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Abstract

One of the methods of controlling biofilms that has widely been discussed in the literature is to 

apply a potential or electrical current to a metal surface on which the biofilm is growing. Although 

electrochemical biofilm control has been studied for decades, the literature is often conflicting, as 

is detailed in this review. The goals of this review are to (1) present the current status of 

knowledge regarding electrochemical biofilm control, (2) establish a basis for a fundamental 

definition of electrochemical biofilm control and requirements for studying it, (3) discuss current 

proposed mechanisms, and (4) introduce future directions in the field. It is expected that the 

review will provide researchers with guidelines on comparing data sets across the literature and 

generating comparable data sets. The authors believe that, with the correct design, electrochemical 

biofilm control has great potential for industrial use.
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Introduction

Most microorganisms can colonize and form biofilms on metal surfaces, which are widely 

used for example in the food processing industry, oil refineries, paper mills, heat 

exchangers, and on ships’ hulls, and medical implants. The formation of biofilms adversely 

affects the processes for which these surfaces are used (Lewandowski and Beyenal 2014). 

Biofilms are also involved in nosocomial infections on wound surfaces (Dijkshoorn et al. 

2007). Therefore, bacterial attachment and growth on such surfaces should be prevented, or 

should be delayed when prevention is not possible. Conventional biofilm control uses 

chemical agents or biocides to disinfect metal surfaces. Antibiotics or biocides are used to 

control biofilm-related infections. However, these strategies involving externally-added 

agents have several drawbacks: (1) Antibiotics or biocides cannot be delivered continuously. 

(2) The concentrations of antibiotic or biocides at the surface cannot be controlled because 

of diffusion limitations in biofilms. The concentration at the surface may be very low and 

ineffective even though the concentration in the bulk is high (Davison et al. 2010, Donlan 

and Costerton 2002, Stewart et al. 2000, Tkachenko and Karas 2012). (3) Cells in biofilms 
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can develop resistance against biocides and antibiotics (Russell 2003). (4) In some cases 

biocides react with biofouling deposits and prevent their diffusion (Stewart et al. 2001). 

Therefore, alternative strategies, which allow the delivery of biofilm inhibitors for biofilm 

control, are needed. One solution is to coat a surface with biocide to delay biofilm growth or 

prevent cell attachment (Lv et al. 2014, Sun and Chen 2007). However, this process has 

limited use because of the limited supply of biocides in the coating. An alternative 

technology for long-life biocidal coatings could bring many advantages.

Electrochemical biofilm control is a technology where surface properties or reactions are 

controlled to delay or prevent cell attachment or to remove existing cells from that surface. 

Generally, electrochemical biofilm control is applied to targeted surfaces that are electrically 

conductive and inert (Hong et al. 2008). These conductive surfaces act as electrodes where 

electrochemical phenomena occur. Thus, electrochemical biofilm control prevents or delays 

biofilm formation through the application of a constant (electric) potential or constant 

(electric) current that manipulates electrochemical phenomena on the target surface. In this 

review, electrochemical biofilm control is discussed in electrochemical terms based on 

electrochemical reactions. The surface where biofilm growth is expected and to which 

electrochemical reactions are targeted is chosen as the biofilm electrode. For example, 316L 

stainless steel (SS) can be considered a good example of a material which mimics the 

surfaces used in the food industry (Kumar and Anand 1998). By controlling the current or 

potential of the 316L SS surface, cell attachment and growth can be delayed (Istanbullu et 

al. 2012). Information on both the current and the potential is required to characterize 

electrochemical phenomena and therefore to investigate the mechanism of action of 

electrochemical biofilm control (Istanbullu et al. 2012).

Several pertinent reviews summarize the broader field of study on the “bioelectric effect”, 

which focus on the combined application of antibiotics and either electric current or an 

electric field to enhance biofilm removal (Del Pozo et al. 2008, Freebairn et al. 2013). High 

voltages and current not typically used in aqueous electrochemical systems are included (see 

Table 1), which unnecessarily complicate the system under study. Although electrochemical 

biofilm control can be considered a subset of the bioelectric effect, the two are differentiated 

because the goal is targeted at understanding electrochemical phenomena within a specified 

range where complicating effects (see Figure 2) are minimized. Doing so allows an 

understanding to be gained of the mechanism of actions involved and subsequently allows 

electrochemical biofilm control to become a viable technology. It is recognized that 

electrochemical biofilm control has been studied for decades; however, there are many 

conflicting findings in the literature, as is summarized in Table 1 and discussed in detail in 

the following sections. Interestingly, it was often found that the outcome of biofilm control 

was emphasized over an understanding of the fundamental mechanisms involved. This 

observation, in addition to the authors desire to study the electrochemical phenomena 

governing electrochemical biofilm control, prompted the writing of this review.

