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    Chapter 4   
 Electroactive Anti-microbial Surfaces       

       Paul   J.     Molino     ,     Binbin     Zhang    , and     Michael     J.     Higgins   

    Abstract     Electroactive materials are becoming an increasingly important compo-
nent of many electronic devices designed to interface with biological systems. 
While much of this work has been driven towards developing electrical stimulation 
protocols and novel electroactive materials to enhance interfacing with mammalian 
cells and tissues for therapeutic biomedical applications, electrically driven pro-
cesses have been shown to be highly tailorable and effective at preventing microbial 
fouling of the electrode surface. In this chapter we review the range of electrical 
stimulation paradigms that have been investigated to deactivate and/or repel micro-
bial organisms from electrode surfaces. The mechanisms through which electrical 
stimulation acts to kill bacterial cells will be discussed, and the application of new 
polymeric electroactive materials that offer great scope to modulate materials chem-
istry and fabrication processes to further enhance antimicrobial activity will be 
reviewed. Finally we look forward towards the innovations that will bring forth the 
next generation of electroactive antimicrobial materials that promise to provide 
solutions for a range of diverse applications.  
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4.1         Introduction 

    Conductive electroactive materials designed to interface with their environment are 
being developed to provide a suite of cutting edge technologies that promise to revo-
lutionise numerous industries. For example, electrodes and electroactive materials 
are already fi nding uses in biomedical applications. Metallic electrodes, composed 
generally of platinum, iridium or  titanium   nitride, are being used to deliver electri-
cal stimuli directly to the cochlea in the inner ear to provide a sense of sound for the 
profoundly deaf, for vagus nerve stimulation to control epilepsy or Parkinson’s dis-
ease, and in pacemakers to regulate cardiac rhythm (Clark and Hallworth  1976 ; 
Norlin et al.  2005 ; Rose and Robblee  1990 ). Electrochemical sensors are highly 
effective tools for monitoring chemical composition and process control in both 
liquids and gas for a range of industries (e.g. food preparation, environmental and 
biomedical), providing real-time remote monitoring without the need for sampling. 
Electrodes are also being continually developed for a suite of industries in the 
energy sector, including water splitting, energy storage and conversion. For all of 
the above applications, charge must be transmitted between the electrode and the 
interfacial environment where a range of electrochemical processes take place. 
These may be in the form of sensing an analyte or microbial organism through the 
measurement of electrochemical processes at the electrode surface (Ronkainen 
et al.  2010 ), transferring charge from the electrode to excitable tissues such as 
nerves to evoke nerve action potentials and/or cellular developmental and behav-
ioural responses (Balint et al.  2012 ; Merrill et al.  2005 ), or converting liquid water 
into its constituent components (hydrogen and oxygen) through electrochemically 
driven water splitting processes (Doyle et al.  2013 ). 

 It has been known since the late 1700s that electrical stimuli can be used to inter-
face and communicate with biological systems thanks to the seminal studies of 
Luigi Galvani. He demonstrated the capacity to generate movement in the legs of 
deceased frogs using an electrical stimuli (Galvani and Aldini  1792 ; Piccolino 
 1998 ). While this early work would spawn what would become the fi eld of electro-
physiology, it also highlighted our ability to interact directly with biological sys-
tems using  electrical stimulation  . It is thus no surprise that researchers eventually 
turned to probing the ability to use electrochemically driven control processes to 
prevent the development of biological fouling layers on surfaces, and as a method 
for microbial sterilisation. 

 Exploiting electrochemical processes for the inactivation, or killing, of microbial 
organisms has been investigated for several decades. Early work in this area focused 
on the effi cacy of pulsed electric fi elds (PEFs) to kill a range of microbial organisms 
in an electrolyte suspension (Sale and Hamilton  1967 ; Hülsheger et al.  1981 ,  1983 ). 
PEF treatment involves the insertion of two electrodes in an electrolyte solution 
containing the relevant microbial organism, with a high potential (kV range) pulsed 
across the two electrodes.  Electrical   stimulation conditions of up to 20 kV/cm 2  and 
pulse durations in the μs range have demonstrated greater than 99 % lethal action 
against bacteria and yeast cells suspended in solution (Hülsheger et al.  1981 ,  1983 ; 
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Sale and Hamilton  1967 ; Grahl and Märkl  1996 ). Electric fi eld strength and the 
pulse duration both signifi cantly impacted the lethal effi ciency of the treatment, 
with cell mortality determined to result from electroporation of the microbial cell 
wall, leading to increased permeability, cell inactivation and death (Hülsheger et al. 
 1983 ). PEF treatment has been shown to be effective against a range of microbial 
organisms, including bacteria (Hülsheger et al.  1981 ,  1983 ; Grahl and Märkl  1996 ; 
Beveridge et al.  2005 ; Pervez et al.  2013 ), yeasts (Hülsheger et al.  1983 ; Grahl and 
Märkl  1996 ) and algae (Satirapipathkul et al.  2008 ; Zhou et al.  2013 ), making this 
a potentially viable technique for a diverse range of industries and applications. In 
recent years it has been touted as a promising method to pasteurize foods at room 
temperature without modifying the food quality and taste (Barbosa-Cánovas et al. 
 2001 ), and has been investigated for use in industries including fruit juice produc-
tion (Saldaña et al.  2011 ) and wine making (Puértolas et al.  2009 ,  2010 ). 

