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A B S T R A C T   

The development of bioelectrochemical systems reinforces the necessity for the identification and engineering of 
electroactive bacteria with improved performance and novel biochemical properties. In this study, using a newly 
designed 96-well-plate array of microbial fuel cells (MFCs), we compared the electroactive capabilities of mi-
crobial communities derived from four mine drainages. The maximum power density of individual wells after 
two weeks of inoculation was 102 mW/m3, whereas the maximum current density was 1.6 A/m3. Transferring 
communities from individual wells into larger MFCs comprising low (20 mg/L) and high (200 mg/L) concen-
trations of Cu yielded maximum power densities of 445 and 58 mW/m3, respectively, with up to a 3.7 fold 
decrease in Cu2+ ions within 24 h. Electrochemical data analysis revealed that microbial consortia can be 
distinguished based on their electrochemical profiles. Our results showed that a 96-well MFC array is a suitable 
platform for high-throughput screening, selection, and subsequent source of enriched electroactive consortia. 
The quantitative and comparative analysis followed by principal component analysis indicated that the initial 
environmental conditions, as well as physical and chemical parameters of the lakes were crucial to develop an 
efficient electroactive community. Further applications of the proposed platform include genetic engineering, 
phenotype screening, and mutagenesis studies of both microbial communities and single cultures. This is the first 
time that a high-throughput MFC platform is used to evaluate the performance of multiple electroactive consortia 
towards Cu removal.   

1. Introduction 

Microbial fuel cells (MFCs) are devices in which anodic microor-
ganisms oxidize organic matter and produce electric current as a 
byproduct of their metabolism. The most typically investigated appli-
cations are water and wastewater treatments [1–4]. Nevertheless, MFCs 
and other types of bioelectrochemical systems (BESs) have been applied 
in biosensors [5,6], nutrient and metal recovery [7–9], remediation 
technology [10,11], the biosynthesis of organic compounds [12,13], 
biogas production [14]. 

The extensive studies conducted on MFCs worldwide have resulted in 
numerous reactor designs [15]. The most critical components of MFC 
design comprise several groups of separators [16,17], electrode mate-
rials, and catalysts [18,19]. Such diversity renders comparative studies 

extremely difficult, as a significant portion of electroactive bacteria 
activity is determined and limited by the reactor design, materials used, 
etc. Some researchers [20,21] have manufactured miniaturized MFCs 
from unified materials, such as serum vials, which allowed the 
comparative analysis of buffers and their effects on pure and mixed 
cultures of electrogens, as well as the Coulombic efficiencies of various 
electroactive strains fed with identical substrates. Hou et al. [22–24] 
developed multiwell arrays to further miniaturize and unify reactors by 
depositing Ti/Au on glass to fabricate anodes with ferricyanide [22], air- 
cathodes [23] or microfluidic channels with continuous anolyte and 
catholyte replenishment [24] which increased the power output by a 
factor of three. These reactors were used to screen previously selected 
electrochemically active environmental isolates. Another example of 
well-plate array implementation was demonstrated by Yuan et al., 
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([25]), where extracellular electron transfer was coupled to the color 
change of the probe. Recently, Molderez et al. [26] constructed a 128- 
channel potentiostat connected to a printed circuit board (PCB) micro-
array. The entire microarray was immersed in an anolyte solution and 
supplied with a reference electrode to perform a high-throughput 
investigation pertaining to the effect of the anodic potential on elec-
troactive biofilm growth. Zhou et al. [27] proposed a well-plate-based, 
high-throughput colorimetric assay for microbial electrochemical 
respiration, which would indicate extracellular electron transfer. As an 
alternative approach, Choi et al. [28–31] developed a single sheet, 
paper-based electrofluidic array comprising six [28], eight [29], sixty 
four [30] and ninety six wells [31] using a novel wax printing fabrica-
tion method. The resulting microliter reactors allowed the rapid 
screening of various P. aeruginosa strains and mutants. The aforemen-
tioned designs successfully eliminated some of the problems of minia-
turized devices, e.g., high internal resistance, complex manufacturing, 
and low sample accessibility. Our recently developed reactor [32] based 
on a 96-well plate exhibits the abovementioned features as well. 
Furthermore, it offers long-term operation capacity and reusability, 
thereby allowing the selective enrichment of electroactive consortia. 
Moreover, our design provides high endurance; therefore, it can be 
utilized in fieldwork, allowing high-throughput in situ operations. The 
electrical connections embedded in our design enable the well plate to 
be connected to the potentiostat, similar to the case described by 
Mohamed et al. [33]. 