The goals of this review are to (1) present the current status of knowledge regarding 

electrochemical biofilm control, (2) establish a fundamental definition of electrochemical 

biofilm control and the requirements for studying it, (3) discuss current proposed 

mechanisms, and (4) introduce future directions in the field. The authors expect to establish 
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a basis for future work at a fundamental level and help researchers to generate comparable 

data sets. They also concisely present their understanding of the “bioelectric effect” as it 

relates to electrochemical biofilm control. For more detailed discussion on the bioelectric 

effect, readers are referred elsewhere (del Pozo et al. 2008).

Current status of electrochemical biofilm control

As summarized in Table 1, various approaches to controlling biofilm growth based on 

electrochemical methods are reported in the literature. Most of these approaches are focused 

on either the delay/prevention of cell attachment or the removal/eradication of biofilm, as 

illustrated in Figure 1. Bacterial cells usually have a net negative charge. When a surface is 

negatively polarized such that a net negative surface charge exists, (1) a repulsive 

electrostatic interaction with bacterial cells occurs that reduces cell attachment and/or (2) 

electrochemical reactions occur at the surface, generating biocides such as reactive oxygen 

species (ROSs). If the surface is positively polarized such that a net positive surface charge 

exists, (1) an attractive electrostatic interaction with bacterial cells occurs that enhances cell 

attachment. At sufficiently large positive polarizations in the presence of chloride, reactive 

chlorine species (RCSs) may be generated and remove/eradicate bacteria. Choosing a wrong 

polarization potential or allowing too high a current to pass may cause unexpected and 

uncontrolled results such as a change in the solution pH near the surface, causing 

modification of the bacterial cell charge and thus migration to the surface as opposed to 

repulsion (Burke and Gibson 1933).

Delaying cell attachment

For a clean surface, the first goal is to prevent cell attachment, as shown in Figure 1B. 

Currently, no technology exists that completely prevents cell attachment to surfaces. Most 

biofilm prevention technologies modify surfaces to delay attachment. One of the uses of the 

electrochemical method is to delay cell attachment to surfaces (Figure 1B). In the examples 

in Table 1, researchers applied either alternative potential or constant potential to surfaces, 

which resulted in findings that are difficult to compare.

Matsunaga and Lim (2000) applied alternating potentials of 1200 mVAg/AgCl and −600 

mVAg/AgCl to TiN film electrodes in a water disinfection system that detached ~50% of the 

cells in 30 min. In a thin film electrochemical flow-cell system, Pseudomonas aeruginosa 

cell attachment on a gold-coated glass surface was reduced by ~90% with a constant applied 

potential of −500 mVAg/AgCl for 15 min. Attachment was reduced by ~80% with a potential 

of −200 mVAg/AgCl compared to a control with a nonpolarized surface (Busalmen and de 

Sanchez 2001). This decrease in cell attachment can be explained by the mechanisms 

illustrated in Figure 1B and indicates that in addition to electrochemical reactions, surface 

charge plays a critical role in cell attachment. For instance, in the thin film electrochemical 

flow cell system, a gold electrode was negatively polarized at an applied potential of −200 

mVAg/AgCl, causing a repulsive electrostatic interaction and thus delaying or preventing 

bacterial attachment. At less negative potentials close to the potential of zero charge of gold 

(0 mVAg/AgCl), reversible adhesion was observed (Busalmen and de Sanchez 2001, 2005). 

At a more negative potential of −500 mVAg/AgCl, where oxygen reduction was activated, 
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cell clusters loosened from the electrode surface. On the other hand, the application of a 

more positive potential was reported to have a major effect on the growth or cell attachment 

of Pseudomonas fluorescens: at 500 mVAg/AgCl the formation of compact microcolonies 

was observed, while at 800 mVAg/AgCl there was no cell growth at all (Busalmen and de 

Sanchez 2005). Ueshima et al. (2002) used reactive hydroxyapatite as an electrode surface 

that caused the migration of charged Ca2+ under a negatively charged condition. It bound 

more bacterial cells (Ueshima et al. 2002) rather than repulsing them, as explained in Figure 

1B. This phenomenon is similar to that illustrated in Figure 2A and different from the 

electrochemical biofilm control that requires an inert material as the electrode.

Iontophoresis is another method of delaying cell attachment. Iontophoresis is defined as the 

introduction of an ionized substance into intact cells or tissues using direct current (DC). 

The application of a steady current of 1.9 mA cm−2 from a 9 V DC source to a silver-wired 

electrified catheter released toxic silver ions into urine. This achieved a 5-log reduction in 

the viable cells in urine and a 156-h delay in cell attachment vs 22 h in the control catheters 

(Chakravarti et al. 2005). The application of such high current between conductive surfaces 

causes an electric field that drives a silver ion flow (Figure 2A). However, this mechanism is 

different from that of the electrochemical methods in which current initiates specific 

reactions at the electrode surface (Figure 2B).

