

the Illumina MiSeq platform. The raw sequencing data were uploaded at NCBI 204 

Sequence Read Archive with an accession number PRJNA755479. The obtained 205 

sequence data were pretreated and analyzed as previously described (Wang et al., 206 

2020b). After filtering the low-quality and chimeric sequences, the high-quality 207 

sequences were clustered into operational taxonomic units (OTUs) through UPARSE 208 

(version 7.1 http://drive5.com/uparse/) with a 0.03 distance limit (97% similarity 209 

level). The sequence taxonomies were generated by an RDP Classifier referring to 210 
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SILVA (Release132 http://www.arb-silva.de) 16S rRNA database. Alpha diversity and 211 

the rarefaction curves were conducted using Mothur software (version v.1.30.1) at a 212 

0.97 similarity level.  213 

2.5. Quantification of functional genes and electron transfer mechanism.  214 

The electron transfer-related genes were quantified in triplicate through a real-215 

time quantitative PCR detecting system (ABI 7500, Applied Biosystems, USA) 216 

including pilA, and mtrC (He et al., 2021; Zakaria and Dhar, 2020). The primers of 217 

these genes were listed in Table S1. Electron transfer relevant enzymes, including 218 

cytochrome c (extracellular) and NADH (intracellular), were extracted and measured 219 

based on volatile suspended solids (VSS) following the previous procedure (Zhang et 220 

al., 2021a). 221 

2.6. Statistical analysis.  222 

All data were represented as mean ± SEM (standard error of the mean). Partial 223 

least squares discriminant analysis (PLS-DA) was performed between MFCs and 224 

MECs using the R package ‘mixOmics’ (version 3.3.1). Circos was visualized through 225 

Circos software (http://circos.ca/). The co-network analysis was drawn using Gephi 226 

based on the spearman correlations data output from the R “psych” package. The p-227 

value < 0.05 was regarded as statistically significant.  228 

3. Results and discussion 229 

3.1. Electrochemical response of exoelectrogenic biofilm to PE-MP.  230 

The performance of electrogenesis biofilm under different PE-MP concentrations 231 

was investigated in terms of current density output and COD removal efficiency in 232 

MFCs and MECs. Fig. 1a shows that different PE-MP concentrations did not 233 

significantly influence the current density output from MFCs. However, in the MECs 234 

mode, the maximum current density decreased with the increase of PE-MP 235 
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concentration (1.99, 1.37, and 0.74 A/m
2
 at 0, 25, and 75 mg/L, respectively) (Fig. 236 

1b). In the MFCs, the current was generated from the acetate oxidation by the mature 237 

biofilm (Zhang et al., 2011). In this case, the PE-MP might influence only a part of 238 

mature biofilm, which was not sufficient to affect the current response. While in the 239 

MECs, the current was influenced by the internal resistance at a given applied voltage 240 

(Cario et al., 2019). Thus, the decreased current would result from the increased 241 

internal resistance in the presence of PE-MP. This result was consistent with the 242 

previous study, which reported the decreased volumetric current density with the 243 

exposure of silver nanoparticles in MECs (Zakaria and Dhar, 2020).At the end of the 244 

batch run, the COD removal efficiency of MFCs with PE-MP was 57.65 ± 8.04 % 245 

(MFC75) and 61.93 ± 10.25 % (MFC25) which was lower than that without PE-MP 246 

exposure (63.22 ± 0.77 %, MFC0) (Fig. S1a). Similar trends were observed in MECs 247 

(Fig. S1b). The COD removal efficiency corresponded with the activity of 248 

electrogenesis biofilm, which PE-MP is likely to influence. Fig. S2a and Fig. S2b 249 

showed no significant oxidation/reduction peaks during forward and reverse scans. 250 

However, the reactor without PE-MP showed higher current generation than that with 251 

