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Abstract

Reliable and accurate in situ sensors capable of detecting and quantifying troublesome marine biofilms 
on metallic surfaces are increasingly necessary.  A 0.2 mm diameter gold electrochemical sensor was 
fully characterised using cyclic voltammetry in abiotic and biotic artificial seawater media within a 
continuous culture flow cell to detect the growth and development of an aerobic Pseudoalteromonas 
sp. biofilm.  Deconvolution of the abiotic and biotic responses enable the constituent extracellular 
electron transfer and biofilm responses to be resolved.  Differentiation of enhanced oxygen reduction 
kinetics within the aerobic bacterial biofilm are linked to enzyme and redox mediator activities.  

Keywords:  Marine biofilms; electrochemical; electron transfer; gold electrode; sensing.

Nomenclature
Symbol Meaning Unit

𝑐 Concentration of a relevant species mol cm–3

𝐷 Diffusion coefficient of a species m2 s−1

𝐸 Potential measured at the interface (vs. Ag/AgCl, 3.5 M KCl) V
𝐸0′ Formal potential of the electrode converted into potentials (E vs. Ag/AgCl, 3.5 M KCl) V
𝐸p Peak potential (vs. Ag/AgCl, 3.5 M KCl) V
𝐸pa Anodic peak potential (vs. Ag/AgCl, 3.5 M KCl) V
𝐸pc Cathodic peak potential (vs. Ag/AgCl, 3.5 M KCl) V
𝐹 Faraday constant 96,485 C mol−1

𝑗 Current density A cm−2

𝑗p Peak current density A cm−2

𝑗pa Anodic peak current density A cm−2

𝑗pc Cathodic peak current density A cm−2

𝑘0 Standard heterogeneous rate constant cm s−1

𝑛b Number of generations between t0 and t dimensionless
𝑄a Anodic surface charge density C cm−2

𝑟2 Square of the sample correlation coefficient dimensionless
𝑅 Molar gas constant 8.314 J K−1 mol−1

𝑡 Time representative of the beginning of the stationary phase h
𝑇 Temperature of the solution K
𝑡d Average generation time h
𝑡0 Time representative of the beginning of the exponential growth h
𝑡1 Time representative of 0.080 V (vs. Ag/AgCl, 3.5 M KCl) in Eqn. 10 s
𝑡2 Time representative of 0.150 V (vs. Ag/AgCl, 3.5 M KCl) in Eqn. 10 s
𝑉 Volume of solution m3

𝑥 Cell density cells mL−1
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𝑥𝑡 Cell density at 𝑡 cells mL−1

𝑥0 Cell density at 𝑡0 cells mL−1

𝑧 Number of electrons involved in an electrochemical reaction dimensionless
𝛼 Transfer coefficient dimensionless
𝛼a Anodic transfer coefficient dimensionless
𝛼c Cathodic transfer coefficient dimensionless

Δ𝐸p Peak potential separation V
𝜇b Specific growth of a bacterial species h–1

𝜈 Scan rate V s−1

𝜈1 2 Square root of the scan rate V1/2 s−1/2

1. Introduction

Marine bacteria are ubiquitous and are the primary colonizers on metallic surfaces in seawater 
(e.g., copper based and titanium alloys used in heat exchangers), plus they play a pivotal role in the 
biofilm development and the maintenance of a biofouling community [1].  The engineering issues of 
this troublesome phenomenon in naval applications and in merchant shipping are numerous and can 
cause excessive capital costs, for instance excess of £100k each to replace header castings [2].  Fouling 
affects the hydrodynamic properties (surface frictional resistance and causing flow restrictions) and 
reduces heat transfer performance of operating marine heat exchangers leading to frequent failures 
and blockages of fluid-handling components.  In addition, marine microorganisms interact with 
metallic surfaces and can be involved in corrosion pathways through biocorrosion mechanisms [2,3].  
Although the problems of biofouling in marine heat exchangers are abundant, suitable techniques 
capable of sensing for the presence and extent of biofilms on metallic surfaces are required.  Likewise, 
proposed interfacial mechanisms attributed to aerobic biofilm action to enzymatic processes needs to 
be addressed [4,5].  Consequently, there is a focus on both smart sensing surfaces and early warning 
systems that quantitatively evaluate the metal/seawater interface and provide information of bacterial 
biofilm build-up.

Microbial biofilm electrochemical sensors exploit the electrode-biofilm interface as the sensing 
element, where the biofilm electrochemical activity provides the principle sensing strategy, as such a 
permeable biological membrane.  Inert gold electrodes are often used to assess the electrochemical 
redox reactions involving oxidised and reduced species, and molecules, at the vicinity of the metallic 
interface.  Fig. 1a shows a bacterial biofilm on a metallic surface with distinct bacterial clusters.  
Biofilms are composed primarily of microbial cells and extracellular polymeric substances (EPS), also 
known as extracellular polysaccharides [6].  Between 50% and 90% of the total organic carbon content 
is EPS [7].  The EPS is highly hydrated as it combines significant amounts of water within its structure 
by hydrogen bonding.
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(d)

Fig. 1.  Bacterial biofilm colonization: (a) a metallic surface immersed for 1 week in natural seawater at the 
National Oceanography Centre Southampton pontoon, (b) an overview of biofilm morphology, and (c) processes 
detected by electrochemical measurements, adapted from [8,9].  (d) Illustration of extracellular electron 
transfer: (i) diffusion-based EET, redox mediators that diffuse through the biofilm – acting as shuttles, reduced 
by the cell and can exchange electrons at the electrode surface; (ii) conduction-based EET with electrons 
transported via the conductive biofilm matrix to the electrode surface; (iii) mediator interaction in a conductive 
biofilm.  It is speculated that redox mediators, such as flavin, can interact with outer membrane cytochrome c 
proteins, e.g., MtrC and OmcA, receiving electrons from the periplasmic cytrochrome MtrA and transferring 
them to terminal electron acceptors outside of the cell [4].