Removing or eradicating biofilm

One method for electrochemical biofilm control is applying a constant potential to the 

biofilm electrode to generate biocides at the electrode surface in contact with the biofilm as 

shown in Figure 2B. Success in the removal or further eradication of biofilm using 

electrochemically generated biocides will vary depending on a number of factors. These 

include the biocide concentration, exposure time, biofilm thickness and/or growth stage, and 

bacterial strain, as observed in Table 1. For example, reactive oxygen species (ROSs) can be 

generated near the electrode surface through oxygen reduction in the presence of oxygen 

(Babauta et al. 2013, Istanbullu et al. 2012). Such ROSs can delay bacterial attachment/

growth on the biofilm electrode (Istanbullu et al. 2012, Schmidt-Malan et al. 2015, Sun et al. 

2012). Continuous application of a constant potential and thus delivery of ROSs can also 

remove preexisting biofilms from an electrode surface (Dhar et al. 1981). Dhar et al. (1981) 

observed generation of H2O2 (5×10−6 M) near a SnO2 cathode surface at an applied 

potential of −560 mVAg/AgCl with a current density of 0.005 mA/cm2. This reduced the cell 

density of Vibrio anguillarum ~33 times compared to a control. Researchers have further 

integrated electric fields with exogenous biocides to increase biocide efficacy and the 

eradication of biofilms (Blenkinsopp et al. 1992; del Pozo et al. 2009b). The mechanism 

behind the increasing efficacy of biocides when a weak electric field is applied as stated in 

the literaure is still unknown (Del Pozo et al. 2008). For example, SS electrode polarity was 

altered every 64 s within a 24 h period by 3 V using a DC power source. This was reported 

to produce a low-strength electric field of ±12 V cm−1 and a current density of ±2.1 mA 

cm−2 that enhanced the efficacy of low-concentration industrial biocides. The combined 

application of an electric field with biocides achieved the complete eradication of biofilm, 

whereas just a 1-log reduction in the number of viable cells was achieved with the 

application of biocides alone (Blenkinsopp et al. 1992). No mechanism was confirmed by 
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these authors. Possibly an altering polarity affecting the surface charge (Figure 1B) is the 

factor controlling cell attachment and influencing cell detachment. The continuous alteration 

of polarity at a constant period has been reported to be an effective approach to bacterial 

removal and eradication (Borole et al. 2011). For instance, Borden et al. (2011) reported 

>76% detachment of initially adhered Staphylococcus epidermidis cells from surgical SS for 

both the application of constant cathodic current and the application of alternating cathodic 

and anodic currents of magnitudes <0.005 mA cm−2. They reported alternating cathodic and 

anodic current achieved faster detachment. However, this comparison was done for two 

separate studies with initial attachment times of 200 min and 90 min, respectively (van der 

Borden et al. 2004, 2005). This shows that current exposure time also may affect biofilm 

removal. For example, variation in S. epidermidis biofilm removal from a teflon coupon was 

observed when it was exposed to a current density of 0.935 mA cm−2 delivered by SS for 4 

h and 24 h (Del Pozo et al. 2014). Other factors, such as current density and the ionic 

strength of the medium, can also affect biofilm removal. Bacterial displacement 1.2 µm from 

an ITO electrode was reported when an anodic current density ranging from 0.0075 to 0.03 

mA cm−2 was applied for 10 s, and a decrease in bacterial motility with increased ionic 

strength of the medium was also observed (Kang et al. 2011). As shown in Figure 2A, this 

may be the result of the electric field causing migration (Kang et al. 2011). Electric field 

induced biofilm control (Figure 2A) is different from electrochemical control (Figure 2B), 

since their mechanisms are different.

Electrochemical systems for biofilm control

The first prerequisite for electrochemical control is to know the dominant electrochemical 

reaction in the system being studied. Alternatively, a dominant electrochemical reaction 

could be proposed and a hypothesis designed which is testable in a well-defined 

electrochemical system. The second prerequisite is to understand the impacts of current, 

potential, and chemical flux (mass transfer) on the dominant electrochemical reaction 

operating at the electrode. Electrochemical control requires knowledge of these three basic 

concepts, which are interrelated through various governing equations including: (1) the 

Butler-Volmer equation (Equation 1), (2) the Nernst-Planck equation (Equation 2), (3) the 

Cottrell equation (Equation 3), and (4) double-layer theory (which encompasses a set of 

equations) (Bard and Faulkner 1980). These equations describe the electrochemical 

reactions and mass transfer occurring at an electrode surface. Once the two prerequisites are 

fulfilled, it is possible to propose a mechanism by which cells will interact with electrode 

surface processes and the products that will be generated through electrochemical reactions. 

The sections below specifically expand upon electrochemical reactor design and how it 

directly affects current, potential, and mass transfer rates.

