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Abstract

Self-assembled monolayers (SAMs) modified gold anodes are used in single chamber microbial 

fuel cells (SCMFC) for organics removal and electricity generation. Hydrophilic (−N(CH3)3
+, 

−OH, −COOH) and hydrophobic (−CH3) SAMs are examined for their effect on bacterial 

attachment, current and power output. The different substratum chemistry affects both the current 

and power output and the community composition of the electrochemically active biofilm formed. 

Of the four SAM-modified anode tested, −N(CH3)3
+ results in shortest start up time, highest 

single electrode polarization and power density, followed by −OH and –COOH SAMs. 

Hydrophobic SAM decreases bacteria attachment and anodes performance in comparison to 

hydrophilic SAMs. Electron transfer rate is faster on the N(CH3)3
+-surface than on other surfaces, 

and correlates with a high abundance of δ-Proteobacteria, including electrochemically active 

species. A consortium of Clostridia and δ-Proteobacteria is found on all the anode surfaces, 

suggesting a synergistic cooperation under anodic conditions.
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Introduction

Numerous bacterial species have shown the ability to oxidize organic compounds and use 

insoluble metal oxides and electrodes as their terminal electron acceptor. [1–4]. Extracellular 

electron transfer in bacteria enable the construction and operation of bioelectrochemical 

systems called microbial fuel cells (MFCs) [5].

The rate limiting step in MFC operation is the electron transfer rate at the biofilm/electrode 

interface, which determines the maximum current and power output under steady state 

conditions. Therefore, it is critical to optimize the electrode morphology and chemistry to 

promote fast electron transfer rate. This goal can be achieved through selection of specific 

electrode materials, enrichment with anode-respiring bacteria, morphological or chemical 

modifications of electrode surface [5–7]. The electrode material and morphology should 

facilitate bacterial attachment and subsequent biofilm formation. At the same time, anode 

surface chemistry along with the biofilm formation should enhance electron transfer from 

bacteria to the electrode [8–10]. Several thermal or chemical treatments have been described 

to reduce MFC start-up time by facilitating rapid cell attachment and biofilm development 

for enhanced power output in MFC [5, 11–12]. Thermal treatment of the electrodes leads to 

modification of the surface roughness and porosity and thus enhances cells concentration 

and biofilm development [13–16]. Depending on the gas atmosphere (e.g., nitrogen, oxygen, 

ammonia, etc.) used in thermal treatment, hydrophilic functional groups can be added on the 

electrode surface [17]. The main purpose of the chemical treatment is to introduce functional 

groups (typically nitrogen and oxygen containing groups) that improve cell attachment and 

biofilm development on electrode surface [18–21]. Several compounds, such as nitric acid 

[18,19], ethylenediamine [18], ammonium nitrate [19], ammonium persulfate [19], 

polyaniline [20], 4(N,N-dimethylamino)benzene diazonium [21] have been used for surface 

chemical modification of carbonaceous electrodes. However, as previously shown [22], the 

chemical treatment of carbonaceous surfaces (e.g., carbon cloth) affect both the chemistry 

and morphology (e.g., roughness and porosity) of said surfaces, thus a clear discrimination 

of the benefits provided by chemical and surface effects is not straightforward. [22]. The 

inability to distinguish the influence of only one parameter from the whole set of parameters 

that are usually altered through the commonly used surface modification techniques is a 

result of the intercorrelation between the introduced variances in the parameters’ magnitudes 

[23]. Therefore, the impact of the anode surface chemistry on current and power output in 

MFC should be studied using flat electrode material, thus de-coupling chemical effects from 

change in surface morphology.

Recently, Guo et al. [10] studied the influence of the surface charge and hydrophobicity on 

the current output of anodes operated in half-cell bioelectrochemical systems. They modified 

glassy carbon electrodes through electrochemical grafting with aryl dyazonium salts. As a 

result, the surface of each anode has been altered distinctively to be hydrophilic (−OH, 

SO3
−, −N(CH3)3

+) or hydrophobic (−CH3) with positive, negative or neutral charge [10]. All 

anodes were immersed in the same electrochemical cell with the identical electrolyte and 

polarized at the constant potential (−0.2 V vs Ag/AgCl (3.5 M KCl)). Higher biomass 

attachment was measured on hydrophilic and positively charged surfaces, which was directly 

related to the current output [10]. The microbial biofilm on the best performing anodes was 
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enriched in electrochemically active microorganisms (e.g., Geobacter sp). The same 

conclusion has been reported by Picot et al., who also observed significant increases in 

anode current output when the surface was amended with positively charged 

phenylphosphanium cations [24].