EPS composition and properties have marked effects [10]: (i) the composition and structure of the 
polysaccharides determine their primary conformation; and (ii) the EPS in the biofilm may vary 
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spatially and temporally.  Some of these polysaccharides are neutral or polyanionic, as for the EPS of 
Gram-negative bacteria (such as Pseudoalteromonas sp.).  The presence of either uronic acids or ketal-
linked pryruvates confers the anionic property [10], allowing association of divalent cations such as 
calcium and magnesium that cross-link with the polymer strands and provide greater binding force in a 
developed biofilm [7].  Fig. 1b illustrates that bacterial biofilms consist of a heterogeneous structure of 
EPS matrix and bacteria cells randomly distributed on a metallic surface [1], thus inducing a range of 
electrochemical pathways and the mass transport near the metallic interface [8].  An expanded 
illustration of the metal/seawater interface shows the competing electrochemical processes, see Fig. 
1c [8].  Direct electron transfer to redox active centres deep within the EPS matrix is not observed, see 
Fig. 1c(i).  However, where the oxygen reduction reaction (ORR) is the prevailing reaction in 
neutral/alkaline conditions, enhancement mechanisms of the ORR by enzymatic processes have been 
proposed [11].  They are associated with enzymatic catalysis by aerobic microorganisms with the 
decomposition of an intermediate reactant (e.g., hydrogen peroxide – H2O2) resulting in an 
autocatalytic cycle through which the reduction current density is increased [11].  The exact nature of 
the ORR mechanism still remains to be fully determined.  Analogous with biological fuel cell [9] – 
heterogeneous biofilm leads to the formation of galvanic cells – at sites with more positive potentials, 
where oxygen is deficient, soluble organic components in seawater are oxidized by respiratory 
enzymes forming H2O and CO2, see Fig. 1c(ii).  Electrons transfer into the bacteria with subsequent 
charge transport inside the cell.  As part of the redox process, electrons collect at sites with more 
negative potentials, where enzymatic assisted reduction of oxygen occurs at the outer biofilm areas, 
see Fig. 1c(ii).  Whereas, hydrogen adsorption and reduction in Fig. 1c(iii) can be inhibited by the 
bacterial colonization of the surface [12,13].  After biocide treatments, a mechanism based on direct 
electron transfer to enzymes or other reductive agents entrapped in the EPS matrix may act as another 
pathway, see Fig. 1c(iv).  Bacterial EPS has also been shown to be redox-active by allowing reductive 
and oxidative processes to occur, see Fig. 1c(v).

Overall, for long-range extracellular electron transfer (EET) two main mechanisms are discussed in the 
literature (illustrated in Fig. 1d): (i) diffusion-based and (ii) solid conduction matrix-based mechanisms 
[14,15,16]; however, the EET mechanism has rarely been effectively elucidated due to its complexity.  
EET is the process by which some microorganisms exchange intracellular electrons with an 
extracellular electron donor/acceptor, including naturally occurring compounds and artificial 
electrodes, across the cell membrane [17].  Diffusion-based EET is dependent on the migration, 
diffusion and/or advection of soluble redox mediators.

The aim of this study is to determine the electrochemical response of a 0.2 mm diameter gold sensor 
when exposed to abiotic and biotic test media and the influence of nutrients under aerated and 
deaerated conditions.  Aerated and deaerated conditions are important in order to decouple the gold 
sensor electrochemical response when assessing the ORR in the presence of biofilm EPS, as well as to 
fully address the exploitation the sensing framework.  The full consequences of potential interactions 
and interference are seldom reported in the published literature.  This is the key novelty of this study.  
Experiments were designed to demonstrate the impact of redox mediators, both inorganic/organic and 
biological.  The key objectives of this study were:

 to establish a framework for electrochemical sensing within abiotic and biotic artificial 
seawater (ASW) test media;

 to electrochemically detect marine bacterial biofilms and address the relevance of using 
electrical imposed polarization to monitor naturally occurring bacterial biofilms.
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2. Materials and methods

2.1. Flow cell arrangement

Continuous culture flow cell systems are well-established methods for bacteria laboratory culture 
[18,19].  A modified once through flow cell device (5 mm  5 mm  40 mm) was designed to operate 
under a controlled low laminar flow condition (Re  1), see Fig. 2.  In addition, the cell was under fully-
developed flow conditions: with an entrance length of 0.33 mm for a 40 mm channel length, flow rate 
of 5.83 × 10–9 m3 s–1, wall shear stress of 0.31 × 10–3 Pa and a fluid residence time within the channel of 
352 s.  The overall system consists of a new approach to study initial bacterial biofilms development 
and extent under a controlled flow cell environment.  The flow cell arrangement hosted three 
embedded flush electrodes for the electrochemical bacterial biofilm characterization (Fig. 2).  The 
modified flow cell system had a 0.2 mm diameter polycrystalline gold (Au) working electrode mounted 
on the top surface, a silver/silver chloride (Ag/AgCl, 3.5 M KCl solution) reference electrode and a 
graphite counter electrode mounted on opposing sides in the rectangular flow channel.  The Au 
electrodes were sealed under reduced pressure in a soda glass pipette using a heating coil before 
being embedded in the flow cell device.  The Au and graphite electrodes were wet ground and 
polished to a final finish with 0.3 μm alumina powder, degreased in an ultrasonic bath, rinsed 
thoroughly in distilled water and then air dried using a Metaserv specimen dryer.

Fig. 2.  Schematic of the flow cell electrode arrangement for the electrochemical measurements.

2.2. Electrochemical measurements

Cyclic voltammetry (CV) at a scan rate of  = 0.200 V s–1 in N2 deaerated 1 M H2SO4 was used to 𝜈
characterize the surface state of the Au electrode.  CV at  = 0.100 V s–1 of the Au electrode in a 3.5 𝜈
wt.% NaCl solution was performed periodically or at 72 h (three days) under continuously air and N2 
sparging, aerated and deaerated conditions, respectively, to support the analysis of the cyclic 
voltammogram in the ASW media.  Sparging with N2 changed the bulk DO level, i.e., 6.90 and 0.20 ppm 
between the aerated and deaerated conditions.  In addition, CV at  = 0.100 V s–1 was utilized to 𝜈
electrochemically characterize the Au electrode in the abiotic and biotic media.  A stable CV response 
was generally obtained between three and five cycles.  For clarity, all potentials are reported with 
respect to silver/silver chloride (Ag/AgCl, 3.5 M KCl) reference electrode system (𝐸Ag AgCl,  3.5 M KCl 𝑣𝑠
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 = +0.205 V).  As part of the three-electrode setup a graphite counter electrode was used.  All . SHE
electrochemical tests were performed with Gamry Reference 600 within a Faraday cage in order to 
minimize interference due to external electromagnetic fields and light irradiance.  The light irradiance 
(inside the Faraday cage) was measured at 0.12 ± 0.01 μmol photons m–2 s–1 using a Li-Cor Li-189 
Photometer.  