PE-MP exposure in both MFCs and MECs.  252 

EIS was performed to measure the impedance of MESs through the Nyquist plot of 253 

the anode electrode. The electrode potential loss mainly include ohmic loss, activated 254 

loss, and mass transfer loss, which represent the Rs, Rct, and Rd, respectively The 255 

Nyquist plots are shown in Fig. 1c. The total resistance, calculated from the 256 

equivalent circuit model, increased from 8.33 Ω in MFC0 to 301.33 Ω in MFC25 and 257 

from 35.47 Ω in MEC0 to 91.46 Ω in MEC75. It is clear that the resistance of Rct 258 

contributed most of the total resistance, and the resistance increased under the 259 

influence of PE-MP. This demonstrated the mass transfer was down with a lower 260 

                  



 

 13 

electron transfer capability (Ren et al., 2019). The toxic of PE-MP might also inhibit 261 

some bacteria and increase the mass transfer resistance. Previous research showed that 262 

the metal anode deposited nanoparticles can decrease the charge transfer resistances 263 

by improving the conductivity of the electrode (Wang et al., 2019). However, in this 264 

study, the presence of non-conductive PE-MP increased the Rct from 6.42 Ω (MFC0) 265 

to 79.97 Ω (MFC75), and from 28.48 Ω to 83.81 Ω in MEC0 and MEC75. Besides, 266 

the toxic of the PE-MP might increase the population of dead cells, resulting in 267 

increasing of the electron transfer distance and the charge transfer resistance (Wang et 268 

al., 2020a). The results might be ascribed to the influence of PE-MP on the activity 269 

and viability of the electrogenic biofilm and the weakened EET process. In the future 270 

studies, catalyst-free cathode could be employed to reduce the capital costs for the 271 

treatment (Alvarez-Gallego et al., 2012; Pasupuleti et al., 2016). Overall, the 272 

multiplexed conductive pathway could be weakened by PE-MP in MESs.  273 

Fig. 1 is here 274 

3.2. Effect of PE-MP on biofilm viability.  275 

The viability of the anodic biofilm under different PE-MP levels was investigated 276 

through CLSM imaging. Fig. 2a-c and Fig. 2d-f represent the CLSM z-stack images 277 

for MFCs and MECs, respectively. Results showed that a low concentration of MP 278 

(25 mg/L) promoted the biofilm viability in MFCs. But when the MPs concentration 279 

increased to 75 mg/L, the biofilm viability decreased significantly. To further assess 280 

the distribution of dead and live cells, the fluorescence intensity and ratio between 281 

live and dead cells based on fluorescence intensity were calculated (Fig. 2g and Fig. 282 

2h). In MFCs the live and dead cells fluorescence intensity all increased at a 25 mg/L 283 

PE-MP, and then decreased in higher concentration of PE-MP. However, there was a 284 

clear decline of the ratio between live and dead cell with PE-MP concentration 285 
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increased from 0 to 75 mg/L (Fig. 2h), with the ratio of dead cells increased from 286 

31.66 ± 1.24 % to 49.72 ± 0.34 %. Low concentration of PE-MP promoted the growth 287 

of biofilm bacteria, which was consistent with previous report that the MPs derived 288 

nutrients contributed to bacterial growth (Chen et al., 2021). The reduction of live 289 

cells fluorescence intensity and ratio of live cells was observed when the 290 

concentration of PE-MP increased in MECs. The occurrence of PE-MP could hinder 291 

the growth of biofilm in MECs and result in a higher ratio of dead cells, increasing 292 

from 37.50 ± 0.65 % to 49.15 ± 3.22 % with PE-MP concentration increased from 0 293 

to 75 mg/L. High MPs will be more harmful to microbiology activities, result in cell 294 

dysfunction and inhibit the growth of some functional bacteria. Previous studies have 295 

unraveled that polyethylene terephthalate MPs and polyvinyl chloride MPs posed 296 

toxicity to the viability of the cell via toxic leachate from microplastics, which would 297 

result in cell death (Wei et al., 2021; Zhang et al., 2020a). It has also been reported 298 

that the MPs in marine could cause negative effects on the organism (Sun et al., 299 