In addition to the critical design components of MFCs, the most 
important component is the biocatalyst. Pure microbial cultures, as well 
as their synthetic or natural consortia, are fundamental for the operation 
and performance of MFCs as well as for the acquisition of certain 
products from their metabolism, e.g., electricity or particular metabolic 
pathways [34,35]. Similarly, the high-throughput approach for inves-
tigating the effects of electrode potential and external loads to control 
microbial metabolism is crucial for understanding MFC operation and 
community development [36,37]. Nevertheless, the number of high- 
throughput tools available for studies related to electroactive bacterial 
species and communities is limited. 

High-throughput MFCs may be utilized as a platform for the robust 
screening and enrichment of electroactive microbial consortia derived 
from various environments. Because the most typical application of 
MFCs is wastewater treatment [15], such consortia may be conditioned 
for specific waste streams and removal of particular contaminants, such 
as heavy metals. One such application may be Cu removal from indus-
trial waste streams. Cu is a micronutrient that serves as a co-factor for 
many enzymes, and its concentration up to 20 mg/L is not considered 
toxic for microorganisms [38], although higher concentrations pose an 
inhibitory effect on yeast and may affect the yield of fermentative pro-
cesses. Moreover, Cu is accumulated by plants and hence poses a threat 
to agriculture [39]. However, Cu is a valuable element whose recovery 
from wastewater is economically attractive and can be a promising 
alternative for reducing the environmental effect of mining. In our 
previous study [32], we successfully enriched a microbial community 
resistant to up to 450 mg/L of Cu ions. Other studies [40,41] demon-
strated that electroactive microbial communities can tolerate Cu con-
centrations of up to 6400 mg/L. The copper in such systems is being 
precipitated and deposited in the chamber. Subsequently it can be 
removed from the system. Although to the best of our knowledge this 
technology has not yet been demonstrated in pilot scale studies, the 
combination of electricity production with simultaneous Cu precipita-
tion offers a great advantage over traditional methods of copper recy-
cling in terms of electrical energy requirements to carry out the process. 
In order to scale-up the MFC technology towards copper precipitation, 
one must demonstrate the effective and stable transition of such pre-
conditioned microbial consortia to larger-scale reactors. 

Therefore, in this study, we demonstrated the application of a 96- 
well MFC platform for the high-throughput selection of the best- 
performing electrogenic consortia as an initial step toward the 

upscaling of these consortia to reduce the transition time while retaining 
the desired microbial activity. Using a novel 96-well array, we attemp-
ted to selectively enrich electroactive microbial communities from 
mineral (Cu, Zn, S) mine drainages and subsequently investigated their 
tolerance to Cu. We identified four sites of former Cu mine drainages in a 
Cu-rich area, that are geographically proximal but separated, thereby 
allowing the development of distinct communities. Deposits in this area, 
called Rudawy Janowickie, located in south-west Poland (Fig. 1), were 
formed by hydrothermal veins and mined from Middle ages up to the 
20th century. It was identified as rich in Cu but poor in Pb, Ag, As, and Fe 
[42]. Using our platform, we continuously monitored the electro-
chemical performance of the environmental samples and sequenced the 
anodic biofilms from each group. Subsequently, we transferred two of 
the best-performing biofilms to larger reactors maintained under low 
and high Cu concentrations and then monitored their electrochemical 
performance, as well as the removal of Cu ions. When coupled with 
principal component analysis, by using 96-array, we were capable to 
select the best combination of environmental and physical–chemical 
parameters of the lakes desired for enriching the most efficient bacterial 
communities. 

2. Materials and Methods 

2.1. Sample collection 

Environmental samples were obtained from four colorful lakelets in 
Rudawy Janowickie (50.8◦N; 15.9◦E, Fig. 1), which contained mine (Cu, 
Fe, S) drainages. The sampling session was conducted in January of 
2020. Physical and chemical parameters such as temperature, pH, 
conductivity, and oxidation/reduction potential (ORP) were measured 
in situ using a CX-601 m (Elmetron, Poland). Samples from each lake 
were analysed for Cu concentration measurements (Copper TNTplus 
Vial Test, Hach), which were performed according to the manufacturer’s 
instructions. 