 PEF treatment is a particularly mild-treatment for the inactivation of microbial 
organisms in suspension, compared to other treatments such as heat treatment or the 
use of toxic compounds such as chlorine, that is realising new opportunities in a 
number of niche industries. However the high potentials required make this tech-
nique are only applicable for use under highly controlled conditions, and therefore 
preclude its safe application to a number of biologically sensitive systems, including 
most biomedical ( in vitro  and  in vivo ) and environmental applications. As such, the 
ability to use alternative electrical stimuli protocols and processes delivered from 
conductive substrates and materials to inhibit the development of microbial fouling 
layers specifi cally on surfaces has attracted considerable interest in the literature. 
These technologies have the potential to replace, or enhance, existing technologies, 
or in some cases provide solutions to microbial fouling of surfaces and structures 
that cannot be addressed effi ciently using currently available methodologies. 

 This chapter aims to provide an insight into the work that has been performed in 
developing low-fouling conductive surfaces, and their potential development and 
application in a variety of industries. We will probe the observed effect of different 
modes of  electrical   stimulation, including constant current/potential, as well as an 
alternating current/potential, on adhered microbes on the electrode surface. The use 
of different conductive materials, including metals, electroactive composites, and 
organic conductors such as conducting polymers and graphene, will be discussed, 
along with ways by which these materials are being adapted to provide specifi c 
functionality for desired applications. Finally, we glance into the future to forecast 
where research in electroactive anti-microbial surfaces is likely to be heading, pro-
viding insights into the next wave of promising technologies that may emanate from 
this research fi eld.  

4 Electroactive Anti-microbial Surfaces



44

4.2      Electrical   Stimulation Paradigms to Prevent Biofouling 
on Electroactive Substrates 

4.2.1     Constant Electrical Stimulation 

 Polarising an electroactive surface with either a positive or negative charge repre-
sents the earliest approach to employing electrical stimuli to prevent microbial foul-
ing directly on electroactive surfaces. Initial work in this area focused on the 
application of a constant electrical charge, either by controlling the potential or the 
current, supplied to the  electrod  e. These studies identifi ed that both current density 
and the choice of electrode material play an important role in guiding the inhibition 
of microbial adhesion to the electrode surface and the subsequent cell mortality. In 
some of the earliest work, silver, platinum, gold, stainless steel and copper elec-
trodes were tested against  Escherichia coli  and  Staphylococcus aureus  cultured in 
agar medium (Spadaro et al.  1974 ). Constant currents in the range of 0.02–20 μA/
mm 2  were used, with currents in the higher range resulting either in severe corrosion 
of the metal and/or the generation of deleterious electrolytic products. At lower 
potentials (0.4–4 μA/mm 2 ), where no changes in pH, gas production or corrosion 
were observed, the silver electrode demonstrated the best antimicrobial perfor-
mance, not only preventing bacterial adhesion, but also generating a zone of inhibi-
tion around the electrode. The primary mechanism of action was determined to be 
iontophoresis, with a positive current generating the release of silver ions from the 
electrode surface at a concentration that was suffi ciently lethal to bacterial cells resi-
dent near the electrode interface to render them inactive. This mechanism has been 
shown to be operative with other metal types, such as gold and platinum (Davis 
et al.  1991 ), however the ability for non-metallic electrodes, such as carbon (Davis 
et al.  1991 ), to also present antimicrobial activity under the same electrically stimu-
lated conditions revealed the likelihood that other mechanisms were also at play. 

 The application of constant negative currents has also been shown to exhibit a 
signifi cant repulsive effect on bacterial cells on or near the electrode surface. This 
perhaps is not surprising given that most bacteria present an overall negative charge 
at their physiological pH (Jucker et al.  1996 ), and thus this would result in electro-
static  repulsion   between the bacterial cell wall and the electrode surface. Several 
studies have investigated the use of negative currents to prevent bacterial colonisa-
tion of the inner surface of cannulae used in a range of medical procedures, with 
cannula- related infections making up a signifi cant proportion of all hospital related 
infections (Spelman  2002 ). Carbon impregnated polyurethane (15 % loading) was 
employed to provide a conductive inner surface on a cannula, which when charged 
with a constant negative electric current, to repel bacteria from the electrode surface 
(Crocker et al.  1992 ; Liu et al.  1993 ). A constant negative current of −10 μA was 
suffi cient to cause the migration of bacterial cells away from the cannulae surface 
when immersed in an agar plate supporting a lawn of bacterial cells within minutes, 
with all bacteria ( Staphylococcus epidermidis, S. aureus, Enterococcus faecalis, 
Proteus mirabilis, Pseudomonas aeruginosa and Candida albicans ) migrating at 
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least 100 μm from the cannulae surface within 15 min of the current being applied 
(Crocker et al.  1992 ) (Fig.  4.1 ). Varying the current strength directly infl uenced the 
size of the zone of inhibition, with −2, –10 and −50 μA generating zones of 4.0 ± 1.2 
mm, 10 ± 2.4 mm and 14 ± 2.8 mm for  C. albicans , respectively. The well-defi ned 
regions of inhibition surrounding the negative current carrying cannulae were deter-
mined to result from electrophoretic action against the microbial cells, protecting 
the cannulae from colonisation by the bacteria. In a following study, a −10 μA cur-
rent applied to the carbon impregnated cannulae generated a zone of inhibition 
when the negatively charged end was placed into agar supporting a bacterial lawn 
(Liu et al.  1993 ), however this effect was not demonstrated for cannulae charged 
with a positive current. They found that bacteria were more resilient to the effects of 
the applied negative current if allowed to incubate around the cannulae prior to the 
application of the electrical stimuli. Furthermore, with currents of −10 μA having 
shown no obvious side effects  whe  n delivered directly into the human heart (Liu 
et al.  1993 ), these electrical stimulation paradigms were deemed suitable for  in vivo  
applications.