2.3. Pseudoalteromonas culture

A marine aerobic, bacterium Pseudoalteromonas sp. strain NCIMB 2021 was obtained from the 
National Collection of Industrial, Marine and Food Bacteria (NCIMB) in Aberdeen, UK.  
Pseudoalteromonas is a genus of Gram-negative marine bacteria, found in the open-ocean and coastal 
seawaters, and characterised as straight rods (2-3 m) with a single polar flagellum, sheathed or 
unsheathed for motility and utilising carbon substrates: carbohydrates, alcohols, organic acids and 
amino acids [20,21,22].  A new culture was resuscitated from a freeze-dried ampoule, and sub-cultured 
twice in 20 mL solid agar NCIMB medium 210 using sterile Petri dishes at 18 ± 1C over 72 h.  A 
continuously aerated and stirred sterile standard batch culture containing 250 mL agar NCIMB medium 
210 was then used to prepare 200 μL aliquots of 2 h-old Pseudoalteromonas culture (inoculum) for the 
electrochemical experiments.  The 1 L pH 7.3 agar solution contained: 3.0 g of yeast extract, 5.0 g of 
tryptone, 15.0 g agar, 750 mL of 0.22 mm filtered aged seawater (seawater from Solent Water, 
Southampton kept in the dark in sterile glass bottles for between 3 and 4 months at a controlled 
temperature of 6 ± 1C) and 250 mL deionised water (18.2 MΩ cm, Milli-Q).  Similarly, the bacterial cell 
populations were evaluated using a FACsort marine flow cytometer (argon source at λ = 488 nm) by 
sampling at different time intervals (i.e., 0 h, 4 h, 21 h and 72 h, respectively) within the standard batch 
culture and the flow cell to address any microbiological variability.  Each sample contained: 500 μL test 
solution, 5 μL DNA-stain SYBR Green I (Sigma-Aldrich) at a ratio of 1:100, 50 μL potassium citrate 
solution at a ratio 1:10 and 25 μL of bead stock solution (1,125,485 beads per mL).  In particular, two 
series of three samples, diluted 10 and 100 times, were prepared to ensure measurements accuracy 
from the flow cytometer.  A 1 % final concentration paraformaldehyde was used in each sample as a 
fixative to kill Pseudoalteromonas sp. cells and preserve their membranes.  All the samples were mixed 
using a vortex and then stored at –20C.  Prior to performing the flow cytometry measurements, all 
the samples were defrosted at 35C for about 5 – 10 minutes.  

2.4. Test media

The freshly prepared, 0.22 µm filtered and flush test solutions in Table 1 were 3.5 wt.% NaCl 
solution at pH 8.0, abiotic ASW and ASW with a single aerobic Pseudoalteromonas sp. strain NCIMB 
2021.  The abiotic ASW at a pH 8.1 contained dissolved salts and metal-ions, vitamins and nutrients 
(carbon substrates), see Supporting information Table S1 [23].  In addition, 0.1 % (w/v) tryptone and 
0.07 % (w/v) yeast extract were added to enhance the ASW organic carbon content relevant to open 
seawater conditions resulting in a similar test condition to [24].  Alternatively, a control ASW test 
solution was used consisting of dissolved salts and metal ions, and also ethylenediaminetetraacetic 
acid (EDTA) to keep metal ions in solution (Table S1).  All the prepared solutions were made using 
deionised water (18.2 MΩ cm, Milli-Q).  It is worth noting there are reported complexities in using 
yeast extract, since its constituents are redox mediators, adsorb onto electrode surfaces and chelate 
metal ions [25] and the test matrix was designed to highlight any significant interference.
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Table 1.  Biochemical characteristics of the test media

Test media Biochemical characteristics Experimental details

1. 3.5 wt.% NaCl at pH 8.0 Organic free –sterile Baseline for the ORR
(3.5 wt.% NaCl)

2. 0.1 % (w/v) tryptone and 0.07 % 
(w/v) yeast extract in ASW at pH 8.1

Organic nutrients – sterile – 
abiotic

Baseline for a conditioning film 
(adsorbed organic layer)
(Abiotic ASW)

3. Control ASW test solution at pH 8.1 EDTA – sterile – abiotic Baseline for complex metal-ions
(Control ASW)

4. 0.1 % (w/v) tryptone and 0.07 % 
(w/v) yeast extract in ASW with 200 
µL aliquot of 2h-old  
Pseudoalteromonas sp. Strain 
NCIMB 2021 culture at pH 8.1

Organic nutrients – non-sterile 
– Biotic

Biofilm
(Biotic ASW)

It should be noted that although the seawater composition by Riegman et al. has often been used in 
the research literature, the sodium bicarbonate (NaHCO3) concentration is twice as high compared 
with natural ocean and artificial seawaters [26].  The Riegman growth environment corresponds to a 
nutrient-replete condition (as opposed to a nutrient-limited condition), thus favouring the exponential 
growth of marine microorganisms, such as diatoms and heterotrophic bacteria.

Compared to the abiotic ASW and ASW with Pseudoalteromonas sp. media, the 3.5 wt.% NaCl test 
solution was free of organic matter and is more representative of a sterile condition, and also a useful 
control test to assess the ORR in alkaline conditions [23].  In addition, compared to the ASW with 
Pseudoalteromonas sp. medium, the abiotic ASW was free of living organisms but still contained 
organic matter, which had passed through the 0.22 μm filter.  Thus providing a baseline for adsorbed 
organic material (conditioning film) on the Au surface [1,2].  Whereas the Pseudoalteromonas sp. 
inoculated in ASW represented a more complex biochemical medium, which contained organic 
material and living organisms (biotic).  The physicochemical properties of the test media in Table 1: 
conductivity, dissolved oxygen (DO), pH and temperature were assessed before and after each test, 
allowing any variations to be identified.  The conductivity (approx. 50 mS cm–1 at 22C), DO level (6.90 
parts per million, ppm), and pH (8.0 ± 0.2) of the test media were measured using an ATI Orion model 
162 conductivity meter, a Hanna Instruments HI9145 DO probe with the media flowing at about 0.3 m 
s–1 and a Hanna Instruments HI98129 Combo probe, respectively.  All experiments were performed 
under temperature controlled conditions at 18 ± 1C.  Overall, the test media physicochemical 
properties were representative of surface sea waters from the North Atlantic equilibrated with the 
atmosphere [27].  The media were checked regularly for turbidity over the test duration; all remaining 
transparent and thus indicated the absence of backflow and no contamination.