2.2. Well-plate design and operation 

Each well was constructed as an individual MFC with a membrane-
less design. The base anode plate was a standard PCB with a thin Cu 
sheet (17 μm) that was electrolessly plated with nickel and shielded with 
a 2 µm layer of electroplated gold (PCBWAY, China). This component 
was exposed to an anolyte solution inside the reactor. The base cathode 
material was carbon paper (090, Toray, Japan) treated with polytetra-
fluoroethylene to prevent water leakage. Carbon paper was glued to the 
gold connective pads on the PCB using 8331S conductive epoxy (MG 
Chemicals, Japan), which provided robust mechanical and electrical 
connections. An additional layer of porous sponge-based material was 
placed on the air side of the cathode to prevent the cathode from drying 
out. The well-plate body was 3-D printed using an Objet 500 Connex 3 
three-dimensional printer (Stratasys, USA), where compatible Vero 
resins were applied. The seal was adapted using a 96-well sealing mat 
(Thermofisher, USA) that was glued to the inner side of the cathode PCB. 
The design of the 96-well MFC is shown in Fig. 1ab. 

The MFC array was inoculated with either water (concentrated) and 
sediment samples, as described in Table S1. To enable the analysis of 
microbial communities, six disks of carbon veil (CV, 3 mm in diameter) 
were placed on the bottom of the selected wells. Additionally, square 
rings were laser-cut and inserted into each inoculated well to press the 
CV disks and their biofilms onto the bottom of the electrode, which 
served as a current collector. Each well (1 cm3 in volume) was fed with 
mineral salt medium (MSM) prepared as follows (per liter): NH4Cl (1.5 
g), Na2HPO4 (0.6 g), KCl (0.1 g), NaHCO3 (2.5 g), and 10 mL/L of a trace 
element containing 1 g/L acetate as the carbon source. The MSM was 
changed daily by replacing 50% of its volume with fresh medium. 
During the operation, samples were obtained for Cu analysis (Copper 
TNTplus Vial Test, Hach), performed according to the manufacturer’s 
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instructions. 

2.3. Large MFC design and biofilm transfer 

A larger (40 mL), air–cathode MFCs (Fig. 1c), were manufactured by 
using laser-cut poly(methyl methacrylate) sheets. The anodic and 
cathodic compartments were separated using a commercial cation ex-
change membrane (CMI-7000, Membranes International, USA). The 
anode electrode (projected surface area of 150 cm2) comprised a 30 g/ 

m2 CV (PRF Composite Materials, Dorset, UK), whereas the cathode 
electrode (25 cm2) was made of Vulcan carbon paper with 0.5 mg/cm2 

of 60% platinum (Fuel Cell Store, USA). A cathode chamber was used to 
maintain the hydration of the cathode. Both electrodes were connected 
by a Ni-Cr wire (Ø 0.66 mm, ALBu, Poland) to the external load. The 
displacement volumes of the anodic compartment were 40 and 62.2 cm3 

without the electrode. 
After 4 weeks, two electrode disks derived from individual wells of 

the 96-well-plate BES, which comprised the best-performing consortia 

Fig. 1. Three-dimensional view of 96-well MFC design: a) whole plate view; b) cross-section of individual well; c) schematic view of large-scale MFC; d) location and 
photographs of sampling sites. 
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(D7 and H1), were transferred into larger (40 mL) MFC reactors in 
duplicate. One set of these MFCs contained 20 mg/L of Cu (labeled as 
D7L and H1L), whereas the second set contained 200 mg/L of Cu 
(labeled as D7H and H1H) in MSM, which was replaced every 48 h. An 
external resistance (Rext) of 4 kΩ was applied to each reactor, and its 
potential was monitored in real time using an ADC24 (Pico Technology, 
UK). After performing polarization experiments, Rext was decreased to 2 
and 1 kΩ after 3 and 4 weeks, respectively, for the D7L reactor. 

2.4. Electrochemical measurements 

Upon inoculation, linear sweep voltammetry (LSV) and electro-
chemical impedance spectroscopy (EIS) measurements were performed 
under the following conditions and parameters: two-electrode setup, 
where the reference electrode was connected to the counter electrode 
and the anode was the working operating electrode; for LSV, the po-
tential range was from 0 mV vs. open circuit potential (OCP) to 0 mV vs. 
reference electrode, 0.1 mV/s scan rate, and 0.2 mV step. For EIS, the 
frequency range was between 1 MHz and 50 mHz, with 7 mV steps. EIS 
data (Table S2) were used to determine the internal resistance of the 
MFCs. The LSV measurements were performed repeatedly every week to 
conform to the growth dynamics of the electroactive communities. Upon 
transfer to the larger MFCs, the measurements were performed each 
week for 21 days. 