   Although a majority of the work on applying constant electrical charge to pre-
vent microbial fouling has used electrical current, constant potential has similarly 
been demonstrated to be effective at deactivating and/or repelling bacteria from the 
electrode surface. A modest imposed surface potential of −66 mV (versus a satu-
rated colomel electrode (SCE)) on an indium tin oxide (ITO) electrode resulted in 
an 88 % reduction in bacterial fouling on the electrode from a heterogeneous marine 

  Fig. 4.1    Light micrograph of a nutrient agar plate seeded with  Staphylococcus epidermidis  show-
ing a well-defi ned zone of inhibition around the site of a current carrying cannula. The cannula has 
been removed to facilitate demonstration of the zone (10× magnifi cation) (Reproduced with per-
mission from (Crocker et al.  1992 ))       
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 bacterial population in seawater (Kerr et al.  1998 ). The negatively charged electrode 
was found to both repel bacteria, and kill cells that remained within the vicinity of 
the electrode surface. In another study, 10 day old biofi lms of  P. aeruginosa  showed 
partial removal of the biofi lm on stainless steel on the application of −1.5 V versus 
Ag|AgCl (Dargahi et al.  2014 ). The partial removal of the biofi lm, during a 1 min 
application of the imposed potential, was driven by electrostatic repulsion between 
the biofi lm and the electrode. At potentials negative of −1.5 V, biofi lms were 
removed from the electrode surface within seconds, however this was attributed to 
the vigorous evolution of hydrogen gas at the electrode surface under these stimula-
tion conditions, resulting in the violent  mechanic  al removal of the biofi lm from the 
substrate. 

 The strength of the applied negative potential has been correlated with the 
removal of cells adhered at the electrode surface (Poortinga et al.  2001 ). Therein it 
was shown that while initial cell adhesion to an ITO electrode was independent of 
the potential applied during cell adhesion to the electrode (−0.2, 0.1, and 0.5 V 
 versus Ag|AgCl), applying a more negative potential post-adhesion resulted in an 
increase in desorption of cells from the electrode surface. One bacterial strain devi-
ated from this trend, which was attributed to the presence of long cellular append-
ages on the cell surface that were able to penetrate the repulsive energy barrier 
towards adhesion at the electrode-solution interface, allowing it to adhere while the 
other cells were more easily removed.  

4.2.2     Alternating Electrical Stimulation 

 Alternating the polarity of  char  ge delivered to an electrode surface between positive 
and negative has been developed as a method for killing and releasing microbial 
fouling organisms on an electroactive substrate. Employing alternating potentials as 
a method to kill and release microbial organisms from the electrode surface has 
been tested as a method to reduce micro- and macro-fouling in the marine environ-
ment (Nakayama et al.  1998a ,  b ; Matsunaga et al.  1998 ; Okochi et al.  1998 ). The 
marine bacterium  Vibrio alginolyticus  was allowed to adhere to an ITO electrode, 
and was fi rst subjected to a positive potential for 30 min, followed by exposure to a 
negative potential for 10 min (Okochi et al.  1998 ). A positive potential of 1.1 V 
versus SCE was shown to kill 70 % of cells adhered to the electrode surface, without 
producing changes in pH or generation of chlorine. Subsequent application of a 
negative potential of −0.43 V resulted in 73 % desorption of cells resident on the 
electrode. In a separate study, a nylon plate and polyethylene terephthalate (PET) 
fi lm were coated with a conductive paint composed of graphite and carbon black 
mixed with urethane, and tested in the laboratory against fouling by  V. alginolyticus  
(Matsunaga et al.  1998 ). Applying a potential of 1.2 V versus SCE for 30 min killed 
all cells adhered to the electrode surface, with a subsequent negative potential (−0.6 
V) found to promote the subsequent removal of cells from the electrode interface. 
As observed in the previous study, the potentials investigated (−0.6 to 1.2 V) did not 
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result in changes in pH or chlorine production. Field studies were conducted on the 
nylon netting coated in the conductive paint, with an alternating potential electrical 
stimulation protocol of 1.2 V versus Ag|AgCl for 60 min, followed by −0.6 V versus 
Ag|AgCl for 10 min, applied each day. After 158 days, the wet weight on the control 
nets were 65.5 g, while the netting with the applied potentials resulted in only 3.5 g 
of fouling, demonstrating the effi cacy of the electroactive system at preventing 
marine fouling. 