(1)

(2)
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(3)

Electrochemical reactor design is centered on the biofilm electrode and its control. The first 

step in electrochemical biofilm control research is to decide on the biofilm electrode 

material, size, and geometry based upon the needs of the experimental analysis to be done 

before, during, or after electrochemical control. The materials for biofilm electrochemistry 

have been covered in a separate review (Babauta et al. 2012). The second step is to decide 

whether to control electrode potential or current and measure the other so that both current 

and potential are known. Potential control directly determines the overpotential (Butler-

Volmer equation, Equation 1), by which specific electrochemical reactions are activated, 

deactivated, or reversed. In all cases, a positive overpotential, ie anodic polarization, causes 

anodic oxidation to occur. A negative overpotential, ie cathodic polarization, causes a 

cathodic reduction to occur. Experimentally, the overpotential can be based upon the 

difference between the applied potential and the open circuit potential, which is often 

referred to as the resting potential. As an example, Figure 3 shows the measured current 

density as the potential was varied from high to low and from low to high. The 

voltammogram in Figure 3 is split into three regions based upon current, denoted as region 

A, region B, and region C. Region A is the cathodic current region that resulted from 

reduction reactions when the potential was brought from the open circuit potential to a lower 

potential, ie a negative overpotential. Region B is a region of minimal current (essentially 

zero compared to regions A and C) and therefore no detectable electrochemical reactions. 

Region C is the anodic current region that resulted from an oxidation reaction when the 

potential was brought to a higher potential than the open circuit potential, ie a positive 

overpotential. Figure 3 demonstrates that using potential as the independent variable allows 

for precise control over the electrochemical reactions activated at an electrode surface. For 

example, in region A, oxygen reduction and proton reduction generate cathodic current. On 

the other hand, in region C, water oxidation generates anodic current (Vetter 1967). The 

transitions between these regions are discussed in detail in the following sections.

Figure 3 also shows that if an anodic current of 1 mA cm−2 is applied to the same electrode, 

the resulting potential will fall within region C. Similarly, an applied cathodic current of −1 

mA cm−2 will bring the potential within region A. Current control, which is unlike potential 

control, controls the rate of a particular reaction but not the energy required to activate it. 

Figure 4 shows a simplified chronopotentiometric plot of an experiment in which the 

electrode potential was measured over 48 h at a variety of constant cathodic current 

densities. In this type of experiment, the current is the independent variable and the potential 

is measured. As the cathodic current density was increased from −0.1 mA cm−2 to −4 mA 

cm−2, the potential decreased from −1200 mVAg/AgCl to −2150 mVAg/AgCl. Under current 

control, the measured potential is determined by the electrochemical reaction that has: (1) 

the lowest cathodic activation energy (the most positive formal potential) and (2) facile 

kinetics that supply the requested current. If one reaction cannot supply 100% of the 

requested current, then the potential proceeds to the reaction that has the next lowest 
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cathodic activation energy. Thus, the potential measured in a current-controlled system is 

the potential required to maintain the current value.

Both potential-controlled and current-controlled systems offer advantages for 

electrochemical biofilm control when properly designed. The design and practical 

implementation of electrochemical reactors which can be used to control biofilms are 

detailed in Kissinger and Heineman (1996). The implications of solution resistance, 

electrode geometry/size, inter-electrode distances, and the electronics behind potential/

current control are also described therein. Two-and three-electrode systems and separators 

(eg cation-exchange membranes) are critical components of these systems. The simplest 

setup is a two-electrode cell in which current or potential is applied between two electrodes 

(Figure 5A). If bacterial cells are added to the system in Figure 5A, both the anode and the 

cathode are exposed to cells. Therefore, the cells can attach to both electrodes and grow. A 

separator can be used to isolate one of the electrodes from the cells. In Figure 5B, the 

cathode is separated from the cells and the anode becomes the biofilm electrode since the 

cells only attach to the anode. Note that it is also possible to add cells to the cathode only, in 

which case the cathode becomes the biofilm electrode. The systems shown in Figure 5A and 

Figure 5B are “relative reference”-based systems, in which the biofilm electrode is 

controlled relative to the counter electrode, which is used as an auxiliary electrode. For 

example, the anode in Figure 5A will always be a set value more negative than the cathode 

potential in order for electrons to flow from low potential to high potential (ie anode to 

cathode). If the cathode potential is allowed to drift, then the anode potential will drift 

accordingly, making the system behave in an unpredictable way. Thus, in this type of 

system, the applied potential can change both the anode and cathode potentials. This relative 

change will depend on the electrode size, materials and any electrochemical reactions at the 

electrodes (Babauta et al. 2012, Bard and Faulkner 2001). If the cathode is not designed to 

account for drift, the potential of the biofilm electrode will also be uncontrolled. This fact 

renders potential control ineffective. “Fixed reference”-based systems (Figure 5C and Figure 