While these studies have added new knowledge relative to how anode surface modifications 

improve current and power output, the specific effects of given functional groups on MFC 

startup time, current and power output are still not well understood. In this study, ω-

substituted alkanethiolates on gold terminated with functional groups (−N(CH3)3
+, −COO−, 

−OH and −CH3) are used for the modification of gold anodes. We have previously shown 

that SAMs improve cells attachment and early biofilm formation and extend this model 

surface to electrochemical studies. [25–28]. Here, SCMFC equipped with activated carbon 

air cathodes are used. The correlation between the surface chemistry of the anode and the 

SCMFC current and power output is investigated. SAMs-modified gold electrodes are 

employed as anodes to eliminate the morphology effects associated with conventional 

carbonaceous electrode. Separate SCMFC are used for each anode material, to avoid 

undesired shunt-current losses or interaction among the different electrodes exposed to the 

same solution. Following electrochemical characterization for 45 days, DNA from anodic 

biofilms is sequenced to characterize the electrogenic communities and identify any 

phylogenetic differences that might have occurred as a function of the unique surface 

modifications.

2. Materials and Method

2.1 Self Assembled-Monolayer production

Microscope glass coverslips (24 × 60 mm, #1, VWR, USA) were cleaned under UV ozone. 

The vacuum chamber was evacuated to ∼10−6 millitorr and a 15 Å Cr layer was deposited 

followed by 300 Å gold. Immediately after gold deposition, samples were incubated in 1 

mM ethanolic solutions of 1-mercaptoundecanol (OH; Aldrich, St. Louis MO), 

undecanethiol (CH3; Aldrich, St. Louis, MO),1-mercaptoundecanoic acid (COOH, Aldrich, 

St Louis, MO) 1-mercaptoundecyl trimethylamine (N(CH3)3
+; Prochimia, Poland) [25–31].

2.2 MFC Configuration and cathode material

Single chamber microbial fuel cells (SCMFC) with a volume of 130 mL were assemblied as 

previously described [32]. The anolyte was 50% 0.1 M phosphate buffer solution (PBS) with 

0.1 M KCl and 50% of activated sludge from the Albuquerque Wastewater Treatment Plant. 

Sodium acetate (C2H3NaO2, 5 g L−1) was used as a substrate and introduced periodically in 

each MFC to maintain non-limiting substrate concentration. The pH of the anolyte was 7.4–

7.5 and remained constant along the entire experiment [22]. SAM-modified gold anodes 

(geometric area 14.4 cm2) were assembled with two coverslips using a titanium wire with 

the functionalized surface facing the medium solution. The anode was connected to the 

cathode through an external resistance of 1000 Ω. The cathode used in this work has been 

previously described [33]. Briefly, activated carbon (Calgon, USA) with a surface area of 

802 m2 g−1 was grinded with 20% wt PTFE (60% dispersion in water, Sigma Aldrich). 60±2 

mg cm−2 of the obtained mixture were pressed at 1400 psi for 2 minutes on a carbon cloth 
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(30% wt wet proof, Fuel Cell Earth) used as the electron collector. The cathode assembly 

was then heated at 200 °C for 1 h before utilization. The cathode had a geometric surface 

area of 3.5 cm2 directly exposed to the electrolyte. The SMFCs were operated in duplicate 

for each SAM-modified anode material at room temperature (21±1°C).

2.3 Electrochemical measurements

The overall SCMFC potential was recorded every 25 min using a datalog system (Personal 

DAQ/56, USA) connected to a PC for over 45 days. At the end of the experiment, anode and 

cathode potentiodynamic polarization curves were taken using a three-electrode 

configuration as previously described using a VersaStat potentiostat (Princeton Applied 

Research, USA) [34]. Briefly, the electrode under investigation (anode or cathode) was used 

as the working electrode, Ag/AgCl 3M (+0.21 V vs. SHE) was used as the reference 

electrode and a SS A316 mesh with the same area of the working electrode was used as a 

counter electrode. The anode potential was scanned from open circuit potential (OCP) to 0 V 

vs Ag/AgCl 3M. The cathode potential was scanned from OCP to −0.3 V vs Ag/AgCl 3M. 