 The nature of the electrode material has also been proposed to be critical in infl u-
encing the effi cacy of electrical stimulation to act upon adhered microbial fouling 
organisms.  Titanium   Nitride (TiN) electrodes were shown to electrochemically 
inactivate  V. alginolyticus  cells at a lower potential than that demonstrated on con-
ductive urethane coatings, illustrating that 98.7 % of cells were deactivated, or 
killed, on the electrode surface at a potential of 0.8 V versus Ag|AgCl for 30 min 
(Nakayama et al.  1998a ). The effi cacy of using TiN as a substrate to prevent bio-
fouling was demonstrated by using a radio-frequency arc spraying technique 
(RFAS) to deposit the metal electrode on a PET plate, with the application of 0.8 V 
for 30 min killing 95.5 % of adhered  V. alginolyticus  cells in sterile seawater 
(Nakayama et al.  1998b ). Field tests over 209 days demonstrated an alternating 
potential (1.0 V versus Ag|AgCl for 60 min, followed by −0.6 V Ag|AgCl for 10 min 
per day) to reduce biofouling by 96.3 % on the TiN electrode exposed to the alter-
nating potential (5.1 g) versus the untreated electrode (134.7 g) (Fig.  4.2 ).

   Alternating the  cu  rrent, as opposed to potential, has similarly been demonstrated 
to an effective means to deactivate and remove cells from an electrode surface. One 
study compared the effectiveness of applying negative, positive, and alternating cur-
rents to inhibit the adhesion of the bacteria  P. aeruginosa  to an ITO electrode (Shim 
et al.  2011 ). Therein  P. aeruginosa  cells exposed to a negative current of 15 μA/cm 2  
exhibited a reduction of ~81 %, while positive currents illustrated comparable cell 
numbers to that on the unstimulated controls. Alternating the current between ±15 
μA/cm 2  with 1 min intervals for each stimulation condition resulted in a similar 
reduction in adhered bacteria to the negative current treatment, however addition-
ally resulted in a bactericidal effect on the adhered bacteria, making it the most 
suitable of the three electrical stimulation conditions (Fig.  4.3 ).

   An  altern  ating current electrical stimulation protocol, versus a constant current 
paradigm, was tested against biofi lms of  S. epidermis  adhered onto surgical stain-
less steel electrodes for 200 min (van der Borden et al.  2004 ).  S. epidermis  is a com-
mon biofi lm- forming   bacteria that is a major cause of infection for orthopaedic 
implants. Four currents were investigated, −60 and −100 μA of constant current, 
and −60 and −100 μA of alternating current (50 % duty cycle, 1 Hz), applied for 
360 min. Constant currents were found to be the most effective for removing 
adhered bacterial cells from the electrode surface at both current levels, with alter-
nating currents demonstrating 24 % and 31 %, and constant currents 37 % and 
78 %, for −60 μA and −100 μA, respectively. In addition, bacteria remaining on the 
electrode surface after the electrical stimulation were found to be less viable than 
prior to the treatment (97 % viability without treatment, 3 % and 2 % after −100 μA 
constant current and −100 μA alternating current treatments, respectively). 
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 While  most   studies employ currents in the μA range, there have been investiga-
tions that apply even smaller currents, in the nA scale, in order to gauge their ability 
to act on biological fouling at the electrode interface. Microcurrents have been 
tested to inhibit the development of a conditioning fi lm from urinary deposits, which 
aid in bacterial adhesion (Gabi et al.  2011 ). The development of the conditioning 
fi lm and bacterial adhesion on platinum, proposed as a possible surface coating for 
urological stents, was studied using atomic force microscopy and quartz crystal 
microbalance. Alternating currents of +75, +320, and +750 nA/cm 2  (4 s stimulation 
cycle) resulted in either minimal or transient adsorption of compounds from the 
artifi cial urine. While a constant positive current resulted in relatively high adsorp-
tion of compounds from the artifi cial urine, only marginal fi lm formation was 