2.5. Data analysis 

All data derived from the experiments were preprocessed using 
Microsoft Excel 2016. Subsequently, the data were processed and 
analyzed using the RGUI environment v 3.6.1 [43]. Pearson’s correla-
tion coefficient was calculated and hierarchical clustering was per-
formed to analyze the similarity in microbial growth dynamics in each of 
the communities derived from the same and from different lakelets in a 
manner similar to that described previously [36]. 

2.6. Scanning electron microscopy (SEM) and energy-dispersive x-ray 
spectroscopy (EDS) 

Once the biofilm had matured in the 96-well MFC array, selected CV 
electrode disks (1 from each group), as well as electrode fragments from 
large-scale reactors, were collected. Subsequently, the biofilm was pre-
pared as follows: samples were fixed in 2.5% glutaraldehyde (Sigma) in 
0.1 M phosphate buffer (pH 7.3) for 12 h at 4 ◦C and then washed three 
times for 10 min each in 0.1 M phosphate buffer at 4 ◦C. Subsequently, 
the samples were dehydrated for 10 min each in 50%, 60%, 70%, 80%, 
90%, 95%, and 100% ethanol, and a 100% wash was repeated three 
times. Next, the samples were immersed in pure HMDS (Sigma), fol-
lowed by 10 min of air drying. Analyses were then performed using Xe- 
PFIB FEI (Helios PFIB), which was provided by Nanores (Wroclaw, 
Poland). 

2.7. DNA extraction and 16S sequencing 

Selected electrodes with biofilms of the best-performing well-plate 
MFCs (from each lakelet) were subjected to DNA extraction (two CV 
disks) using a soil extraction kit (A&A Biotechnology, Poland) followed 
by the DNA clean-up kit (A&A Biotechnology, Poland), performed ac-
cording to the manufacturer’s instructions. Subsequently, they were 
resuspended in equal volumes (50 μL) of TE buffer. The DNA concen-
tration was measured using a UV–Vis spectrometer (Nanodrop) and the 
total DNA amount was normalized to the electrode surface area (0.283 
cm2) to estimate the biomass of the electrode communities, as shown in 
Figure S1. For 16S sequencing, 10 ng of genomic DNA was obtained 
from each sample, and the volume was adjusted to 10 μL with nuclease- 
free H2O and subjected to PCR with 16S barcoded primers based on the 
manufacturer’s instructions (16S barcoding kit, Oxford Nanopore). After 

the PCR, the concentration was measured using a Qubit fluorometer 
(Thermo Fisher) and further purified using AMPure XP magnetic beads 
(Beckman Coulter). The quality of the obtained amplicons was assayed 
using a BioAnalyzer (Agilent 2100), and peaks from the libraries are 
presented in Figure S2. The pooled barcoded 16S library was prepared 
and the sequencing of the four communities and their taxonomy analysis 
were performed using Oxford Nanopore Technology (Oxford Nanopore, 
UK) [44]. The sequences were analyzed, and a species richness table was 
generated using Geneious software (Biomatters, New Zealand). As a 
metric for biodiversity, the Shannon index was calculated for each 
sample. 

3. Results and Discussion 

3.1. MFC operation 

The assembled well plate and its overview are shown in Fig. 1. After 
assembly, EIS was performed on each well prior to inoculation using a 
sterile medium as an electrolyte (Table S2). The results show that the 
average internal resistance was 646 ± 38 Ω for the entire plate. We 
inoculated wells from rows B, D, F, and H of the blue, purple, green, and 
Yellow Lakes, respectively. The physicochemical parameters of each 
lake are summarized in Table 1. The ORPs were measured to identify 
conditions that favor the presence of electroactive bacteria. Our results 
show that the purple sediment recorded the highest ORP and conduc-
tivity, i.e., 542 mV and 6.7 mS/cm, respectively. Similar findings were 
obtained for the Yellow Lake, although its ORP was higher in the water 
fraction (525 and 497 mV), whereas its conductivity was higher in the 
sediment fraction (4.7 mS/cm w.r.t. 3.15 mS/cm). The Green Lake 
exhibited the lowest values for the abovementioned parameters. More-
over, the Yellow Lake contained the highest amount of Cu (5.21 mg/L), 
whereas the purple, green, and Blue Lakes indicated 1.19, 0.16, and 
0.15 mg/L of Cu, respectively. Samples originating from the water 
fraction were placed in wells B/D/F/H 1–5, whereas sediments were 
inserted in wells B/D/F/H 7–10 and 12. Wells 5 and 12 were used as 
OCP control. For the 40 wells used in our study, the average Rint was 637 
± 20 Ω. The experimental setup of the well-plate MFC is summarized in 
Table S1. 