The scan rate utilized for the potentiodynamic curve was 0.2 and −0.2 mV s−1, respectively 

[35]. The SCMFC cell polarization curves were carried out after the single electrode 

polarizations in two electrode mode, connecting the anode as working and the cathode as 

counter and reference electrode. The polarization was started after the OCP stabilized 

(approximately one hour), and then the polarization curve was measured from the open 

circuit cell potential (OCP) to 0.01 V (vs Ag/AgCl 3M). The power (P) was obtained using 

the Ohm’s law P = E × I where E and I are the SCMFC potential and current, respectively. 

Power and current are normalized to the anode geometric surface area (14.4 cm2).

2.4 Electron transfer rate evaluation

After the 45 day MFC operation under constant load, cyclic voltammetries (CVs) of the four 

SAM-modified gold electrodes were carried out at various scan rates (2 to 200 mV s−1). A 

linear dependence between the peak currents and the scan rate of the CV indicated surface 

confined electrochemical reaction [36]. Laviron plots [37] were used to evaluate the electron 

transfer rate constant (KET) on the modified gold surfaces, according to the equation:

where η is the reaction overpotential (V), v is the scan rate of the CV (V s−1), n is the 

number of electrons (assumed to be one since we suppose that the peaks are associated with 

cytochromes electrochemical transformation), α is the charge transfer coefficient, R is the 

universal gas constant, F is the Faradaic constant and T is the temperature in K.

2.5 Biofilm characterization on the electrode

At the end of the 45 days experiments, anodic and cathodic biofilm were removed by 

scraping out the electrodes. Pyrosequencing was done on one anode per each electrode 

material and on the planktonic biomass of the SCMFC equipped with N(CH3)3
+–modified 

anode. DNA was extracted using sucrose lysis/cetyltrimethylammonium bromide (CTAB) as 

previously described [38], and its purity was evaluated from the ratio of absorbances at 260 
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and 280 nm. Samples were shipped on ice for DNA pyrosequencing by Research and 

Testing Laboratories (Lubbock, TX, USA). Bacterial tag-encoded FLX amplicon 

pyrosequencing was performed as described previously [39] with small modifications to 

utilize the Titanium sequencing platform (Roche Applied Science, Indianapolis, IN). A 

single 35 cycle PCR step with Qiagen HotStar master mix and addition of 0.5 U of HotStar 

HiFidelity polymerase were used in each reaction (Qiagen, Valencia, CA). The primers were 

28f (5’-GAG TTT GAT CNT GGC TCA G-3’) and 519r (5’-GTN TTA CNG CGG CKG 

CTG-3’) (Escherichia coli 16S gene numbering). Pyrosequence reads were analyzed at 

UNM using AmpliconNoise 1.25 [40] to remove low quality sequences, which included 

sequences less than 200 bp in length, with an average quality score of less than 25, 

containing ambiguous characters, and/or without the correct primer sequence. A workflow 

script in QIIME 1.80 was used to pick operational taxonomic units (OTUs) at the 97% 

sequence identity level. Representative sequences from each OTU were identified by the 

Ribosomal Database Project44 classification method using QIIME, with assignment of 

taxonomic identities using the Greengenes 16s rRNA gene database [41].

3. Results and Discussion

Gold electrodes were modified with self assembled monolayers (SAMs) having four 

different terminal groups, –CH3, −OH, −COOH and −N(CH3)3
+. A stable molecular 

monolayer coated uniformly the surface as showed previously [31]. As the aim of this study 

was to compare the influence of the surface chemistry on biofilm formation and current 

generation in MFC rather than compare modified vs. unmodified anodes, no control 

experiment with bare gold electrode was carried out.

3.1 SCMFC potential

The SCMFC potential under constant external load (1000 Ω) was monitored for 45 days 

(Figure 1). As in many other MFC studies, the potential increased with time, indicating 

electrochemically active biofilm formation. However, the potential evolution with time was 

different for each material, indicating differences in electroactivity and electron transfer rate 

[42].