2018). Same with our study, the growth of exoelectrogenic microbes and their 300 

attachment to the electrode was inhibited at higher MPs concentration because of the 301 

toxicities (agree with the overlay CLSM, Fig. S3). The presence of more dead cells 302 

might affect the EET process since the electron product from the live cells had to 303 

transfer over the dead cells to the electrode (Sun et al., 2015). The death cells layer 304 

could increase the electrode resistance, which was also shown from the EIS result that 305 

the relative higher dead cells resulted in a relative high resistant (Liang et al., 2011). 306 

The MFC75 showed relatively lower dead cells, and thus, the internal resistance was 307 

relatively lower than that of MFC25. 308 

Fig. 2 is here 309 

3.3. EPS distribution in the exoelectrogenic biofilm.  310 
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The abundance of EPS could reveal the performance of anodic biofilm (Li et al., 311 

2021). Thus, fluorescence spectroscopy was used to fingerprint LB_EPS and TB_EPS 312 

in the processed EPS samples (Fig. S4 and Fig. 3). Optical fingerprints distinguished 313 

between the different EPS fractions and experimental treatments (Fig. S5). It has been 314 

well-documented that the difference among various types of EPS resulted from the 315 

functional particular components distribution (Li et al., 2021). The lightly bound EPS 316 

can easily be loose under the influence of the PE-MP, and the TB_EPS was more 317 

stably attached to the exoelectrogenic bacteria (He et al., 2019). This is the reason 318 

why they clustered differently. 319 

As shown in Fig. 3a-f, two main peaks Peak T and Peak C were observed at 320 

Ex/Em of 275/330 nm and 337/447 nm, which was assumed to be a proxy for protein-321 

like and humic-like fractions (Li et al., 2016; Wei et al., 2016). The normalized FI of 322 

each peak was summarized to examine qualitative variation of the substrates. The FI 323 

of Peak T for TB_EPS was reduced with different doses of MPs in MFCs. A similar 324 

result was observed for MECs, except for a slight increase when it varied from 325 

MEC25 (0.77 ± 0.29) to MEC75 (1.09 ± 0.34) (Fig. 3a-f, and Fig. S4g). Previous 326 

observation of protein production in EPS showed that protein could be promoted 327 

under microbial electrochemical cultivation process or the suitable anode potential, 328 

and was likely being involved in the EET process (Hou et al., 2020; Li et al., 2021). 329 

The distinct suppression in the EPS protein has also been previously demonstrated in 330 

anaerobic methane recovery experiment with polyvinyl chloride MPs exposure 331 

(Zhang et al., 2020a). Here, PE-MP might inhibit the protein production in the 332 

electroactive bacteria and thereby weakening the EET process in MESs. Also the 333 

decreasing of the EPS under the influence of PE-MP could expose the bacteria to the 334 

outside toxic chemicals resulting in cells death and thereby weakening the 335 
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performance of the electroactive bacteria. Similarly, more markedly reduced Peak T 336 

could be observed for LB_EPS (Fig. S4a-f). As the lightly bound EPS, the LB_EPS 337 

was more easily influenced with the exposure of PE-MP. 338 

Humic substances have been well known as the electron mediators involved in 339 

the indirect EET pathway, and it can also shift the community structure (Xiao and 340 

Zhao, 2017). It seems no compositional changes in the area of Peak C (humic-like 341 

substrates) according to the fluorescence in MFCs (Fig. 3a-c, and Fig. S4h). Thus, the 342 

PE-MP seems did not play a critical role in changing the content of humic-like 343 

substrates in MFCs. Comparatively, PE-MP affected the humic-like substrate in 344 

MECs (Fig. 3d-f , Fig. S4h). The Peak C with the highest in LB_EPS in MECs (Fig. 345 