  Fig. 4.2    Polyethylene terephthalate plates coated in a TiN electrode after 209 days with ( a ) and 
without ( b ) application of an alternating potential of 1.0 V against Ag|AgCl for 60 min and −0.6 V 
against Ag|AgCl for 10 min. The experimental period was 9th July 1997 to 3rd February 1998 
(Reproduced with permission from (Nakayama et al.  1998b ))       
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observed upon the application of negative currents, even up to comparatively high 
current densities (−750 nA/cm 2 ). The application of mild alternating currents (75 
and 320 nA/cm 2 ) was determined to reduce the bacterial colonisation of the plati-
num electrode surface by mediating the  c  onditioning fi lm formation, and alternating 
the microenvironment at the electrode interface (Fig.  4.4 ).
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  Fig. 4.3    ( a ) The numbers of adhered bacteria depending on the type of electric current (90 min, 
15 μA.cm 2 , [KH 2 PO 4 ] 0  = 20 mM as base electrolyte, shear rate: 1.11 s −1 ). Adhered bacteria were 
measured after switching off electric currents.  n  = 3; standard deviation shown; control: 100 
% ± 1.7, negative current: 19.2 % ± 13.1, positive current: 80.4 % ± 18.9, alternating current: 27.0 
% ± 2.9. ( b ,  c ) Bacterial adhesion during the application of the  negative current  depending on the 
electric current density and the time ([KH 2 PO 4 ] 0  = 20 mM as base electrolyte, shear rate: 1.11 s −1 ). 
( b ) The numbers of adhered bacteria compared with non-polarization (at 90 min). n = 3; standard 
deviation shown; zero current: 100.0 % ± 7.5, 7.5 μA.cm 2 : 81.8 % ± 5.0, 9.0 μA.cm 2 : 41.1 % ± 6.5, 
11 μA.cm 2 : 29.5 % ± 7.6, 15 μA.cm 2 : 19.2 % ± 3.1. ( c ) Images of adhered bacterial cells ( scale 
bar =10 μm) (Reproduced with permission from (Shim et al.  2011 ))       
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4.3         Redox Mediators 

 Several researchers have probed the principal mechanism of action through which 
 electrical   stimulation, either via current or potential, is able to deactivate or kill 
bacteria and other microbial organisms adhered to an electrode surface. Detection 
of bacterial cells using a cyclic voltammetry technique (CV) illustrated the ability 
to measure direct current transfer between cells from the bacteria  Saccharomyces 
cerevisiae  and a graphite electrode (Matsunaga and Namba  1984 ). The electron 
transfer peak at 0.74 V versus SCE was determined to be mediated by coenzyme A 
(CoA) which is associated with the bacterium cell wall. Subsequent work by this 
group found that the respiratory activity of  S. cerevisiae  decreased by up to 25 % 
when the electrode potential was held at 0.74 V (Matsunaga et al.  1984 ). The loss of 
respiratory activity was linked to the electrochemical oxidation of CoA in the bac-
terium cell wall, forming the dimeric CoA, resulting in the inhibition of respiratory 
activity leading to cell death. 

 Several research groups have investigated the use of redox mediators to improve 
the effi ciency of electron transfer between the electrode and the microbial cell, 
allowing for a reduction in the potentials required to kill organisms, and therefore 
also reducing the likelihood of generating toxic substances such as hydrogen perox-
ide and chlorine (Okochi and Matsunaga  1997 ). Ferrocene is a fast and reversible 
redox mediator that is used in a number of industries, including those producing 

  Fig. 4.4    Fluorescence microscopy images of four different study groups are shown after staining 
with fl uorescein diacetate and propidium iodide to distinguish between viable ( green ) and dead 
( red ) bacteria. Different current densities were applied to the platinum electrodes exposed for 6 
days to artifi cial urine containing  Proteus mirabilis . ( a ) No current  I  = 0 applied. ( b ) alternating 
current  I  = 320 nA/mm 2 . ( c ) anodic current  I  = 75 nA/mm 2 . ( d ) anodic current  I  = 750 nA/mm 2  
(Reproduced with permission from (Gabi et al.  2011 ))       
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biosensors and organic solar cells (Yang et al.  2007 ; Daeneke et al.  2011 ). A graph-
ite electrode modifi ed via physisorption of ferrocene was found to deactivate and 
kill a greater percentage of adhered  V. alginolyticus  cells (0 % survival) at a far 
lower potential (0.2 V) compared to that of an unmodifi ed electrode (5 % survival at 
1.0 V) when treated for 30 min (Okochi and Matsunaga  1997 ). The presence of the 
ferrocene improved the electrochemical reaction effi ciency, with cells adhered to 
the electrode surface during CV analysis generating an increase in the anodic peak 
current, indicating the ferrocene was mediating electron transfer between the elec-
trode and the cells – a process that resulted in the effi cient sterilization of the marine 
bacteria. Further work by this group determined that the lethal activity of the electri-
cal potential did not result from an increase in the permeability of the cell mem-
brane, but rather the electrocatalytic oxidation of intracellular substances (Okochi 
et al.  2000 ).  