MFCs fitted with −N(CH3)3
+–SAM anodes showed a rapid potential increase (after 15 d), 

followed by –COOH (17 d), −CH3 (17 d) and –OH (20 d) (Figure 1). The −N(CH3)3
+-MFCs 

showed the fastest potential slope (170–195 mV d−1) and achieved stable conditions after 

roughly 18 days. COOH−MFCs showed a slower potential slope (75–96 mV d−1) and 

stabilized after 22–23 days. The potential slope of OH-MFCs could be divided in two 

different parts: i) at potential < 0.15 V, the slope was of 21–25 mV day−1; ii) at potential 

0.42 > E > 0.15 V with the slope increased to 50–56 mV day−1. Finally, the E slope of CH3-

MFCs was much smaller than the other materials, only 2.2–2.3 mV day−1. These results 

show that anode coating affect both the start-up time of potential production and the rate of 

potential increase with time, which in turn correlate to the attachment and growth of 

electrochemically active biofilms.

Despite the different start-up times, the N(CH3)3
+−, COOH− and OH-MFCs reached a 

similar stable voltage output (0.41–0.43 V), as the external resistance chosen was higher 
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than the smaller sustainable resistance [43]. However, the potential of CH3-MFC increased 

slowly over time and stabilized after 40 days to 0.06 V (Figure 1).

3.2 Anode polarization curves

To study the anode behavior independently of the cathode, the anode electrochemical 

response was measured using potentiodynamic polarization curves after 45 days of constant 

MFCs operation (Figure 2). Despite the fact that the voltage achieved at 1000 Ω external 

resistance after day 45 of MFCs polarization was approximately the same for N(CH3)3
+−, 

COOH− and OH-MFCs, the different surface chemistry of the anodes results in a different 

anodic polarization behavior. Maximum current densities of 225–230 µA cm−2 were 

achieved by the −N(CH3)3
+ modified anodes at approximately −0.40 V vs. Ag/AgCl. The 

peak observed at −0.40 V is likely due to direct electron transfer at the interface biofilm/

electrode, as evidenced by the scan rate analysis (Figure 5.a). The same peak was observed 

in the polarization curves of all anodes studied except the CH3-modified one. The 

−N(CH3)3
+-anode demonstrated another peak at higher anodic potential (−0.27 V vs. Ag/

AgCl). The maximum current densities achieved for each SAMs-modified anode follow the 

same trends as the voltage startup conditions in that the −N(CH3)3
+ systems showed the 

highest performance followed by −COOH, −OH and −CH3, respectively (Figure 2).

The −N(CH3)3
+-MFCs showed the highest anode current densities and shortest start up time 

most likely due to bacteria preference towards hydrophilic and positively charged surfaces in 

agreement with previous studies [10].

We have previously demonstrated that different bacteria exhibit different attachment 

responses to SAMs [25, 27, 31]. −COOH and −OH- SAM generated much lower current 

densities relative to the N(CH3)3
+-anodes. These data suggest that the surface chemistry 

directly affect biofilm formation and/or specific biofilm function. Further, the −COOH, −OH 

and −CH3-modified surfaces may limit biofilm production or electron transfer rate [10]. 

Cathode polarization curves (not shown) resulted in similar trends for each system and 

indicated that the cathode electrochemical performance was not the rate limiting factor.

3.3 MFC polarization curves and power generation

The N(CH3)3
+−, COOH− and OH-MFCs had similar OCV values at 550–565 mV and 

similar initial current output till roughly 70 µA cm−2 (Figure 3.a). As the current densities 

increase, the IE curves showed diffusion limitations going into overshoot conditions [44]. 

Particularly, the OH-MFCs showed mass transfer control at roughly 70 µA cm−2 while the 

COOH−MFCs showed diffusion limitations at roughly 125 µA cm−2 and the 

N(CH3)3
+−MFC was limited by mass transfer at roughly 200 µA cm−2.

The MFCs with –CH3 modified anodes had significantly lower OCPs (450 mV) and 

significantly lower short circuit currents of 5–7 µA cm−2. The N(CH3)3
+-MFCs had a 

maximum power density of 40–41 µW cm−2 followed by COOH−MFC with 35–37 µW 

cm−2 and by OH-MFCs with 25–28 µW cm−2. The CH3-MFCs had the lowest performances 

with a Pmax of only 1.2 µW cm−2 (Figure 3.b). Comparison between Figure 2 and Figure 3 

shows that MFC polarization measurements followed the same trends of the anode 

polarization curves.
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3.4 Cyclic voltammetry

Cyclic voltammetry (CV) measurements of the different SAMs-modified anodes were 

carried out at various scan rates (2 – 200 mV s−1) under identical conditions after 45 days. 