2.5. Confocal microscopy characterisation

Confocal microscopy (Leica TCS SP2) studies utilizing a molecular probe method Live/Dead 
BacLightTM (from Invitrogen Ltd, Paisley, UK) were performed ex situ using an excitation wavelength of 
470 nm for assessing the morphology and distribution of bacterial colonies, the presence of EPS matrix 
on the Au surface.  BacLight is composed of a green-fluorescent SYTO® 9 stain, which penetrates intact 
cells – alive and/or dead and a red-fluorescent propidium iodide stain for dead or dying cells with 
damaged membranes only.  A series of stacks of confocal images were collected with the Leica TCS SP2 
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at 0.5 µm intervals along the z-direction.  Using Leica Confocal Software (LCS) version 2.61 the stacks of 
the confocal images were projected allowing biofilm thickness to be assessed.  

3. Results and discussion

3.1. Pseudoalteromonas sp. growth curve

Fig. 3 shows the 53 h (2.2 days) growth curve of the Pseudoalteromonas sp.  Each data point is the 
mean number of cells detected per mL in the non- and diluted samples, i.e., corrected for the 10 and 
100 dilution factors.

Fig. 3.  Bacterial growth curve for Pseudoalteromonas sp. NCIMB 2021: (dashed line) cultured in the 250 mL 
batch culture and (solid line) established inside the flow channel.  Bacterial cell populations were evaluated 
using a FACsort marine flow cytometer (argon source at λ = 488 nm).

The Fig. 3 error bars result from the 10× and 100× dilution correction, which affects the overall 
measurement precision.  After a 53 h exposure, the presence of biological by-products in the samples 
limited the measurable/detectable signal, thus there were no further measurements beyond 53 h.  The 
growth curves for both batch and flow cell cultures (i.e., logarithmic, stationary and senescence phase) 
were generally similar to typical bacterial growth plots [3,28].  Initially, within the first 3 h, the flow cell 
and batch culture bacterial growths are nominally similar at approximately 3.5106 cells mL–1.  
However, during the logarithmic growth phase the flow cell bacterial growth was marginally lower 
than the batch culture as a consequence organic carbon nutrients being more readily available and 
thus favouring higher bacterial growth in the batch culture than for the flow cell channel.  The bacterial 
cell populations between 1.0108 and 3.2108 cells mL–1 during the plateau phase (24 to 49 h) agree 
with data reported by Fletcher, i.e., stationary and senescence phase were reached at 21 – 22 h and 
between 45 and 50 h, respectively (with 2.5109 to 5.0109 cells mL–1) [24].  
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From Fig. 3, it is possible to assess the growth rate (  in h–1) using Eqns. 1 and 2 [29]:𝝁𝐛

𝑡d =
ln 2
𝜇b

                                                                                                                                                     ……(1)

𝑛b =
log 𝑥𝑡 ― log 𝑥0

log 2   for 𝑛b generations (i.e., 𝑛b𝑡d) between 𝑡0 and 𝑡                                    ……(2)

where  is the doubling time or mean generation time in hours (h).  It represents the average time 𝑡d
required for all the components of the culture to double.  In addition,  and  denote the cell density 𝑥0 𝑥𝑡
at  and , which represent of the start of the logarithmic growth and stationary phase, respectively.  𝑡0 𝑡

Table 2.  Biological parameter evaluation for the batch culture and flow cell systems between  and 𝒕𝟎 = 𝟑 𝐡
 (data from Fig. 3)𝒕 = 𝟐𝟒 𝐡

Biological parameters Batch culture Flow cell

 (at 3 h)log 𝑥0 6.56 6.65
 (at 24 h)log 𝑥𝑡 8.51 8.06

 (at 3 h) / cells mL–1𝑥0 3.68106 4.53106

 (at 24 h) / cells mL–1𝑥𝑡 3.27108 1.14108

Generations, 𝑛b 6.48 generations in 21 h 4.65 generations in 21 h
Doubling time,  (i.e., ) / h𝑡d

21 𝑛b 3.24 4.52
Growth rate, / h–1𝜇b 0.21 0.15

Table 2 summarizes the biological parameters of both the batch and flow cell culturing systems in 
terms of mean generation time and growth rate.  In this instance, for the flow cell data between 3 and 
24 h:  = 4.53106 cells mL–1 and  = 1.14108 cells mL–1, there are (8.06 – 6.65)/log(2) = 4.65 𝑥0 𝑥𝑡
generations within 21 h.  The mean generation time and growth rate are 4.52 h and 0.15 h-1 for the 
flow cell, 3.24 h and 0.21 h–1 for the batch culture, respectively, which were within the same order of 
magnitude.  These growth rates can be related to typical  for standard batch culturing vessels (i.e., 𝜇b
0.5 – 0.7 h–1 [30] or biofilm model system operating at a fast dilution rate of 0.2 h–1, which are usually 
about 10 times higher than that for typical dilution rates using a chemostat (i.e., roughly 0.05 h–1) [29].  
As a result, the growth rate of 0.15 h–1 was deemed acceptable for the current study.

It is important to establish the microbial growth kinetics before undertaking tests utilising biotic media, 
in order to assess whether a particular bacterial strain is adapted to metabolise certain 
nutrients/substrates.  The microbial growth curve reflects the bacterial population when grown in a 
closed system of microbial culture of fixed volume (i.e., batch culture).  The typical growth curve for a 
population of cells can be divided into distinct phases: the lag phase, log phase, stationary phase, and 
death phase.  Fig. 3 and Table 2 demonstrate only minor differences in the bacterial growth curves for 
the flow cell and batch culture, with comparable doubling times and growth rates.  Hence, there is a 
negligible effect when using either the flow cell or batch culture setups.  Additionally, the growth curve 
characterisation of the Pseudoalteromonas strain shows the flow cell setup is a suitable culturing 
system, thus allowing microbial fouling colonisation and development.  
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3.2. Overview of the cyclic voltammograms