S4d-f).  346 

Thus, MPs might first affect the protein and humic-like substrates composition in EPS 347 

which as demonstrated as an important substance for the electrochemical activity of 348 

the biofilm in MESs (Xiao and Zhao, 2017). Furthermore, the exposed bacteria might 349 

be inhibited by the toxic compounds from the PE-MP, which would also be the reason 350 

for the increased dead cells ratio when PE-MP existed. Detailed mechanism analysis 351 

are required in future studies to reveal the synergistic interactions among MPs, EPS 352 

and electroactive biofilm. 353 

Fig. 3 is here 354 

3.4. The effect of MPs on the microbial community of exoelectrognic biofim. 355 

A total of 420 OTUs identified from all the samples with a 97% sequence 356 

similarity. Rarefaction curves showed that the microbial richness exposure to PE-MP 357 

decreased compared to the control (Fig. 4a). Similarly, decrease in richness was found 358 

through Chao 1 and Ace estimator (Table 1). The richness of bacterial communities on 359 

PE-MP has also been reported lower than that in natural substrates (Miao et al., 2019). 360 
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The presence of microplastics would be toxic to the cell growth, which could also be 361 

reflected by the decreased cell viability and EPS. Microbial diversity Shannon 362 

estimator increased in MFCs with PE-MP from 2.198 (MFC0) to 2.759 (MFC25) and 363 

2.550 (MFC75) but declined in MECs (Table 1), indicating that some microbial 364 

communities are sensitive to the PE-MP toxic effects (Zhang and Chen, 2020). In 365 

addition, PLS-DA was conducted to evaluate the microbial community structure 366 

alterations and reveal whether there are differences among different group samples. A 367 

clear difference between MFCs and MECs were existed, indicating the varied 368 

community structures under different modes (Fig. 4b). Significant cluster for MEC25 369 

and MEC75 showing the species selectivity from PE-MP in MECs. Previous research 370 

has also demonstrated the obvious different microbial communities between plastic 371 

and non-plastic substrates (Miao et al., 2019). 372 

The identified OTUs were assigned to 21 phyla, 293 genus, and 361 species. The 373 

composition of phylum among these six samples was presented in Fig. 4c using 374 

Circos. The five most abundant phyla were Proteobacteria, Bacteroidota, 375 

Actinobacteriota, Firmicutes, and Desulfobacterota. As the most abundant phyla, 376 

Proteobacteria showed an increasing trend in MFCs with the PE-MP concentrations 377 

increase. Specifically, it increased from 63.21% in MEC0 to 78.50% (MEC25) and 378 

85.42% (MEC75). The relative abundance of Firmicutes also increased with the PE-379 

MP in both MFCs (5.13% to 6.26%) and MECs (5.21% to 7.13%). However 380 

significant decrease could be found in MECs for phyla Actinobacteriota, decreasing 381 

from 13.82 % in MEC0 to 11.87% in MEC25 and 1.76% in MEC75. 382 

The 50 most abundant genera from the microbial communities of six samples 383 

were shown as heatmap in Fig. S6. The several high abundant genera are widely 384 

found in MESs, such as Acinetobacter, Bacteroidales (no rank at genus level), 385 
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Dechlorosoma, and Desulfovibrio (Wang et al., 2020a; Zakaria and Dhar, 2020; 386 

Zhang et al., 2021b). Functional genera of EAB were selected and visualized using a 387 

heatmap (Fig. 4d). As one of the most famous EAB, Geobacter could oxidize acetate 388 

and release electricity in MESs (Kimura and Okabe, 2013). In the MECs, the 389 

abundance of Geobacter decreased from 6.49% (MEC0) to 0.71% (MEC25) and 390 

0.05% (MEC75) with increasing of the PE-MP concentration. However, in MFCs, the 391 

abundance increased slightly in MFC25, and then it decreased to the same level as 392 