Real-time data monitoring is presented in the form of weekly 
maximum current densities (Fig. 2). A maximum current density of 1.6 
A/m3 (0.82 A/m2) was observed in cell H1 in the third week of operation 
(15 d after inoculation). In the first week, cell H1 exhibited a maximum 
current density of 0.38 A/m3, with 1.1 A/m3 recorded in weeks 2 and 4. 
By contrast, the worst-performing cell, B8, yielded current densities not 
exceeding 0.1 A/m3 in week 1, with a decrease to 0.02 A/m3 in week 2 
and a further decrease in the following weeks to less than the resolution 
of the datalogger. Cell H1 originated from the water fraction of the 
Yellow Lake. An initial analysis of all lakes (Table 1) indicates that 
conditions in the Yellow Lake may have facilitated the growth of elec-
troactive bacteria, such as high ORP and conductivity. Other cells from 
this group, except H3 and H4, yielded current densities exceeding 1 A/ 
m3, and the peak performance was recorded in weeks 2–3. Consortia 
derived from the Green Lake, which indicated the lowest ORP and 
conductivity, demonstrated the worst performance in the MFCs. Cells 
F1–10 did not exceed 0.9 A/m3, and their maximum values were 
recorded in weeks 2–3. 

Meanwhile, hierarchical clustering (Fig. 2b) shows the aggregation 
of MFCs with similar electrochemical profiles that correspond to their 
inoculum sources. This pattern was adequate for either the best- 
performing (Yellow Lake) or worst-performing (Green Lake) commu-
nity, where a more dispersed pattern was observed in the purple- and 
blue-lake-derived consortia. Therefore, the different microbial commu-
nities derived from different environments can be distinguished based 
solely on their electrochemical behavior reflected in the high- 
throughput system. In previous studies, Pasternak et al. [36,45] 
demonstrated that the physiological and electrochemical behaviors of 
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microorganisms are extremely stable and highly dependent on the 
adaptation conditions. In our study, these profiles were solely dependent 
on the environment type, as adaptation was performed in the same 
manner for each inoculate. 

By monitoring the power density from LSV measurements, we 
observed that cell H1 (Fig. 2c) recorded the highest value of 102 mW/m3 

in week 2, whereas cell B4 recorded the lowest value of less than 20 
mW/m3 in the first week of operation, and the value further decreased 
throughout the operation. The Yellow Lake showed the highest power 
density, which increased continuously throughout the experiment. The 
Blue Lake exhibited the lowest average power density, and the Green 
Lake demonstrated the worst performance by the end of the experiment. 
The correlation coefficients calculated for each group indicated the 
highest value (0.82) for cells H1–5 derived from the Yellow Lake (water 
fraction). In all other groups, the correlation did not exceed 0.26. 
Similarly, the Yellow Lake demonstrated the lowest discrepancy in 
correlation, which is attributable to its abundance in electroactive mi-
croorganisms. Additionally, the result indicates the difficulties in 
maturing reproducible electroactive biofilms derived from weakly 
originating communities. Molderez et al. discussed the technical chal-
lenges in establishing MFC systems based on selecting only 77 among 
128 electrodes to ensure the highest reproducibility [26]. 

Similar to other micro MFC arrays [22–24,29,30], current produc-
tion was observed starting from the first day of inoculation in this study. 
Because we used plain carbon paper on our cathodes, the power den-
sities were lower than those reported by Tahernia et al. [30,31]. The 
experiment conducted in this study shows that the electroactive con-
sortia reached their peak performance 2–3 weeks after well-plate inoc-
ulation. This duration may indicate the optimal time for biofilm 
enrichment in the 96-well-plate setup, as a similar duration was reported 
previously in our study involving a 96-well-plate MFC [32]. Increasing 
the anode surface by adding more carbon disks might prolong this 
duration and result in better peak performances. In fact, recovered Cu 
might serve as a cathode catalyst, as previously described [46]. 

Statistical and data mining approaches for current and power den-
sities, as presented in Figs. 2 and 3, respectively, identified two consortia 
that demonstrated the best electrochemical performance, stability, and 
reproducibility over time, suggesting the strongest and most promising 
microbial communities. Therefore, these consortia were sampled from 
H1 (derived from yellow water) and D7 (derived from purple sediment) 
cells. In addition, these two communities were derived from environ-
mental samples and indicated the highest ORP, conductivity, and Cu 
content (Table 1). These findings suggest that these parameters can 
initially indicate the abundance of electroactive microorganisms. The 
changes in their electrochemical behavior and biofilm development, 
monitored through polarization experiments, are shown in Fig. 3 (a). In 
terms of power, communities D7 and H1 achieved 41 and 102 nW, 
respectively, which correspond to 2 and 5 mW/m2 or 41 and 102 mW/ 
m3, respectively. 