4.4     Innovative Electroactive Materials 

 Inherently conducting polymers (ICPs) are an exciting class of materials that pos-
sess a highly tuneable chemistry through which a range of polymer properties, 
including chemistry, conductivity, porosity, morphology, and surface energy, may 
be modulated and tailored for specifi c applications. ICPs such as  pyrrole  ,  aniline  , 
and  thiophene   have been a particular focus for researchers due to their high conduc-
tivity, and their ability to engage a range of polymer synthesis methods (Wallace 
et al.  2002 ). ICP synthesis can be performed either electrochemically directly on an 
electrode surface, or chemically, forming a polymer nano-dispersion that can be 
used  to   fabricate ICP coatings, or composite coatings by employing them as an 
additive to a primary polymer system. ICP synthesis is facilitated by the oxidation 
of the monomer unit, forming a positively charged conjugated polymer backbone. 
This positive charge is counter balanced by the inclusion of an anionic species, 
termed the  dopant  (Wallace et al.  2002 ). A range of variables may be tailored to 
alter the fundamental material physicochemical and electrochemical properties, 
including the choice of dopant, synthesis method (chemical, electrochemical or 
vapour phase), and specifi c synthesis conditions (constant current, constant poten-
tial, CV, polymerisation time, charge density), making ICPs a highly fl exible and 
tuneable polymer platform material. 

 Over the past decade, ICPs have attracted enormous interest in the areas of bio-
materials and biological interfacing due to their good biocompatibility, as well as 
their ability to perform a range of biologically relevant functions, including delivery 
of electrical stimuli to excitable cells, controlled drug delivery, and guided cell 
growth. In addition to their ability to deliver faradaic charge at the electrode surface 
as per standard metallic electrodes, ICPs can undergo changes in polymer redox 
state, which, given the appropriate ICP chemistry, can result in a dramatic modula-
tion of the polymer physicochemical properties (Halldorsson et al.  2009 ,  2011 ; Teh 
et al.  2009 ). Given this exciting array of adaptable polymer properties, it is  surprising 
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that researchers have only in recent years investigated the potential of employing 
electroactive ICPs in antimicrobial technologies and coatings. 

 The ICP polyaniline (PANI) is an excellent candidate material for many antimi-
crobial applications given its demonstrated high environmental stability and excel-
lent anticorrosive properties (Kulkarni et al.  1989 ; Ansari and Keivani  2006 ; 
Biallozor and Kupniewska  2005 ). PANI used either as a dispersion, or as an additive 
in a range of traditional and novel composite marine coating systems, has demon-
strated strong antimicrobial activity. Chemically polymerised polyaniline disper-
sions and  nanoparticles   have displayed strong inherent  antibacterial   properties 
against a range of bacterial strains (Gizdavic-Nikolaidis et al.  2011 ,  2012 ; Prasad 
et al.  2012 ; Jotiram et al.  2012 ). In one study, the antibacterial properties of PANI 
nanofi bers were tested by analysing their effect on bacteria cultured in agar contain-
ing different concentrations of the nanofi bers (5, 10, 15, 20 and 30 μg/mL) (Jotiram 
et al.  2012 ) (Fig.  4.5 ). The neat nanofi bers were compared with fi bers containing the 
antibiotic drug mupirocin (0.05 μg in 1 μg PANI nanofi bers). PANI nanofi bers alone 
demonstrated good antibacterial properties, generating zones of inhibition of 5 mm 
(5 μg/mL), 5.67 mm (10 μg/mL), 6 mm (15 μg/mL), 6.3 mm (20 μg/mL) and 7.3 mm 

  Fig. 4.5    Photographic image of zones of inhibition at various concentrations of PANI and PANI- 
mupirocin on  Staphylococcus epidermidis . The  antibacterial   activity of PANI on  Staphylococcus 
epidermidis : ( a ) Control dimethyl sulfoxide (DMSO) and PANI at 30 and 20 μg mL −1 . ( b ) PANI at 
15, 10 and 5 μg mL −1.  ( c ) Control DMSO, PANI-mupirocin at 30 and 20 μg mL −1 . ( d ) PANI-
mupirocin at 15, 10 and 5 μg mL −1  (Reproduced with permission from (Jotiram et al.  2012 )).       
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(30 μg/mL) (Fig.  4.5 ). The antibacterial properties of the neat PANI were enhanced 
with the addition of mupirocin, increasing the zone of inhibition by between 6 and 
21 %. A study into the mechanism/s behind the antimicrobial activity of PANI has 
determined that the polymer triggered oxidative stress in the bacterial cells, sup-
pressing the formation of the bacterial cell wall (Gizdavic-Nikolaidis et al.  2011 ), 
providing an insight into the source of their potent antimicrobial properties. 

   Recently there has been growing interest in the application of PANI in marine 
surface coatings due to its ability to present both antimicrobial and anticorrosive 
properties (Wang et al.  1999 ; Mostafaei and Nasirpouri  2013 ; Yang et al.  2009 ). 
PANI and sulphonated PANI (sPANI) added to polyurethane (PU) and epoxy resin 
(EP)-based coatings were found to possess signifi cant antifouling properties when 
the PANI comprised greater than 20 wt% of the coating (Wang et al.  1999 ). 
Additionally, the antifouling properties of the PANI were found to be closely related 
to its conductivity, with coatings possessing the doped conductive forms of the 
emeraldine salt demonstrating enhanced antifouling properties compared to the 
non-conductive dedoped forms. Both PANI and sPANI also demonstrated a syner-
gistic behaviour when combined with toxic compounds, with an overall enhance-
ment of the effi cacy of coatings when containing either cuprous oxide or 
dichlorodiphenyltrichloroethane (DDT). While cuprous oxide – EP based coatings 
were effective for 2–3 months, the addition of doped PANI increased the effective 
life span of the coating for up to 9–12 months. The mechanism of enhancement of 
the antimicrobial effect of the copper oxide with the addition of the PANI was 
unclear, however was suggested to result from the PANI additive providing a local 
environment in the coating of ~pH 4–5, presenting a weak acidic microenvironment 
that enhanced the redox process of cuprous (I) – cupric (II) ion, improving its anti-
fouling behaviour. 