At 2 mV s−1, the turnover curve onset was at −0.490 V vs. Ag/AgCl for the −COOH and the 

−N(CH3)3
+, but was poorly defined for the OH and CH3 modified electrodes (Figure 4). 

This result indicate that extracellular electron transfer to the electrode was faster at the 

−COOH and the −N(CH3)3
+ modified electrodes. The voltammetry roughly correlate with 

the phylogenetic analysis, in what the −COOH and the −N(CH3)3
+ electrodes have the 

highest concentration of δ-Proteobacteria. A further redox species oxidize irreversibly at 

−180 to −110 mV and do not result in turnover electron transfer (Figure 4).

Although the shape of the CVs of the N(CH3)3
+ and COOH microbial anodes is similar to 

the cyclic voltammetry of Geobacter sulfurreducens [10,45,46], no Geobacter species were 

revealed when the anodes biofilms were subjected to pyrosequencing (see the section 

below). This may indicate that different electrochemically active bacteria posses similar 

electrochemical features and behavior in terms of identical outer membrane redox carriers 

and electron-transfer mechanisms as it has been proposed by Lui et al. and Ishii et al. [46–
48]. A linear dependence was observed when the peaks of current at the various scan rates 

were plotted versus the cyclic voltammetry scan rate (Figure 5.a), which indicates surface 

confined electrochemical reactions and allowed the utilization of Laviron plots (Figure 5.b) 

to evaluate the electron transfer rate constant on the modified gold surfaces. Laviron plot 

results suggest that direct electron transfer is the predominant mode of electron transfer in 

all MFC analyzed and the turnover curve may be attributed to outer membrane cytochrome 

involved in the electron transfer at the biofilm/electrode interface. For the evaluation of the 

KET, the following peaks were taken into account: i) for −N(CH3)3
+ enriched surfaces the 

oxidation and reduction peaks at −0.380 and −0.445 V vs. Ag/AgCl, respectively were used 

for the calculation; ii) for COOH−anodes, the peaks were: oxidation peak at −0.370 V and 

reduction peak at −0.440 V vs. Ag/AgCl; iii) for the –OH modified anodes the peaks were: 

oxidation peak at −0.425 V and the reduction at −0.515 V vs. Ag/AgCl; and iv) for CH3-

sample the peaks used are the only one showing up on the CV, −0.520 V vs. Ag/AgCl 

(reduction peak) and −0.175 V vs. Ag/AgCl (oxidation peak).

The results for the KET along with the formal redox potential of the redox reactions are 

shown in Table 1.

The electron transfer rate constant of the evaluated redox reaction for −N(CH3)3, −COOH 

and −OH modified gold surfaces had the same order of magnitude, which was significantly 

higher than the KET calculated for the −CH3 anodes. This contributes to the significant 

difference in the generated current and power densities between the −N(CH3)3
+, −COOH, 

−OH and the −CH3-anodes.

The logarithmic dependence of the current from the KET (Figure 6) suggests that the rate of 

the electron transfer is not the main factor determining the MFCs current and power output. 

No clear trend between the formal redox potential of the reaction and the MFCs current was 

observed.
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3.5 Anodic and cathodic biofilm analysis

Pyrosequencing of 16S rRNA gene amplicons derived from the anode-associated biomass 

shows diverse bacterial populations at the anode surfaces (Figure 7). A phylum-level 

analysis (Figure 7.a) indicates that phylum Proteobacteria comprised between 32 % and 

37 % of the anode-associated biofilms. Specifically, the −N(CH3)3
+ modified surface 

featured Proteobacteria in a relative abundance of 36 %, the −COOH had 37 % relative 

abundance, and −OH had 32 % relative abundance. The −N(CH3)3
+ bulk solution (labeled as 

WW in Figure 7) also showed 37 % relative abundance of Proteobacteria. However, 

Proteobacteria only comprised occupied approximately 6 % of the biofilm associated with 

the –CH3 modified anode.

The phylum Firmicutes had a high relative abundance in all of the communities, between 

21 % and 34 % of the biofilm. The biofilm associated with the −CH3-modified electrode had 

the highest relative abundance of Firmicutes at 34 %. Interestingly, Firmicutes have been 

identified in many different microbial fuel cell reports, including a particular strain 

(Firmicutes Thermincola sp. strain JR) that was isolated from thermophilic microbial fuel 

cells and was able to directly transfer electrons to an anode surface [49].