Metallic surfaces for marine application are subject to degradation due to the presence of 
damaging chloride species and the formation of corrosion products (hydrated oxides), leading to oxide 
fouling of the metallic interface.  Ideally, the sensing surface is inert to ensure stability of the sensing 
area and reliability of the electrochemical response.  Gold electrodes are often used in microbiology 
for their biocompatibility.  Nonetheless, it is important to first fully characterise the fundamental 
electrochemical performance in abiotic conditions.  A cyclic voltammogram performed using 
deaerated 1 M H2SO4 was made in order to characterize and corroborate the behaviour of the 0.2 mm 
diameter gold (Au) electrode (see Fig. 4a) with reported Au voltammograms in 1 M sulphuric acid 
[31,32,33].  The extended region (A) between +0.900 and +1.350 V represents the Au oxide formation, 

/ , see Eqns. 3 and 4. Au(OH)3 Au2O3

Au + 3H2O→Au(OH)3 + 3H + + 3e ―       𝐸 = +1.245 V                                                     ……(3)

where the product Au(OH)3 is the hydrated oxide,

2Au + 3H2O→Au2O3 + 6H + + 6e ―       𝐸 = +1.305 V                                                        ……(4)

Here the product Au2O3 is the anhydrous oxide.

The anodic peak feature (A) between +0.900 V and +1.350 V are consistent with the formation of an 
oxide monolayer at the Au surface [31].  The hysteresis, i.e., the difference in the potential range 
between peaks for oxide formation and reduction in regions (A) and (B), is attributed to gradual 
changes in the oxide film.  Dipolar (Au+.OH–) species are produced during oxide growth (the positive 
potential sweep), covering the gold surface.  The oxide coverage of the gold surface increases the 
electrostatic repulsion energy favourable for additional dipoles generation in the extended region (A).

The reduction peak (B) around +0.550 V is not well-defined.  This is unusual since a conventional Au 
electrode voltammogram should ideally exhibit a sharp cathodic peak.  A possible explanation could be 
the incomplete release (during the negative sweep) due to lateral repulsion or stress in the surface 
layer of the polished gold electrode [31].  Ideally for a complete reduction of the electrostatic repulsion 
barrier, the post-electrochemical process of the Au oxide formation is governed by place-exchange 
reaction, i.e., rotation of surface dipoles resulting in the release of lateral residual stresses in the 
surface layer [31].  Overall, the electrochemical response for the 1 M sulphuric acid in Fig. 4a was 
typical for a gold-acid voltammogram [31], i.e., gold oxide formation/reduction at (A) and (B).
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(a)

(b)

Fig. 4.  (a) Cyclic voltammogram for a 0.2 mm diameter Au electrode in N2 deaerated 1 M H2SO4 at a scan rate of 
0.200 V s–1.  (b) Comparison of cyclic voltammograms for a 0.2 mm diameter gold electrode in N2 deaerated 
(dashed line) and aerated (solid line) 3.5 wt.% NaCl (test medium #1) at a scan rate of 0.100 V s–1.
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3.3. CV for test medium #1 (sterile - organic nutrient free)

For clarity, only the 72 h data is presented in Fig. 4b.  For the entire test duration, cyclic 
voltammograms were found to be time-independent for the NaCl test solution.  The time-independent 
response is attributed to no modification of the overall electrode kinetics at the Au/3.5 wt.% NaCl 
interface.  At electropositive potentials, the Au oxidation (A’) begins at around +0.750 V.  The presence 
of chloride ions (Cl−) also affects the gold dissolution kinetics, in parallel to the gold oxide film 
formation, leading to the formation of tetrachloroaurate ions ( ).AuCl ―

4

Au + 4Cl ― →AuCl ―
4 + 3e ―       𝐸 = +0.797 V                                                                          ……(5)

As part of the gold oxide film formation, the surface will be covered by various species, such as Au
,  or .  An associated marked cathodic (stripping) peak of the gold oxide in (OH) Au(OH)3 AuO(OH)

region (B’) around +0.550 V is not evident in Fig. 4b, thus indicative of an essentially irreversible 
process [34].  From the Pourbaix diagram for the gold/chloride-water system in Supporting Fig. S1, two 
possible reaction pathways can be deduced to better assess the gold oxide removal mechanism.

In the first reaction pathway, gold may undergo a dissolution in the presence of  to form a soluble Cl ―

 complex.  The  stability depends on the chloride and gold activity ratios (stable at higher AuCl ―
2 AuCl ―

2
values).  With a chloride deficiency at the gold/solution electrode interface,  can undergo AuCl ―

2
disproportionation to simultaneously form both  and , as expressed in Eqn. 6.Au AuCl ―

4

3AuCl ―
2 →2Au + AuCl ―

4 + 2Cl ―                                                                                                    ……(6)

The second reaction pathway is where gold dissolution in a NaCl solution can proceed by the reaction 
of  with  to form mixed chlorohydroxo Au complexes, such as .Au(OH)3 Cl ―  AuCl(OH) ―

3

Au(OH)3 + Cl ― →AuCl(OH) ―
3                                                                                                      ……(7)

A further exchange of hydroxyl ligands of the  complex can occur to yield .AuCl(OH) ―
3 AuCl ―

4

The well-established ORR on gold proceeds only via an intermediary mechanism, with H2O2 as the 
reactant intermediate [35-39].  This is often attributed to the relatively poor catalytic performance of 
gold for the decomposition of H2O2 compared with platinum.  In alkaline solutions, oxygen is readily 
reduced to H2O2 (Eqn. 8) and only partial peroxide reduction to water occurs on the gold surface.

O2 + 2H2O + 2e ― →H2O2 + 2OH ―      𝐸 = ―0.351 V                                                             ……(8)

The feature at (C’), between –0.200 V and the plateau at –0.700 V, shows clear differences between 
the deaerated and aerated NaCl solution (#1), demonstrating a well-defined ORR wave governed by 
Eqn. 8 for the aerated condition (solid line, Fig. 4b).  The ORR appears to be potential independent and 
reaches mass transport limited current in the observed potential range.  Although the element steps of 
ORR are still in debate, it is generally believed that the reduction of O2 to H2O2 is determined by a 
chemical step involving the adsorbed peroxide species [35,36].
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The second step with adsorbed peroxide species, which corresponds to a second wave of ORR that is 
poorly defined in Fig. 4b (solid line), can be equivalent to Eqn. 9:

H2O2 + 2e ― →OH ―                                                                                                                          ……(9)

The electrochemical response in Fig. 4b with gold oxide formation and stripping at electropositive 
potentials (plus an ORR wave in the electronegative potentials) agrees with the reported gold 
behaviour in a 3.5 wt.% NaCl test solution and is summarised in Table 3.  Importantly, a cathodically 
polarised gold electrode, between –0.200 V to the plateau at –0.700 V, can be used to monitor the 
ORR, which is fundamentally the working principle of the Clark electrode [40,41], whereas more 
positive potentials can provide key insights into possible self-cleaning/regeneration of the Au electrode 
surface when used in-service [42,43,44].