5D) are designed to prevent potential drift by separating the auxiliary electrode into a 

counter electrode and a reference electrode. The counter electrode “carries the current” 

while the reference electrode “fixes the electrode potential.” The working, counter, and 

reference electrodes make up the three-electrode system and allow both accurate and precise 

control of potential. The difference between Figure 5C and Figure 5D is similar to that 

between Figure 5A and Figure 5B except that the reference electrode should be placed in the 

biofilm electrode compartment. Three-electrode systems allw the biofilm electrode potential 

to be controlled against a well-defined reference electrode. There are other benefits to using 

three-electrode systems. These include compensating for the majority of the resistance of the 

solution by placing the reference and working electrodes close to each other and the ability 

to select appropriate references based on compatibility with the system.
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Mechanisms of action

Generation of strong oxidants by electrochemical reaction

One of the mechanisms which have been suggested for the electrochemical control of 

biofilm is the formation of H2O2, which is a result of the partial reduction of oxygen on 

metal surfaces (Bard and Faulkner 2001).

(4)

(5)

Since the standard reduction potential of H2O2 is +85 mVAg/AgCl, polarizing the electrode 

below this potential generates negative overpotentials and starts H2O2 production (Vetter 

1967). Thus, in a bioelectrochemical system with oxygen as the only cathodic reactant, 

polarizing the biofilm electrode at potentials below +85 mVAg/AgCl will result in H2O2 

generation by oxygen reduction. It should be noted that this reaction requires the presence of 

oxygen at the electrode surface within the biofilm. Therefore, an attempt to generate H2O2 

in an anaerobic environment within the biofilm will not be successful and it is always 

critical to test for the presence of oxygen.

As explained in the previous section, overpotential activates certain reaction mechanisms. 

According to the Butler-Volmer equation (Equation 1), the current density, which is 

dependent on the exchange current density and the electrode material, controls the 

overpotential, so the potential range for a reaction mechanism will also depend on the 

electrode material (Dhar et al. 1981). For example, at a Pt electrode, oxygen is reduced at 

low current densities, virtually entirely by the four-electron path (Equation 4). At higher 

current densities, as it reaches the overpotential for complete reduction to water, the two-

electron path (Equation 5) contributes a greater share to the total cathodic current (Hoare 

1968). In most cases, the oxygen reduction at the metal surface initially starts with Equation 

5. At more negative potentials, peroxide is further reduced to water (Equation 6). The 

direction is towards the complete reduction of oxygen as per Equation 4 (Hoare 1968, Vetter 

1967); this is also observed in region A in Figure 3. This transition from two- to four-

electron transfer is highly dependent on the electrode materials (Vetter 1967).

(6)

On iron electrodes, the transition from Equation 5 to Equation 4 occurs between −400 

mVAg/AgCl and −800 mVAg/AgCl; beyond −800 mVAg/AgCl, peroxide production is 

negligible (Vetter 1967). The oxygen reduction mechanism varies widely depending upon 

the type of electrode and whether a carbon electrode is used. On a glassy carbon disk 

electrode, Equation 5 occurs at two different potentials, −295 mVAg/AgCl and −740 

mVAg/AgCl, producing H2O2. In contrast, for carbon nanotubes, H2O2 is produced in a 
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potential range −400 mVAg/AgCl to −800 mVAg/AgCl and further reduced to OH− at 

potentials more negative than −900 mVAg/AgCl.

Thus, to identify the production of such oxidants as H2O2, Cl2 or chlorine compounds in the 

electrochemical system for electrochemical biofilm control, it is very important to 

understand the dominant reactions at the electrode surface and choose the correct operating 

potential range. For instance, Busalmen and de Sanchez (2005) did not observe any growth 

inhibition for P. aeruginosa at −200 mVAg/AgCl applied to a gold surface, whereas there was 

no bacterial attachment at −500 mVAg/AgCl because of H2O2 generation at this potential. 

These potentials are in region A in Figure 3; however, likely because of a different 

activation overpotential for oxygen reduction to H2O2 on gold, the reduction started below 

−200 mVAg/AgCl. Similarly, in a current-controlled system it is important to monitor and 

report the potential of the biofilm electrode, since the applied potential determines the 

overpotential for possible reactions. For example, recently it was reported that the 

application of direct current (0.7 mA cm−2 to 1.8 mA cm−2) caused the oxidation of chloride 

to chlorine, removing biofilms from a Pt-based biofilm electrode in the presence of NaCl 

(Sandvik et al. 2013). Here the suggested reactions at the anode surface are as follows (Bard 

and Faulkner 2001):

(7)

(8)

As per the reported applied current, oxidation reactions will happen in region C as in Figure 

3. However, the chloride oxidation reaction (Equation 7) has a higher activation 

overpotential (ie a lower cathodic activation energy) than that for water oxidation (Equation 

8) (Oldham and Myland 1994). Thus, if chloride oxidation cannot supply all the required 

current, the measured potential will move to water oxidation, which has a lower activation 

overpotential, ie a higher cathodic activation energy (Patil et al. 2011). Thus, without 

knowing the potential of the working electrode in a current-controlled system, it is difficult 

to form a conclusion about chlorine generation or further formation to hypochlorous acid 

(Sandvik et al. 2013). On the other hand,Shirtliff et al. (2005) applied 0.37 mA cm−2 

through SS electrodes with mixed species biofilms and reported no bactericidal action. This 

applied current is in region C for the anode and in region A for the cathode in Figure 3. 