 Films composed of nanocomposite blends of PANI with and without zinc oxide 
(ZnO) nanorods were demonstrated to present excellent antifouling properties when 
tested against marine fouling in the fi eld over a period of 9 months, with EP coatings 
containing 4.5 wt% of PANI resulting in a signifi cant decrease in marine biofouling 
from algae and barnacles compared to surfaces containing a lower wt% PANI and 
control EP coatings (Mostafaei and Nasirpouri  2013 ). Coatings containing 4.5 wt% 
PANI along with ZnO nanorods (up to 2 wt%) provided additional antifouling activ-
ity, likely due to the photocatalytic properties of the ZnO generating  antibacterial   
agents such as superoxide ions, hydro-peroxide radical and OH; compounds that 
oxidatively stress the bacterial cells. The antimicrobial properties of both the PANI 
based EP coatings were supported by laboratory studies with the bacteria  E. coli  and 
 S. epidermis , with the PANI-EP coating signifi cantly inhibiting the growth of both 
bacterial strains compared to the EP control. 

 While ICPs such as PANI have been demonstrated to possess inherent antifoul-
ing qualities, such properties can be easily complemented by the incorporation of 
additional surface chemical functionalization via the use of thiol chemistry (Molino 
et al.  2012 ,  2013 ; Bergman and Hanks  2000 ). Such surface modifi cation may have 
signifi cant applications in preventing the fouling of ICP based electrochemical sen-
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sors, preventing the fouling of stimulation and recording electrodes for biomedical 
applications, and providing enhanced antimicrobial properties to ICP materials 
engineered towards bestowing both anticorrosive and antimicrobial qualities to 
polymeric coatings. PANI and polypyrrole (PPy) have been shown to react readily 
with hydrophobic thiols to generate surfaces of dramatically decreased surface 
energy (Bergman and Hanks  2000 ; Molino et al.  2012 ). More recently, thiolated 
polymer brushes such as poly(ethylene glycol) have been employed to render the 
polymer surface resistant from protein and cellular interactions, providing a low 
fouling ICP electrode surface (Molino et al.  2013 ). PPy doped with the biological 
dopant dextran sulphate, an electroactive and biocompatible ICP that has exhibited 
excellent properties for bio-interfacing with cells and tissues, was functionalised to 
present a highly fouling resistant surface interface through the tethering of thiolated 
 PEG   (PEG-SH). Under optimal surface modifi cation conditions, tethering of 
40,000 Da PEG-SH reduced the nonspecifi c protein adsorption from HAMS F10 
cell culture media containing 20 % foetal bovine serum (FBS) by 88 %, completely 
inhibiting the adhesion of mammalian skeletal muscle cells (Fig.  4.6 ). This approach 
is amenable to both the surface modifi cation of ICP dispersions, as well as pre-
formed fi lms on a substrate, with the latter allowing the prospect of highly tuneable 
surface modifi cation and patterning techniques such as inkjet printing of surface 
reactive chemistries such as PEG-SH, allowing control over the spatial distribution 
of low fouling chemistries on the ICP surface.

  Fig. 4.6    ( a ) Colonisation of polyethylene glycol thiol (PEG-SH) modifi ed polypyrrole-dodecyl 
sulfate (PPy-DS by primary mouse skeletal muscle cells (unmodifi ed ( left ) and modifi ed ( right ) 
polymer regions). ( Scale bar  represents 400 μm). ( b ) Mass of protein adsorption to PPy-DS poly-
mer fi lms with/without modifi cation with PEG. PEG-SH modifi cation undertaken with 40 k MW 
PEG at 1 mM concentration at pH 9 and 45 °C. Protein adsorption studied using Fibronectin (FN)
(50 μg/mL in PBS) or full medium (HAMS F10 with 20 % foetal bovine serum).  Error bars  rep-
resent 95 % confi dence intervals around the mean (Reproduced with permission from (Molino 
et al.  2013 ))       
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4.5        Conclusions and Future Directions 