The analysis of Cu concentration revealed that the inoculates con-
tained Cu2+ ions exceeding 1 mg/L, and that the well-plate BES main-
tained a Cu2+ ion concentration of 1.38 ± 0.38 mg/L. The Cu within the 
individual wells originated from environmental inoculates, as the MSM 

medium showed no traces of Cu, and the well plates tested for possible 
Cu leaching from the electrodes prior to inoculation indicated a con-
centration of less than 2 µg/L, which was the detection limit. To verify 
the tolerance of the consortia to Cu2+ ions, the electroactive biofilms 
from D7 and H1 were transferred into larger reactors, supplied with 
either 20 mg/L of Cu2+ (D7L, H1L) or 200 mg/L of Cu2+ (D7H, H1H). 
After the biofilm transfer, a rapid increase in power density was 
observed after 3 weeks. These results indicate that scaling-up (40x in-
crease in reactor volume) and the corresponding expansion of pre-grown 
biofilm can be realized using the high-throughput approach presented 
herein. After 3 weeks of operation, the reactors inoculated with D7 
achieved power densities of 191 and 57 mW/m3 when grown with 20 
and 200 mg/L of Cu, respectively (Fig. 3bc), whereas the reactors 
inoculated with H1 achieved 445 and 58 mW/m3 when grown with 20 
and 200 mg/L of Cu, respectively (Fig. 3bc). The results indicate that 
both communities can tolerate Cu content of up to 20 mg/L, which is 
known to be non-toxic for the majority of microorganisms [38]. Simi-
larly, for both communities, a higher Cu2+ content resulted in decreased 
power densities. 

3.2. Sequencing and biofilm investigation 

Taxonomy analysis revealed that the best-performing community in 
well H1 (from Yellow Lakelet) exhibited the least diversity compared 
with the other reactors (Fig. 4), with a Shannon index of 1.62 and a 
Gammaproteobacteria class comprising 78.8% of the entire community. 
By contrast, well B8, which originated from the Blue Lake and was the 
worst-performing community in this study, showed the highest diversity 
(Shannon index 1.91), with a Gammaproteobacteria class comprising 
only 62.8% of all organisms identified. In wells D7 (from Purple Lake) 
and F8 (from Green Lake), the corresponding values were 1.68/64.9% 
and 1.81/63.8%, respectively. When estimating the biomass, the H1 
sample (Yellow Lake water) yielded the highest value of DNA per elec-
trode surface area – 189.7 ng/cm2, which was more than two times 
higher than that of B8 (Blue Lake sediment, 80.1 ng/cm2). The DNA 
amounts obtained from D7 (Purple Lake sediment) and F8 (Green Lake 
sediment) were of 145.8 and 106.2 ng/cm2, respectively. The most 
abundant order in H1 was Pseudomonadales, which constituted 19.5% of 
the biofilm, whereas those in F8, D7, and B8, were 13.8%, 11.3%, and 
5.1%, respectively. Moreover, in the B8 community, the most abundant 
family was Xanthomonadaceae (14%), whereas the most abundant genus 
was Stentotrophomonas (0.2%), which was five times more abundant 
than that in H1 (0.004%). The hierarchical clustering shown in Fig. 2 
indicates that samples H1 and D7 were clustered more closely to each 
other compared with samples B8 and F8. 

The electrochemical results from inocula screening indicated that the 
most electroactive consortia were obtained from the lakes that indicated 
the highest Cu content, ORP, and conductivity (yellow and purple, 
Table 1), which is consistent with previous studies pertaining to the 
effect of set potential on electrogenic biofilm growth [33,47–51]. 
Colorful lakelets contained various Cu and Zn oxyminerals, and hence 
expected to be a relevant source of electroactive bacteria [42,52–54]. 
Moreover, the cell with the best performance (H1) showed the least 

Table 1 
Physical and chemical characteristics of the inocula measured in situ at sample collection site. ORP – oxidation/reduction potential.  