Since the anode is the biofilm electrode, the biofilm electrode potential will fall in region C, 

where water electrolysis happens. Water electrolysis produces O2, which might increase 

bacterial growth as observed in their work (Shirtliff et al. 2005).

Summarizing the mechanisms proposed in the literature

A schematic of the mechanisms proposed in previous literature is shown in Figure 6. 

Simply, the proposed mechanisms can be categorized into the application of electric 

potential and the application of current. The mechanisms proposed in most of the literature 

are: (1) electrochemical generation of oxidants on the surface (Costerton et al. 1994, Liu et 

al. 1997, Sandvik et al. 2013), (2) migration of ions and generation of oxygen through the 
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electrolysis of water (Stewart et al. 1999), and (3) electrostatic or electrophoretic repulsive 

forces (Hong et al. 2008, van der Borden et al. 2005). Most of these results in the literature 

are conflicting, as the electrochemical reactions near surfaces have not been investigated, 

mostly because of the unavailability of appropriate tools. Further, it is important to note that 

it is only possible to detect the electrochemical generation of an oxidant when the applied 

potential or current reaches the required overpotential to activate that reaction on the 

electrode surface. In certain circumstances, oxidants may be present in very small quantities 

compared to the substances present in the electrolyte of the redox system. Moreover, the 

redox potentials of certain reactions may vary with pH and the detection of any oxidant 

generation may be delayed because of reaction kinetics and mass transfer limitations 

(Lewandowski and Beyenal 2014, Wang 2006).

In order to compare the results obtained from different electrochemical biofilm control 

systems studied in the literature, it is crucial that these systems have geometric and 

electrochemical similarity. Moreover, two important parameters to be considered and 

specified are current and potential, which help to understand the reaction rate and dominant 

reaction mechanism, respectively. As observed in Table 1, the studies report either current 

(current-controlled system) or potential (potential-controlled system), whereas experimental 

data for both potential and current are important for reproducibility and the comparison of 

data (Istanbullu et al. 2012). Most importantly, the potential of the biofilm electrode must be 

controlled against a reference electrode for reproducibility of the results. In addition, both 

the current and the potential data should be known in order to understand the mechanism 

and avoid any unwanted reactions on the electrode. For instance, in a study by del Pozo et 

al. (2009a) a current density of 0.935 mA cm−2 was applied to a SS working electrode 

(cathode) and it was found that the electrode corroded. This is likely because of the change 

in electrode potential promoting iron oxidation (del Pozo et al. 2009a).

Table 1 shows that most of these systems are difficult to compare since they lack both 

current or potential data and geometric description. For example,Liu et al. (1997) proposed 

mechanism 1 for a controlled-current biofilm control system where H2O2 was produced on a 

carbon cathode following Equation 5. A zone of inhibition was identified as due to the 

formation of H2O2 on an inoculated agar plate with an anode and a cathode. Sandvik et al. 

(2013) proposed the same mechanism for a two-electrode system. They reported the 

formation of hypochlorous acid on a Pt electrode with the application of four levels of direct 

current in a saline system as given in Table 1. In contrast, the application of current between 

0.0076 and 0.76 mA cm−2 to a SS or graphite electrode in a similar reactor did not produce 

detectable H2O2; they concluded that pH was the cause of decreased biofilm growth. For an 

applied current density of 0.76 mA cm−2 over 7 days, they reported the bulk pH inside their 

system increased from 7 to 12 for a SS electrode while for a graphite electrode it decreased 

from 7 to 4 (del Pozo et al. 2009c). This variation in pH might only be because of the 

different electrode potential.

Several reports in Table 1 suggest a mechanism in which electrostatic or electrophoretic 

repulsive forces inhibit biofilm formation or adhesion to a surface, but the results are 

contradictory. For instance, the individual application of either cathodic or anodic current 

with alternating polarity with a magnitude of 0.015 mA cm−2 to an ITO electrode in a two-
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electrode flow cell reactor achieved ~80% P. aeruginosa cell detachment (Hong et al. 2008). 

These results contradict similar work done previously (van der Borden et al. 2004). Van 

derBorden et al. (2004) applied cathodic and alternating current densities with magnitudes of 

0.00286 and 0.00476 mA cm−2 respectively, to SS electrodes in a similar flow cell system. 

The authors observed 37% and 24% S. epidermidis cell detachment for 0.00286 mA cm−2 

and 78% and 31% detachment for 0.00476 mA cm−2 current (van der Borden et al. 2004). 