MFC0 and MFC75. Mycobacterium was also weakened in MEC25 (1.38%) and 393 

MEC75 (0.12%) compared with that without PE-MP (8.03%) in MEC0. It has been 394 

reported that Mycobacterium has the ability of EET (Jin et al., 2018). A decreased 395 

trend could also be found in MECs for genus Comamonas that is capable of electron 396 

transfer (Yang et al., 2019). With the increasing of PE-MP concentration, Romboutsia, 397 

which was reported as potential electricigens in soil MFCs (Li et al., 2018), decreased 398 

not only in MECs (0.96% to 0.32%) but also in MFCs (0.62% to 0.08%). Besides, the 399 

bioelectricity generation related genus Clostridium_sensu_stricto_13 and 400 

Dysgonomonas in MFCs shrank with PE-MP (Li et al., 2018; Tian et al., 2017). When 401 

comparison of the abundance in all MFCs, it was observed that some genera in 402 

MFC25 had a higher abundance than MFC0 and also MFC75, which include 403 

Geobacter, Desulfovibrio, Clostridium_sensu_stricto_1, Parabacteroides, Bacillus, 404 

and Pseudomonas. The results indicated that the low-level PE-MP might motivate the 405 

growth of some electrogenic bacteria. This phenomenon could also be reflected in the 406 

CV curve and the CLSM analysis (Fig. S2a, and Fig. 2b). Among all the functional 407 

genus, Bacillus was the only one who was reported that could generate electricity and 408 

degrade polyethylene plastics (Auta et al., 2017; Islam et al., 2017). So the low 409 

concentration of PE-MP might serve as the substrate and increase the growth of 410 
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Bacillus, while the high concentration might have toxicity to the cell. The above 411 

results demonstrated that the presence of PE-MP could alter the anodic microbial 412 

communities, esspecially the ones are known for EET.  413 

Table 1. is here 414 

Fig. 4 is here 415 

It is still not clear about the distribution pattern of EAB and the interaction 416 

between PE-MPs concentrations and all the biofilm community. Thus, co-occurrence 417 

network analyses were constructed among PE-MP concentrations (marked as MPs), 418 

the summary abundance of the exoelectrogenic bacteria (marked as EAB here), and 419 

the abundance of all OTUs from different modes of samples. The EAB was 420 

summarized as one consortium to easily evaluate the relationship between EAB as a 421 

total community and the individual OTUs. In MFCs, the interaction of total EAB 422 

abundance, PE-MP concentrations, and 314 OTUs was visualized in Fig. 5a, showing 423 

significant Spearman correlations (p < 0.05). Among all the OTUs nodes, 86 nodes 424 

with 85 pairs of edges were identified significantly response to the abundance of EAB 425 

and PE-MP concentrations. Notably, 38 OUTs showed negative correlations with PE-426 

MP concentrations (38 red edges), higher than that between EAB and OTUs (14 red 427 

edges). The positive relationships were less than those two, indicating that the PE-MP 428 

concentrations and EAB consortium have a more negative influence on the correlated 429 

OTUs in MFCs. There are 109 OTUs nodes and 213 significant correlations between 430 

EAB, MPs, and OTUs in the network of MECs (Fig. 5b). Most of the correlations 431 

related to PE-MP were negative (82 red edges), while most of the EAB-related 432 

relationships were positive (81 blue edges). These observations suggested that PE-MP 433 

concentrations had a remarkable negative effect on the microbial taxon in MFCs and 434 

MECs. This showed that the toxic effect of PE-MP on the EAM growth. It has been 435 
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previously reported that the polyvinyl chloride MPs could negatively influence the 436 

content of some key acidogens and methanogens in anaerobic digestion systems 437 

(Zhang et al., 2020a). This was consistent with the observation of the low CLSM 438 

intensity in MFC75 and MEC75 (Fig. 2c, and 2f), and low richness reflected by 439 