Table 3.  Detectable electrochemical processes at the Au/3.5 wt.% NaCl interface (test medium #1) over a 
potential range between –1.000 and +1.000 V (vs. Ag/AgCl, 3.5 M KCl)

Potential Region Description

 +0.750 V (A’) Au oxide 
formation

Around +0.550 V (B’) Cathodic stripping 
of the Au oxide

Self-cleaning of the Au 
surface

Between –0.200 V to the plateau at –0.700 V (C’) ORR wave

3.4. CV for test medium #2 (abiotic condition –sterile organic components)

Fig. 5a shows the CV for the 72 h data since there was a time-independent response for the abiotic 
test medium #2 (containing organic components), which is consistent with the NaCl test medium #1 
(Fig. 4b).  Again, there was no attributable modification of the electrode kinetics at the gold/abiotic 
ASW interface with time.  

In Fig. 5a, for the ASW (test medium #2 – sterile with soluble carbon substrates), peaks (A’) and (C’) 
indicate gold oxide formation and the ORR, and were thus consistent with the behaviour shown in Fig. 
4b.  Additional oxidation and reduction peaks at (A’’) and (B’’) are apparent for the abiotic ASW at 
±0.125 V, which are likely to be associated with the redox of inorganic species.  Plus, an oxidation wave 
at (C’’) between +0.500 V and +0.900 V was more pronounced for the aerated ASW medium (Fig. 5a), 
as observed by Hu et al. using a similar organic medium [45].  Fig. 5b provides a direct comparison with 
the aerated ASW response (#2) and sterile NaCl solution (#1), and is overall indicative of the interfacial 
changes: inorganic species adsorption/desorption processes at (A’’) and (B’’) and the oxidation of 
organic material (favoured in aerated conditions) at feature (C’’).  Likewise, regions (A’) and (B’) linked 
to gold oxide formation and stripping for the abiotic ASW were less prominent and were 
shifted/suppressed due to the presence of adsorbed organic components on the gold surface 
[46,47,48].
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(a) (b)

(c) (d)

Fig. 5.  (a) Comparison of cyclic voltammograms for a 0.2 mm diameter Au electrode in N2 deaerated (dashed 
line) and aerated (solid line) abiotic ASW (test medium #2) at a scan rate of 0.100 V s–1 after 72 h.  (b) Direct 
comparison of cyclic voltammograms for a 0.2 mm diameter Au electrode in aerated 3.5 wt.% NaCl (test 
medium #1 – dashed line) and abiotic ASW (test medium #2 – solid line) at a scan rate of 0.100 V s–1 after 72 h.  
(c) Comparison of cyclic voltammograms for a 0.2 mm diameter Au electrode in N2 deaerated (dashed line) and 
aerated (solid line) control ASW (test medium #3) at a scan rate of 0.100 V s–1 after 72 h.  (d) Direct comparison 
of cyclic voltammograms for a 0.2 mm diameter Au electrode in aerated control (test medium #3 – dashed line) 
and abiotic (test medium #2 – solid line) ASW at a scan rate of 0.100 V s–1 after 72 h.

To explore the nature of the abiotic ASW electrochemical response, an additional complementary 
study using the control ASW (test medium #3 –only inorganic species, plus EDTA) and compared with 
aerated abiotic ASW (test medium #2) is shown in Figs. 5c and 5d.  The control ASW CV (Fig. 5c) gave a 
response similar to abiotic ASW (Fig. 5a) with distinct regions (A’), (C’), (A’’) and (B’’) representative of 
the gold oxide formation, the ORR wave and the oxidation/reduction peaks (identical to the abiotic 
ASW test medium – confirming the redox of inorganic species) due to the electroactive 
adsorption/desorption of inorganic ions.  In contrast, the ORR wave in region (C’) was more evident for 
the abiotic ASW when compared with 3.5 wt.% NaCl (test medium #1, Fig. 5b) and the control ASW 
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(Fig. 5d), suggesting enhanced reduction kinetics when an adsorbed organic layer (conditioning film) is 
present on the gold surface [45].  Similarly, oxidation and reduction peaks of inorganic species (A’’) and 
(B’’) in Fig. 5d were depressed for the abiotic ASW, which is likely to be associated with the physical 
blocking effects of adsorbed organic components (the exposed gold surface area is reduced) [46,48].  
The oxidation wave (C’’) was more pronounced when compared with the control ASW medium, which 
can be attributable to the oxidation of organic components and consistent with [45].  It should be 
noted that the organic components in the sterile ASW (medium #2) are B vitamins that are known to 
act as redox mediators [25].  The enhanced reduction kinetics linked to the presence of an organic 
conditioning film, in which organic molecules (mainly B vitamins and EDTA) can form a loosely packed 
monolayer on the gold surface, where discontinuities allow mass transport of oxygen to continue [45].

From Fig. 5d, the anodic surface charge density ( ) in the region (A’’) can be evaluated by integrating 𝑄a
the area under the curve between +0.080 V and +0.150 V.

𝑄a = ∫
𝑡2

𝑡1

𝑗 d𝑡                                                                                                                                       ……(10)

where  and  are the times representative of +0.080 and +0.150 V, respectively.𝑡1 𝑡2

The cathodic peak in region (B’’) for the abiotic ASW in Fig. 5d was poorly defined (thus, not 
considered for percentage surface coverage studies), linked to the influence of oxygen, i.e., a peak shift 
towards the ORR region (C’) [46].  Table 4 shows the  using Eqn. 10 and the corresponding 𝑄a
percentage surface coverage for the adsorbed organic components.

Table 4.  Summary of surface charge density ( ) for the region (A’’) in Fig. 5d and the corresponding 𝑸𝐚

percentage surface coverage of adsorbed organic layers

Peak of interest (A’’) Control ASW (#3) Abiotic ASW (#2)

 / C cm–2𝑸𝐚 1.2510–2 3.7010–3

Percentage surface coverage of 
adsorbed organic layers Roughly 70 %

Approximately 70 % surface coverage was assessed for the adsorbed organic layer (conditioning film), 
which can suppress the electron transfer process at the gold surface [46,48,49].  Overall, this 
represents a limited electrochemical interpretation of the surface coverage occurring when a 
conditioning film forms on the gold surface.  Consequently, corroborative tests such as atomic force 
microscopy and spectroscopy methods on gold electrodes would be useful to gain insights on the exact 
nature, composition and morphology of the adsorbed organic layer [50].