Differences in the applied cathodic current, electrode material and bacterial strains were 

reported as the reason behind this contradiction (Hong et al. 2008). Overall, studies on 

electrochemical biofilm control have used a range of AC or DC voltages, current settings, 

polarities of the biofilm electrode, configurations of the reactor, application times and other 

variables (Table 1). Furthermore, many researchers have confused electric field induced 

biofilm control systems with electrochemically controlled systems when analyzing their 

experimental outcomes. As a consequence, it is difficult to compare the systems and draw 

conclusions about the general effectiveness of electrochemical biofilm control (Isseroff and 

Dahle 2012).

In the authors laboratory, a well-controlled experimental setup for studying electrochemical 

biofilm control has been established which allows them to obtain both current and potential 

data and to explain the mechanism. This three-electrode system similar to the one in Figure 

5C was used to explain the mechanism of the electrochemical biofilm control on 316 SS 

surfaces (Istanbullu et al. 2012). Identical P. aeruginosa biofilms grown on polarized and 

non-polarized surfaces were studied. On the non-polarized surfaces there was significant 

biofilm growth, whereas on surfaces polarized negatively at −600 mVAg/AgCl the growth 

was negligible. The generation of H2O2 with a continuous flux of dissolved oxygen to the 

polarized surface was identified as the mechanism for controlling biofilm growth. 

Microelectrodes were used to measure the H2O2 concentration near the metal surface. An 

increase in H2O2 concentration was observed when the surface was polarized to −600 

mVAg/AgCl whilst at the same time the dissolved oxygen concentration decreased. The 

generation of H2O2 on the surface occurs because of the partial reduction of oxygen that 

occurs at potentials between −400 mVAg/AgCl and −800 mVAg/AgCl (Istanbullu et al. 2012). 

Beyond this potential, the reduction of oxygen to water dominates, which may be a reason 

for conflicting reports in the literature on H2O2 detection. This explanation also supports the 

importance of considering both current and potential data to understand electrochemical 

biofilm control. The use of a catalase-positive bacterium that causes H2O2 decomposition is 

another possible source of undetectable H2O2 in the bulk solution, as stated in the literature 

(Istanbullu et al. 2012). Once the generated concentration of H2O2 and the current are 

known, biofilms can be administered a similar concentration of exogenous H2O2 and a 

similar electric current, both alone and in combination, as control experiments. These can 

also give a better understanding of the possible combined effect of electric current and ROSs 

generated by electrochemical reactions in the biofilm.
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Can an electrical current increase the effectiveness of antibiotics and 

biocides against biofilms?

Recent approaches claim electrical current increases the efficacy of antibiotics and biocides 

(Blenkinsopp et al. 1992, Del Pozo et al. 2008, Stewart et al. 1999, Zhang et al. 2014). 

Antimicrobial agents such as antibiotics are widely used to eradicate or inhibit the growth of 

microorganisms, and chemical agents, or biocides, are used as disinfectants. Although these 

are very effective for planktonic cells, they do not work well for biofilm control. Biofilms 

are resistant to most antimicrobial agents used in clinical practice, which delays recovery 

from biofilm-associated infections in humans. Because of this failure of antimicrobial agents 

in biofilm-associated infection treatment, several researchers investigated novel and 

innovative therapeutic approaches (Costerton et al. 1994, del Pozo et al. 2009b, van der 

Borden et al. 2004). It has been demonstrated by many researchers that direct electric 

current substantially enhances the activity of antimicrobial agents in in vitro experiments: 

this has been defined as the bioelectric effect (Del Pozo et al. 2008). Costerton et al. (1994) 

applied a direct current electric field with a current density of 0.015 to 2.1 mA cm−2 with 

tobramycin. The concentration of tobramycin required to eradicate the biofilm in the system 

effectively was ar ~1.5 to 4.0 times that needed for planktonic cells. Other researchers have 

used an electric current along with a wide variety of antimicrobial agents such as 

aminoglycosides, quinolones, tetracycline, erythromycin, daptomycin, and moxifloxacin 

against biofilm-associated bacteria such as P. aeruginosa, E. coli, K. pneumoniae, S. 

epidermidis, MRSA, and S. gordonii (Del Pozo et al. 2008). However, for this technology to 

be applied in clinical settings, it is critical to understand the mechanism of this approach and 

to generalize this effect to a variety of antimicrobial classes. Many mechanisms have been 

suggested so far, but there is still no satisfactory explanation, as is discussed in the literature 

(Del Pozo et al. 2008). Moreover, because of limited information in the literature, it is 

difficult to generalize this approach to all antimicrobial agents or to all bacterial species. The 

bioelectric effect is discussed in detail in a review by del Pozo et al. (2008). This review 

details some hypothetical mechanisms proposed in the literature for the bioelectric effect. 

These include an electric current disrupting the capacity of a biofilm for binding the 

antimicrobial agent and thus allowing penetration (Blenkinsopp et al. 1992), electroporation 

increasing cell permeability (Blenkinsopp et al. 1992, Costerton et al. 1994), and 

electrolytically generated O2 enhancing biofilm metabolic activity (Stewart et al. 1999). 