Rarefaction curves (Fig. 4a). 440 

Fig. 5 is here 441 

3.5. Quantification of functional genes and EET mechanisms. 442 

In MESs, the current generation is determined by the EET capability of the 443 

anodic microbial communities (Wang and Ren, 2013). The effect of MPs on the 444 

exoelectrogenic biofilm could be reflected through the transform of the EET pathway. 445 

Thus, the expression level of two essential genes related to EET process was 446 

evaluated, including pilA and mtrC (He et al., 2021; Zakaria and Dhar, 2020). 447 

Quantitative PCR results revealed that the abundance and expression levels of these 448 

two functional genes appeared higher in the samples without PE-MP (MFC0 and 449 

MEC0). MEC75 harbored the lowest abundance of the pliA gene, while it was similar 450 

between MEC0 and MEC25. There was a decline trend of the mtrC gene expression 451 

with the PE-MP concentrations increased from 0 to 75 mg/L in MFCs (from  1.87 ± 452 

0.01 to 1.75 ± 0.01 log(copies/ng DNA)) and MECs (from 1.99 ± 0.03 to 1.68 ± 0.03 453 

log(copies/ng DNA)). When the exoelectrogenic biofilm was exposed to the PE-MP, 454 

the expression of the EET related genes was inhibited, which down the electron 455 

transfer enzymes. The reduced gene expression with MPs exposure would result from 456 

the low percentage of EAB according to Fig. 4d. 457 

As the membrane-bound redox protein, cytochrome c plays a key role in EET 458 

process (Xiao and Zhao, 2017). In the MFCs, the highest abundant cytochrome c was 459 

found in MFC25 (5.18 ± 1.03 mg/g VSS), while MFC75 (2.77 ± 0.62 mg/g VSS) has 460 
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the lowest level. The resulst imply that the low concentration of PE-MP could 461 

accelerate the EET while the high content of PE-MP would inhibit it. The CLSM and 462 

EAB abundance analysis also confirmed the rich bacteria grow on the surface of the 463 

anode in MFC25 (Fig. 2a and Fig. 4d). In contrast, cytochrome c content in MECs 464 

sharply dropped with the presence of PE-MP, similar as the circuit current shown in 465 

Fig. 1b. The gene encoded cytochrome c could be the electron shuttle, assisting the 466 

transfer of electrons. Meanwhile, cytochrome c-containing subunit II was reported to 467 

decrease with polyethersulfone MPs addition in the nitrifying process (Qin et al., 468 

2020). Thus, the drop of cytochrome c in exoelectrogenic biofilm may result from the 469 

low expression of electrogenic genes and the abundance of EAB. In the previous case, 470 

c-type cytochrome expression could be influenced under intermittent electro-driving 471 

electrochemical biofilms (Wang et al., 2020a). It hinted at the different results in 472 

different MESs. As the intracellular electron carrier, NADH was facilitated in the 473 

MFCs with the occurrence of PE-MP, while it was repressed in MECs (Fig. 6b). 474 

Although electrons could be transported through NADH dehydrogenase, it is difficult 475 

to identify the influence of PE-MP on NADH in other MESs (Rabaey and Verstraete, 476 

2005). In this study, we could elucidate that the electron carriers were upregulated 477 

with PE-MP in MFCs, but it turned to the opposite in MECs. 478 

Fig. 6 is here 479 

4. Conclusions  480 

In this study, the influence of PE-MP on the electrogenic bacteria in MFCs and 481 

MECs was demonstrated for the first time. It was found that the current density 482 

showed no significate difference with the occurrence of PE-MP in MFCs, but 483 

decreased with the increase of PE-MP concentration in MECs. Besides, the presence 484 

of PE-MP decreased the COD removal efficiency, while it increased the resistance of 485 
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anode biofilm in both systems. A low concentration of PE-MPs could enhance 486 

exoelectrogens viability in MFCs, but the high content of PE-MP may suppress the 487 

viability in both MFCs and MECs. In addition, the ratio of the dead cell increased 488 

from 31.66 ± 1.24 % to 49.72 ± 0.34 % in the MFCs and from 37.50 ± 0.65 % to 489 

49.15 ± 3.22 % in the MECs, reflecting a toxic effect of MPs on the exoelectrogens 490 

biofilm. The presence of PE-MPs decreased the protein content in EPS. Moreover, the 491 

richness of the microbial communities in the biofilm decreased with the increase of 492 