In addition, cyclic voltammograms for the deaerated and aerated control ASW (test medium #3), and 
also abiotic ASW (test medium #2), were performed at scan rates of 0.050, 0.100, 0.200 and 0.500 V s–

 1.  This allows electron transfer processes of inorganic species redox peaks (A’’)/(B’’) (Fig. 4d) to be 
further studied (see Eqn. 11 [46,51] using plots of the absolute anodic and cathodic peak current 
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density,  and  vs. , where  and  correspond to the magnitude of the anodic and |𝑗pa| |𝑗pc| 𝜈1 2 𝑗pa 𝑗pc
cathodic peaks.

𝑗p = (2.99 × 105)𝑧𝛼1 2𝑐𝐷1 2𝜈1 2                                                                                          ……(11)

here  is the peak current density,  the transfer coefficient,  and  the concentration and the 𝑗p 𝛼 𝑐 𝐷
diffusion coefficient of the relevant species.  Eqn. 11 is strictly only valid for reversible systems and 
plots should pass through the origin point.  For simplicity, only the plots  and  vs.  for the |𝑗pa| |𝑗pc| 𝜈1 2

aerated conditions are presented in Supporting Figs. S3 and S4 (similar trends are obtained for the 
nitrogen deaerated ASW media).  A linear relationship is clearly evident between  and  for the |𝑗p| 𝜈1 2

control ASW (  = 0.99) in contrast with the abiotic ASW (  = 0.93), where current densities were five-𝑟2 𝑟2

fold lower than for the control ASW.  This demonstrates a diffusion dominant process is associated 
with the inorganic species redox peaks (A’’)/(B’’) (Fig. 5d).  The observed five-fold reduction of current 
density obtained in abiotic ASW in comparison to the control ASW is due to the surface blockage 
caused by adsorption of organic materials and is in good agreement with the estimated surface 
coverage of roughly 70 %, (Table 4).

For the inorganic species redox peaks (A’’)/(B’’) the ratio of  to  is close to 1, thus revealing a |𝑗pa| |𝑗pc|
quasi-reversible electron transfer process [46].  In addition, for the aerated control ASW (test medium 
#3), the anodic and cathodic peaks shift positively and negatively, respectively, with increasing scan 
rate, see Supporting Table S2.  The peak-to-peak separation, , ranged between 0.117 V Δ𝐸p = 𝐸pa ― 𝐸pc
and 0.184 V, which is much greater than the theoretical 0.059 V for a single electron transfer reaction.  
The difference between the experimental and the theoretical prediction further confirms the quasi-
reversible characteristic of electron transfer reaction, which could be ascribed to the presence of 
organic component (D-biotin, thiamine and cyanocobalamine) and EDTA amide ligands bound to the 
gold surface, thus forming coordinated metal ion complexes with an additional solution resistance.  
The single electron transfer process for inorganic redox peaks (A’’)/(B’’) can be attributed to the ferric-
EDTA complex (Eqn. 12) [52,53,54], where the concentration of FeCl3 is similar to EDTA in Supporting 
Table S1.

Fe3 + (EDTA) + e ― →Fe2 + (EDTA)     𝐸 = ―0.085 V                                                             ……(12)

For an irreversible one-step, one-electron electrochemical system the anodic and cathodic transfer 
coefficients (  and ) can be determined utilising the relationships  and  vs.  (Eqn. 13) 𝛼a 𝛼c 𝐸pa 𝐸pc ln 𝜈
[39,44] for the aerated control ASW in Supporting Fig. S5.

𝐸𝑝 = 𝐸0′ +
𝑅𝑇
𝛼𝐹[0.780 + ln (𝐷1 2

𝑘0 ) + ln (𝛼𝐹𝜈
𝑅𝑇 )

1 2]                                                               ……(13)

where  is the peak potential,  is the formal potential of the electrode and  the standard 𝐸p 𝐸0′ 𝑘0

heterogeneous rate constant, and the constant of 0.780 is valid for the temperature of 25C.  
Supporting Fig. S5 shows  and  vs. , where using Eqn. 13 the slopes for  and  equate to 𝐸pa 𝐸pc ln 𝜈 𝐸pa 𝐸pc
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 and , respectively.  The estimated transfer coefficients,   0.82 and   0.79, 𝑅𝑇 2𝛼a𝐹 ―𝑅𝑇 2𝛼c𝐹 𝛼a 𝛼c
indicate a degree of symmetry and confirming a quasi-reversible process [46,55].

The sensor performance in abiotic ASW medium is in good agreement with the reported gold 
electrode response in an abiotic seawater environment [37].  The analysis for the abiotic ASW medium 
was supported with a complementary studies into the gold electrode performance in 3.5 wt.% NaCl 
medium #1 and control ASW test solution (only inorganic species and EDTA - medium #3).

For the three test media (#1, #2 and #3) the gold electrode, polarised between –0.200 V to the plateau 
at –0.700 V, was able to detect the baseline ORR in a marine environment (Clark electrode).  The 
oxidation reaction of organic components, corresponding to the wave (C’’) between +0.500 V to 
+0.900 V suppress the gold oxidation process beginning around +0.750 V in both #1 and #3 media 
[46,47,48].  This suggests that more electropositive potentials may be required for the self-cleaning of 
the gold electrode when immersed in natural seawater enriched with organic components.  Likewise, it 
was demonstrated that inorganic ionic species within ASW medium can diffuse and subsequently 
electroactively adsorb/desorb on the gold electrode surface, i.e., in the regions (A’’) and (B’’) at 
±0.125 V, and also overall this diffusion dominant process was depressed by the presence of blocking 
organic components (in the abiotic ASW) adsorbed/desorbed on the gold surface, which in turn 
represents about 70 % surface coverage.  Section 3.4 has outlined a quantitative evaluation of the 
diffusion process associated with inorganic species (A’’) and (B’’), showing that the electrochemical 
response involved was a quasi-reversible process (   0.82 and   0.79) and was consistent with the 𝛼a 𝛼c
redox couple Fe(III)-EDTA/Fe(II)-EDTA.  This clearly shows that a conditioning film on the gold surface is 
not representative of an impermeable and controllable coating but more likely to consist of a 
monolayer(s) with defects/pinholes facilitating charge diffusion process in analogy with self-assembled 
monolayers on gold microelectrodes [47,49,56].  Equally, the sorption/desorption of soluble vitamin B 
redox mediators within the conditioning film will also influence the electrochemical response [25].