Lake color/component Well Temp [◦C] pH Conductivity [mS/cm] ORP [mV] Cu, mg/L 
Average ± SD 

Blue Water B1-5  2.1  6.70  0.4 197 0 
Sediment B7-12  3.4  6.07  0.46 258 0.15 ± 0.01 

Purple Water D1-5  1.76  3.51  1.8 465 0.16 ± 0.03 
Sediment D7-12  3.86  3.11  6.3 542 1.19 ± 0.15 

Green Water F1-5  2.21  7.75  0.17 234 0 
Sediment F7-12  3.3  6.30  0.19 − 6.2 1.05 ± 0.02 

Yellow Water H1-5  1.74  3.36  3.15 525.1 0.26 ± 0.04 
Sediment H7-12  3.73  3.18  4.7 497 5.21 ± 0.07  
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taxonomic diversity, which is consistent with other studies [49,55], 
where the least diverse biofilms indicated strong selection toward 
electroactive bacteria. Although the pH in either the purple or Yellow 
Lake was acidic (3.11 and 3.36, respectively), these communities 
adapted to the near-neutral pH (6.8) of the MSM medium, indicating a 
broad range of living conditions. 

The results of SEM and EDS analyses, as well as photographs of the 

biofilm, are shown in Fig. 5, which depict the workflow of biofilm 
transfer from the 96-well MFC to the larger MFCs. The SEM micrographs 
of the CV insets derived from miniature cells (community H1) confirmed 
the occurrence of an electroactive biofilm. The biofilm grown on these 
inserts was rich in lipopolysaccharides. Nanometer-scale filamentous 
and particle-shaped structures were identified (Fig. 5-1), which were 
similarly observed in larger MFCs. These filaments were 

Fig. 2. a) Results of hierarchical clustering and heatmap of maximal weekly current densities observed for each inoculum and each individual replicate cell. Each 
row represents individual inoculum in 1 week, whereas each column represents individual MFC – corresponding either to rows designated as W (water) or S 
(sediment); b) current density (indicated on y-axis as A/m3) from best-performing group (Yellow Lakelet); c) Maximum values of power density obtained from 
polarization experiments, observed in time for each individual MFC-well (square-shaped heatmaps), and analysis of correlation coefficients between each power 
profiles within individual inoculum (triangle-shaped correlograms). Numerical values represent average correlations observed within closed-circuit MFCs (cells 1–4 
and 7–10). For the meanings of colors shown in this image, please refer to online version of manuscript. 
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Fig. 3. Power curves for: a) best-performing well-plate cell reactors (D7 and H1); b) large reactors with 20 mg/L of Cu (D7L and H1L). c) Large reactors with 200 mg/ 
L of Cu (D7H and H1H). Meanings of symbols: Δ[Cu2+] - daily removal rate of soluble Cu calculated from anodic chamber; PS – Purple Lake (sediments); YW – Yellow 
Lake (water). Insets show magnified power curves within lower current and power ranges. 

Fig. 4. Taxonomy analysis of well reactors selected from each lake. Colors represent proportions of reads in each metagenome (%) along with biodiversity (Shannon) 
index, and stotal number of OTUs in each metagenome. 

L. Szydlowski et al.                                                                                                                                                                                                                             



Chemical Engineering Journal 427 (2022) 131692

8

morphologically different from bacterial nanowires and their composi-
tions were rich in Cu, as confirmed via EDS analysis. As shown in Figs. 5- 
3abc, these filaments were adjacent to bacterial cells; hence, their bio-
film properties can be improved by improving their conductivity or 
limiting the access of bacterial cells to the electrodes. Apart from the 
toxicity of the Cu2+ ions, the presence of aforementioned filaments 
might have been a factor that inhibited the growth of the biofilm at the 
electrode surface (Fig. 5-3). By contrast, intensive biofilm colonization 
was observed in the H1L electrode (Fig. 5-2). The biofilm in these MFCs 
developed a rich network of conductive nanowires, which is 

characteristic of Geobacter sp. [56]. However, Geobacter typically ap-
pears in environments with near-neutral pH [57] therefore, it was not 
observed in the acidic communities of the yellow (H) and purple (D) 
lakes. Meanwhile, the appearance of Pseudomonas spp. was confirmed, 
and they formed conductive pili on anodic biofilms [31,58]. Moreover, 
the presence of Pseudomonadaceae and Xanthomonadaceae has been 
confirmed in electroactive communities adapted for Cu reduction [59] 
therefore, their presence in our reactors was consistent with our 
expectation. 