 Electroactive materials have attracted signifi cant interest in the fi eld of antimicro-
bial coatings, where both  electrical   stimulation paradigms and electroactive materi-
als chemistry are being explored to provide surfaces and devices that can be used to 
develop potent antimicrobial surfaces. While our ability to dissuade and impact 
microbial colonisation on metallic electrodes remains critical for many applications 
(particularly in the biomedical sector where choice of electrode is often restricted 
due to several factors), our ability to employ more fl exible and tuneable conductors 
presents an enormous opportunity for their application in numerous industries. 
Organic conductors, such as carbon nanotubes and graphene, are being actively 
investigated as electrode materials for biological interfacing, and have already been 
shown to present inherent antifouling properties even without application of electri-
cal stimuli (Hu et al.  2010 ; Kang et al.  2007 ). Further work on employing various 
 electrical   stimulation paradigms using these materials will be of great interest. As 
discussed, ICPs are an exciting class of materials that are highly processable and 
tuneable, and for which both electrically driven faradaic charge transfer, and modu-
lation of polymer redox state to drive dynamic changes in polymer physicochemical 
and mechanical surface properties, may be exploited to act against the development 
of biofouling layers. Additionally, other electrochemically driven process may be 
utilised. For example, ICPs have been widely investigated for use in controlled drug 
delivery systems, where electrochemically controlled processes may be used to 
actively release drug compounds incorporated into the polymer. Such a process may 
be utilized to provide the controlled release of antimicrobial compounds from ICPs, 
which could be used individually or in concert with other mechanisms, to challenge 
microbial fouling organisms attempting to adhere to the electrode surface. Work by 
Esrafi lzadeh and co-workers (Esrafi lzadeh et al.  2013 ) have demonstrated the elec-
trochemical release of the antibiotic drug ciprofl oxacin from a PPy fi lm in which the 
drug had been incorporated as the dopant species during electrochemical  polymeri-
sation  . Application of a reducing potential to the polymer resulted in an excess 
negative charge on the polymer backbone, prompting the expulsion of the nega-
tively charged ciprofl oxacin from the polymer fi lm and into the surrounding media. 
Ciprofl oxacin release was shown to be effective against  E. coli  and  Streptococcus 
pyogenes , generating a signifi cant zone of inhibition around the stimulated ICP 
electrodes. 

 The specifi c development of electrically switchable surface chemistries may also 
provide promising opportunities for the generation of dynamic, electrically control-
lable antimicrobial surfaces and coatings. Switchable surface chemistries have been 
developed for use in biological systems, having been engineered to employ chemi-
cal, thermal, optical and electrochemical stimuli to transform the interfacial mate-
rial properties (for review, see (Mendes  2008 ; Liu et al.  2005 ; Cole et al.  2009 )). In 
particular, several studies have engineered surfaces that employ environmental 
stimuli, such as hydration, to trigger the reorganisation of surface chemistries to 
release microbial organisms such as bacteria from the material surface (Jiang and 
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Cao  2010 ). Surprisingly few studies have tested electrically switchable surfaces 
against microbial fouling organisms. Pranzetti et al. ( 2013 ) studied the early stages 
of bacterial cell adhesion to a switchable SAM surface that could modulate between 
attractive and repellent states. Their system was based on electrochemically switch-
ing the negatively charged 11-mercaptoundecanoic-acid (MUA), which was teth-
ered to a gold surface along with a second thiol (mercaptoethanol (MET)) that acted 
as a spacer, by changing the polarity of the applied potential. Application of a 
 negative potential exposed the anionic head group of the MUA, presenting an inter-
face attractive to bacterial adhesion, while a positive potential resulted in the con-
cealment of this head group towards the electrode surface, providing a bacterial 
repelling surface (Fig.  4.7 ). When in the bacterial repellent conformation, adhesion 
of the marine bacterium  Marinobacter hydrocarbonoclasticus  was reduced by ~83 
% compared to surfaces switched to the attractive state. This study demonstrated the 
ability to exert fi ne electrical control over polymeric surface chemistries with anti-
microbial activity, with the further development of surface chemistries that, rather 
than provide attractive – repulsive switchability, provide different or changeable 
antimicrobial properties (i.e. microbial killing (cationic ammonium quaternary sys-
tem) and release (i.e.  PEG  , zwitterion functionality)) could provide promising intel-
ligent surfaces for both the deactivation and release of microbes from the electrode 
coating surface. This approach forecasts the development of electrically switchable 
surface chemistries that provide fast and on-demand modulation of surface proper-
ties for effective release and/or killing of microbial organisms.

   The testing and development of new  electrical   stimulation paradigms, coupled 
with the ongoing development of ‘smart’ and ‘switchable’  conductive electroactive 
materials   and coatings may pave the way for the future development of electroactive 

  Fig. 4.7    Schematic representation of an electrically switchable two-component SAM that is able 
to reversibly and rapidly switch its molecular conformation in response to an applied potential. The 
change in molecular conformation induces either bacterial adhesion (anionic head group  exposed ) 
or repellence (anionic head group  concealed ) (Reproduced with permission from (Pranzetti et al. 
 2013 ))       
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materials that, in concert with the myriad  of   fabrication techniques that are under 
active investigation for these materials (i.e. wet spinning, electro-spinning, printing, 
knitting and braiding), provide fl exible and highly tuneable materials that present 
innovative solutions applicable for a range of industries.     
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