PE-MP level. EAB abundance increased after adding 25 mg/L MPs in MFCs, but it 493 

dropped with PE-MP in MECs. Furthermore, most of the MP-related OTUs were 494 

significantly negative with PE-MP according to co-network. The effect of 495 

microplastics on EET-related genes and membrane-bound cytochrome c was 496 

evaluated for the first time in this study. The reduction of the EET would decrease the 497 

efficiency of the microbial electrochemical processes. This is the first study revealing 498 

the role of microplastics in the microbial electrochemical systems treating wastewater. 499 

The results will address an intriguing question in science, add to knowledge on 500 

environmental impact of microplastics, provide new knowledge for researchers to 501 

steer and shape the microbial community to resistant the microplastics toxicity for 502 

efficient EET and conductive biofilm development when treating wastewater rich in 503 

microplastics. This knowledge will open new opportunities for improving microbial 504 

electrochemical processes and developing viable applications for water treatment. 505 
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Fig. 1 The performance and electrochemical activity of MESs. (a) Current density 712 

output in MFCs; (b) Current density response in MECs; (c) and (d) show Nyquist 713 

plots and internal resistances analyzed by fitting to the equivalent circuit for the anode 714 

biofilm via EIS. 715 
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Fig. 2 Evaluation of the effect of MPs on anode biofilm matrix structure and 718 

quantification by CLSM through staining live and dead cells. The live cells were 719 

stained green, and red labeled the dead cells. CLSM images of anode biofilm in MFCs 720 

(a, b, c) and MECs (d, e, f) following the concentrations of 0, 25, 75 mg/L; (g) mean 721 

fluorescence intensity calculated from three random CLSM data of each sample; (h) 722 

ratio of live and dead cells to total cells based on three random fluorescence intensity 723 

of each sample. 724 
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 727 

Fig. 3 EEM fluorescence spectra for the TB_EPS extracted from anode biofilm 728 

exposed to different concentration of PE-MP.  729 
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Fig. 4 Microbial community constructure and composition for all the samples. (a) 732 

Rarefaction curves based on observed Sobs richness; (b) PLS-DA plots; (c) Circos 733 

plot of phylum composition; (d) Functional genus composition through heatmap.   734 

 735 

736 

  737 

Fig. 5 Co-occurrence network of PE-MP concentration, abundance of EAB, and 738 

individual taxa. (a) MFCs; (b) MECs. All the data has been treated by taking log(x+1) 739 

value to normalized different data level. Only significant correlations (p < 0.05) were 740 

visualized. Red line represent negative correlations and the blue lines represent 741 

positive correlations. Different color of nodes present different phylum.  742 
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Fig. 6 Quantification and characterization of electron transfer related genes and 745 

enzymes. (a) Abundance of pilA and mtrC genes; (b) Concentrations of cytochrome c 746 

and NADH. 747 

 748 

Table 1. Alpha-diversity estimator of bacterial communities. 749 

Sample Sobs Chao1 Ace Shannon Simpson Coverage 

MFC0 225 296.03 302.6672

55 

2.198 0.269316 0.997442 

MFC25 215 258.75 265.7764

81 

2.759 0.148716 0.998173 

MFC75 156 185.75 192.3035

79 

2.550 0.216605 0.998721 

MEC0 264 279.75 281.6843

51 

3.907 0.042937 0.998977 

MEC25 190 222.34 236.7272

14 

2.252 0.321146 0.998319 

MEC75 200 251.00 254.1899

43 

2.614 0.150836 0.998099 
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