The EDS analysis revealed that Cu2+ ions were uniformly distributed, 

Fig. 5. Results of SEM and EDS analysis of biofilm present on electrode surface. 1–surface of electrode CV disks sampled from MFC-well D8; 2, 3–photographs 
showing biofilm colonization and electrode surface of large MFCs: H1L and H1H, respectively; 2a, 3a–surface of electrodes sampled from large MFCs: H1L and H1L, 
respectively; 2b, 3b–EDS mapping of electrodes sampled from large MFCs: H1L and H1H, respectively; 2c, 3c–individual elements detected by EDS mapping of 
electrodes H1L and H1H, respectively. 
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although their lower concentrations were present directly on the surface 
of the bacterial cells. In high-Cu MFCs, the carbon fibers were shielded 
by a thick layer of Cu-rich crystalline structures (Figs. 5-3abc). There-
fore, the positively charged Cu2+ ions might be attracted to the nega-
tively charged carbon fibers because of bacterial activity, which was 
further inhibited through the formation of these crystals. In some of the 
samples, Cu and oxygen or phosphate were detected, suggesting that 
either Cu oxides or Cu phosphates were formed—the latter are known as 
nanoflowers [60].The measurements of Cu ions in the anolyte indicated 
a 2.3- to 3.7-fold decrease in the H1H and D7H reactors, respectively 
(Fig. 3c). No change in Cu concentration was observed in the D7L and 
H1L reactors. In H1H, we observed Cu adsorption on the anodic CV in 
the form of Cu3(PO4)2, as determined via the EDS (Fig. 5d). Adsorbed Cu 
was also found through Hach analysis of membrane and cathodic 
materials. 

Although we expected the presence of Cu-tolerant microorganisms in 
acid mine drainage, a significant inhibition was observed at higher Cu 
concentrations. Cu concentrations of up to 20 mg/L are not considered 
toxic for microorganisms [38]; this may explain the absence of changes 
in Cu concentration in the D7L and H1L reactors. In D7H and H1H, Cu 
appeared as a precipitate on the anode (Fig. 5), as well as on the surface 
of the PEM and cathodes. Tao et al. [40] demonstrated that the reduction 
of Cu2+ in the MFC setup can result in the formation of either metallic Cu 
or cuprous oxide (Cu2O), which depends on the initial Cu concentration 
(more initial Cu2+ yields more Cu0), as well as the pH of the cathode 
(more Cu0 is formed when pH is acidic). In membrane-free systems [41], 
the limiting factor for Cu reduction is the cathode. However, in our 
system, we investigated whether consortia resistant to elevated con-
centrations of Cu can be obtained. Alterations to the well-plate MFC, as 
well as larger-scale reactors with different cathodic materials, may 
provide a more comprehensive study pertaining to Cu reduction in the 
future. 

As a result of the principal component analysis (Fig. 6), we have 
proven that the overall power performance of microbial communities 
was largely affected by the type and physical–chemical characteristics of 
the lakes. Two lakes (blue and green) had the most similar physical and 
chemical characteristics, as well as the lowest power output of their 
enriched cultures. Yellow and Purple Lakes reached the highest power 
output while having very similar characteristics, but a variation was 
observed between the samples taken from the sediment and water. 
Among all tested variables, pH and conductivity had the highest corre-
lation with dimension 1 (component 1), while temperature was the main 
factor affecting component 2. Therefore, lower pH and temperature, 

accompanied by higher conductivity of the lake environment resulted in 
the enrichment of microbial communities with the highest power output 
observed in high-throughput system. Interestingly, Yellow Lake, which 
had the highest concentration of copper deposited in the sediments 
(Table 1), was the source of the best performing community, but from its 
water layer, where the Cu level was much lower (but still higher than for 
other water samples). Similarly, PCA revealed that Cu had only a 
moderate influence on the power output generated by microorganisms. 
These results suggest that Cu removal by microorganisms was not 
associated with generating power, but the most efficient consortia in 
generating power were also capable of conversion of copper. 

4. Conclusions 

Our findings indicate that high-throughput screening of various 
electroactive consortia may be realized through the presented 96-well- 
plate platform. Moreover, the subsequent transfer of electroactive bio-
films into large-scale systems with selected traits (Cu tolerance) were 
proven to be successful. Alternatively, electrodes with electroactive 
communities, e.g., those enriched during fieldwork, may be preserved 
and revived for further analysis. By investigating various environmental 
samples in a high-throughput system, we were able to categorize 
different communities based on their electrochemical behavior, which 
correlated to the physicochemical parameters measured in each lake. 
This can further extend the use of the 96-well platform in environmental 
electromicrobiology, where multiple parameters may be studied in 
parallel to assess their effect on the growth and performance of elec-
troactive communities. 
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