The phylum Bacteroidetes was present in all of the communities with relative community 

abundance of 22 % (−N(CH3)3
+), 12 % (−COOH), 6 % (−OH), 13 % (−CH3) and 15 % 

(WW). The −CH3 modified anode also had a relatively high abundance of phyla 

Lentisphaerae (24 %) and Actinobacteria (19 %) as compared to the other samples.

The class-level analysis of the anode communities shows that the phylum Proteobacteria 
featured class δ-Proteobacteria, β-Proteobacteria, γ-Proteobacteria, ε-Proteobacteria and α-
Proteobacteria. Class δ-Proteobacteria had the highest relative abundance in the −N(CH3)3

+, 

−COOH and −OH anode biofilms, and very low relative abundance in the −CH3 anode-

associated biofilm and the −N(CH3)3
+ bulk solution (WW). Several members of class δ-

Proteobacteria and γ-Proteobacteria have been reported as electrochemically active microbes 

in bioelectrochemical systems [47, 48, 50–56].

The high relative abundance of class δ-Proteobacteria in all of the biofilms that showed good 

current and power output (−N(CH3)3
+, −COOH and −OH), suggests that these community 

members are active in electron transfer to the anode surfaces. The −COOH anode-associated 

biofilm and the WW also featured a small percentage of class γ-Proteobacteria, which 

suggests that these community members might be active in multiple functions, including 

electron transfer to the anode and possibly fermentation of complex substrates in the bulk 

solution.

The presence of class β-Proteobacteria in wastewater-enriched microbial fuel cells has also 

been reported by several MFC researchers [47–48, 50–51]; however, the functional role(s) of 

these microbes have not been comprehensively defined, and members of this class may 

perform multiple functions within the biofilm.

Interestingly, all the reactors featured a high relative abundance of fermentative microbes 

including class Clostridia, Bacterioidia, Deferribacteres and Lentisphaerea. This result 
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suggests that acetate was not the sole carbon source for the community and that residual 

complex carbon substrates from the activated sludge inoculum may also have been used as 

electron donors for the biofilm and planktonic communities. Members of class Clostridia, 

Bacterioidia, Deferribacteres and Lentisphaerea have been reported in several wastewater-

enriched microbial fuel cells [47,48, 50–55, 57,58], and it is speculated that these organisms 

are critical for converting sugars and other complex substrates to simple volatile fatty acids 

that are the preferred carbons sources for electrochemically active δ- and γ-Proteobacteria .

A more detailed sequencing effort is required to identify strain-level associations with the 

various electrode surface chemistries; however, the class-level analysis suggests that there 

may have been different community members contributing to electron transfer at the various 

chemically-modified surfaces. The results strongly suggest that the surface chemistry 

(charge and hydrophobicity) of the −CH3-modified anode had the most effect on microbial 

taxonomic enrichment, which negatively impacted the overall system function. The lack of 

δ-Proteobacteria members and a higher relative abundance of diverse fermentative members 

(e.g. Bacilli, Lentisphaerae and Actinobacteria) correlates with the low electrochemical 

performance of the −CH3-modified system, and suggests that fermentation was the primary 

function of this community.

3.6 Relationship between electrochemical output and anodic microbial community

Surface modifications of the anode change the hydrophilicity, surface charge, surface 

tension, and the morphology of the electrode, particularly when carbonaceous electrodes are 

used. [10, 22, 59]. The hydrophilicity of the anode increased when the gold surface was 

modified with −OH, −COOH and −N(CH3)3
+ SAMs and decreased with the −CH3 SAM. 

Previously reported contact angles measurements in ultrapure water showed similar values 

(22–23°) for −OH, −COOH and −N(CH3)3
+ SAMs despite differently surface charges while 

−CH3 SAM had a much higher values (118±1°), which is typical for hydrophobic surfaces 

[31]. The increased surface hydrophilicity facilitates bacteria attachment and biofilm 

development [10]. The positive charge of N(CH3)3
+ group further facilitate attachment of 

negatively charged bacteria at circumneutral pH. Therefore, start-up time followed the order: 