However, most of these mechanisms are not confirmed and a satisfactory explanation is yet 

to be developed, as is detailed in the review by Del Pozo et al. (2008). Efforts have been 

focused on optimizing operating parameters (e g electric field strength, current density, and 

time of application) to achieve maximum biocidal effect (Blenkinsopp et al. 1992, del Pozo 

et al. 2009c, Niepa et al. 2012, Sandvik et al. 2013, Wellman et al. 1996). However, without 

a known mechanism, it is difficult both to decide which parameter is more important and to 

optimize the antimicrobial concentration for maximum effect (Del Pozo et al. 2008).

Furthermore, although the application of electric current with antibiotics has been identified 

as a promising method for controlling infections, longer exposures to current may cause 

other issues for skin and tissue (Butterwick et al. 2007; Sandvik et al. 2013). Moreover, 

some of these works also report that the application of a high current density can cause a 
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joule effect and heat up the reactor, which may promote biofilm growth rather than 

inhibiting it. Further research is required to understand these mechanisms and to optimize 

the effectiveness of the bioelectric effect.

Future directions

From the literature discussed in this review, it is clear that electrochemical biofilm control 

methods using applied potential or current have the potential to increase biofilm removal. 

This is a potential alternative and a more environment-friendly approach than the 

conventional chemical biofilm control approaches. In this method, electrochemical reactions 

generate chemical agents such as biocides near biofilm surfaces. Unlike chemical biofilm 

control, this allows direct exposure to biocides at the base of biofilms and may be more 

effective in biofilm eradication. One of the limitations of this approach may be a limited 

availability of reactants in the system to generate certain biocides: in practice, this may 

result in low concentrations of biocide and ineffective biofilm removal. However, to 

understand the underlying mechanism and for this method to achieve reproducibility and 

efficacy in future research, it is critical that the working electrode potential be reported 

against a standard reference electrode along with current data and that the geometry of the 

system be defined. Furthermore, the application of proper noninvasive tools for the detection 

of any toxic substances is important. With defined electrochemical parameters and a well-

defined system geometry, electrochemical biofilm control can be a promising technology 

generating reproducible results. Electrochemical biofilm control could allow the 

development of an antibiotic-free biofilm treatment strategy.
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Nomenclature

A area of the electrode

Ci* concentration of the specie

Ci
* initial concentration of the specie

Di diffusivity of the chemical specie i

F Faraday constant

i net current

i0 exchange current

Ji current flux

n number of electrons involved in the electrode reaction

R universal gas constant

T absolute temperature
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t time

𝑣 solution velocity

zi valence of ionic species

α charge transfer co-efficient, dimensionless

ɳ activation overpotential
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Figure 1. 
Schematic illustration of biofilm systems with and without electrochemical biofilm control. 

(A) Bacterial attachment leading to biofilm formation on a metal surface without 

electrochemical control. (B) Delay in bacterial attachment when the surface is negatively 

polarized or has a net negative surface charge. Bacterial cells having a negative charge are 

repelled by the surface. Electrochemical reactions can generate biocides such as ROSs (eg 

H2O2 and hydroxyl free radicals). When the surface is positively polarized RCSs (eg 

NaOCl, HOCl) can be generated which eradicate cells.
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Figure 2. 
Systems used for biofilm control: (A) electric field induced biofilm control and (B) 

electrochemical biofilm control.

Sultana et al. Page 18

Biofouling. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Current density dependence on applied potential on a Pt electrode recorded at a scan rate of 

10 mVs−1. The regions indicate the activation of cathodic and anodic electrochemical 

reactions in tryptic soy broth (TSB), the medium that is typically used to grow biofilms. 

(The numbers below the curve in each region represent the region of potential or current 

density used in the references listed in Table 1.)
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Figure 4. 
Example of current density dependence of the potential of a 316 L SS working electrode. 

The potentials are averages of data collected over 48 h for applied current density, and the 

error bar represents the SD. The potential shifts toward the negative with increasing cathodic 

current density.
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Figure 5. 
Electrochemical system that can be used to control biofilms. (A) Two electrodes connected 

to a potentiostat/ galvanostat or a power source; (B) the same as (A) except that the 

electrodes are separated by a membrane to prevent by-products generated by the cathode 

from diffusing to the biofilm electrode; (C) a three-electrode electrochemical system with a 

reference electrode controlled using a potentiostat; (D) the same as (C) except that the 

biofilm and counter electrodes are separated by a membrane to prevent by-products 

generated by the counter electrode from diffusing to the biofilm electrode. In the figure the 

biofilm is arbitrarily shown to be grown on the anode. Biofilms can also grow on cathodes.
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Figure 6. 
Schematic of the proposed mechanisms based on the literature review in Table 1.
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