−N(CH3)3
+ < −COOH < −OH < −CH3. Depending on the pH, negatively charged surface 

groups, such as −COO− introduces repulsion forces between the modified electrode surface 

and bacteria and thus hinders bacteria attachment and biofilm formation [24]. Lower 

bacterial density on −COOH containing anodes was also observed by Tanh et al. [60]. At the 

pH of wastewater used in this study, it is not entirely clear if the −COOH group from the 

SH(CH2)10COOH is deprotonated or not. The pK1/2 of HS(CH2)10COOH has been found to 

be 7.4 and the pH of the electrolyte in this study was 7.4–7.5. Sumner et al. suggested that 

the carboxylic acid terminus of SAMs can interact with the peptide bonds in proteins via 

strong hydrogen bonds [61]. Thus, −COOH could bind outer membrane cyctochromes, 

which are responsible for electron transfer in model electrochemically active 

microorganisms. The same authors also showed that, despite the low attached cell 

concentration on −CH3 and −COOH terminated gold surface, the MFC current output was 

much higher when the gold surface was populated with carboxylic groups, because of the 

enhanced electronic coupling at the biofilm/electrode interface.
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The electron transfer rate at the biofilm/electrode interface depends on the surface chemistry 

of the anodes, which affects bacterial attachment. The variations in the surface 

hydrophilicity and the charge of the modified electrode affect also the electrolyte-electrode 

interactions, as recently shown by Guo et al. [10], using a ferricyanide probe. In this study, 

we show that the highest KET occurs on the −N(CH3)3
+ surfaces, which contributes to the 

higher current and power output of these electrodes, along with their higher hydrophilicity 

and positive charge. Furthermore, −N(CH3)3 showed higher relative abundance of δ-
Proteobacteria.

It is well-known that an increase in the relative abundance of δ-Proteobacteria in the 

bacterial biofilm [47, 48, 50–56] leads to enhancement of the anodes electrical output, as 

this bacterial class includes several electrochemically active species. However, due to the 

complexity of the carbon compounds in wastewater, a consortium between Clostridia and δ-
Proteobacteria result in increased electrochemical performance of the SCMFCs

4. Conclusions

Hydrophilic/hydrophobic SAM-modified gold anodes, harboring positive or negative 

functional groups, determine the current and power output of SCMFCs. Electrochemically 

active microorganisms attach preferentially on hydrophilic and positively charged surfaces. 

In fact, −N(CH3)3
+ modified anodes showed the shortest start-up time, the highest current 

and power densities and the fastest electron transfer rates among the materials investigated. 

Pyrosequencing showed the highest percentage of δ-Proteobacteria on −N(CH3)3
+ modified 

anodes, most likely responsible for direct electron transfer at the biofilm/electrode interface. 

A consortium of Clostridia and δ-Proteobacteria was found on all anode surfaces, suggesting 

synergistic effect, which warrants further investigation.
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Figure 1. 
Voltage trends of duplicate MFCs operated with different SAMs-modified gold anodes over 

45 days of operation. The numbers in the brackets indicate the number of the replicate 

sample.
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Figure 2. 
Anode polarization curves for duplicate MFC systems featuring different SAMs-modified 

anodes after 45 days operations. The numbers in the brackets indicate the number of the 

replicate sample.
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Figure 3. 
Cell polarization (I-V) curves (a) and power curves (b) of MFCs with SAMs-modified 

anodes. The numbers in the brackets indicate the number of the replicate sample.
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Figure 4. 
Cyclic Voltammograms of the different modified anodes performed at scan rate of 2 mV s−1.
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Figure 5. 
Representative current-scan rate dependence graph (a) and Laviron plot (b) for −N(CH3)3

+ 

modified gold electrode.

Santoro et al. Page 18

Bioelectrochemistry. Author manuscript; available in PMC 2016 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Dependence of the current generated by the microbial anodes and the calculated electron 

transfer rate.

Santoro et al. Page 19

Bioelectrochemistry. Author manuscript; available in PMC 2016 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Phylum-level taxonomic distribution of 16S rRNA community profile within anode 

electrochemically active bacteria (a) and class-level taxonomic profile of 16S rRNA 

community profile within anode electrochemically active bacteria (b).
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Table 1

Electron transfer rate constant (KET) and formal redox potential of the redox reaction of the different anodic 

surfaces

KET, s−1 E0’, V

N(CH3)3
+ 9.50*10−4 −0.468

COOH 4.34*10−4 −0.468

OH 1.58*10−4 −0.438

CH3 2.87*10−7 −0.348
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