3.5. CV for the biotic test condition (test medium #4)

Fig. 6a shows the confocal microscopy analysis of the gold electrode after a 72 h immersion in 
biotic ASW (test medium #4).  The bacterial clusters or patchy slime are clearly seen, thus 
corroborating the presence of bacterial biofilms established under low laminar flow conditions.  Using 
the LCS, a biofilm thickness of 3.0  0.5 m was measured (Fig. 6b), consistent with the formation of a 
thin physical diffusion barrier.  The electrochemical response for the biotic condition (test medium #4), 
in contrast with the abiotic ASW (test medium #2), was time-dependent and showed a detectable 
modification of the electrode kinetics at the gold/biotic ASW interface after a 72 h immersion (Fig. 6c).  
The CV response for the biotic ASW medium (dashed line, Fig. 6c) was more complex compared to the 
abiotic medium (solid line in Fig. 5a and Fig. 6c), consistent with [45,57].  Similar to the abiotic ASW 
(test medium #2), the (A’) feature signifies the onset of the gold oxide formation, whereas the 
corresponding cathodic peak (B’) was suppressed indicating an irreversible process [34].  Interestingly, 
the ORR (C’) was more pronounced for the biotic (dashed line) in comparison with the abiotic (solid 
line), representing higher cathodic current density (in terms of an absolute value) in the presence of 
Pseudoalteromonas bacteria and biofilm formation.
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(c)

(d)

Fig. 6.  (a) Confocal microscopy of a 72 h-old biofilmed Au electrode stained with the BacLightTM viability kit 
(white circle outlines the electrode edge) and (b) the corresponding cross section. (c) Direct comparison of cyclic 
voltammograms for a 0.2 mm diameter Au electrode in aerated abiotic (test medium #2 – solid line) and biotic 
ASW (test medium #4 – dashed line) at a scan rate of 0.100 V s–1 after 72 h.  (d) Schematic representation of 
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electron transfer pathways within a Pseudoalteromonas biofilm – typical thickness of the bacterial biofilm is 
approximately a few microns [3,5,8].

This phenomenon demonstrates an enhancement of the ORR kinetics due to enzymatic activities, 
which is consistent with [8,11,58,59] where specific enzymes (e.g., catalase) present within the EPS 
matrix could be responsible for enhanced cathodic currents.  The H2O2 is decomposed by enzymatic 
processes to H2O and O2, see Eqn. 14.  Consequently, a higher oxygen concentration is readily available 
at the cathode, leading to greater ORR kinetics.

2H2O2
Catalase

2H2O + O2                                                                                                              ……(14)

Conversely, the regions (A’’) and (B’’) corresponding to an electroactive adsorption/desorption of 
inorganic ions were completely absent/overwhelmed when compared with the abiotic condition, 
associated with hindered diffusion of inorganic ions across the biofilm to the gold surface.  This is in 
good agreement with the aerobic bacteria to change the electrochemical properties of metallic 
surfaces [8,60].  In addition, a wave in the region (C’’) was observed between +0.300 to +0.800 V.  This 
wave can be linked to the anodic reaction mechanisms of electroactive Pseudoalteromonas biofilms 
[61,62] and is consistent with previous studies using adhered biofilms on gold surfaces [45,57].  
Likewise the broader baseline for the non-faradaic processes is due to diffusion-based EET linked with 
the migration, diffusion and/or advection of soluble redox mediators through the biofilm EPS matrix, 
leading to capacitive charging/discharging as charged species move through the biofilm.

From the electrochemical standpoint the various proposed EET mechanisms are all redox mediated 
(either directly or indirectly); phenazine (electron shuttle) and cytochrome c are all redox mediators 
even if the latter resides within or on the walls of the microorganisms [63,64,65].  When bacterial 
biofilms develop on the initial conditioning film, a dissolved oxygen concentration gradient is 
generated (differential aeration cell), leading to the formation of micro-galvanic anode and cathode on 
the electrode, see Fig. 1c(ii).  At anodic sites, where dissolved oxygen is deficient, bacteria can oxidise 
organic components and produce CO2 plus H2O [63].  The oxidation reaction at the anode via 
respiratory enzymes generates electrons collected at the cathodic site where dissolved oxygen is 
prominent.  In this process, bacteria can assist in the electron transfer, where the most active cells can 
be found at the biofilm/seawater interface [59].  Overall, the enzymatic enhanced ORR via catalase 
enzymes is the prevailing reaction at cathode sites (Fig. 6d).

The CVs performed in abiotic and biotic ASW media demonstrate that bacterial biofilms change the 
electrochemical properties at the gold electrode interface, i.e., suppression of regions (B’), (A’’) and 
(B’’) and enhance the overall ORR, and also the oxidation of organic material, see Table 5.  Herein, the 
results provide further insights and corroboration of studies conducted by [8,11,45].  By polarising in 
the negative direction, i.e., between –0.200 V and –0.700 V, the overall and enhanced ORR due to 
enzymatic processes can be assessed.  The working principle of commercialised electrochemical 
sensors for biofilm sensing relies on similar electrical polarisation methods [3,5,66-69].  With the 
depression of the gold oxide stripping, the self-cleaning of the biofilmed gold is debatable for a 
potential range of –1.000 V to +1.000 V, where higher potentials than for the NaCl test solution and 
ASW medium may be necessary.
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Table 5.  Summary of detectable electrochemical processes at the Au/biotic ASW interface (Fig. 6c) for a 
potential range between –1.000 V and +1.000 V (vs. Ag/AgCl, 3.5 M KCl)

Potentials Regions Description

+0.750 V (A’) Au oxide formation
Around +0.550 V (B’) N/A
Between –0.200 V to the plateau at –0.700 V (C’) Enzymatic enhanced ORR wave
±0.125 V (A’’)/(B’’) N/A

Between +0.500 to +0.900 V (C’’) Enzymatic enhanced oxidation wave for 
organic material oxidation reaction

4. Conclusions

A once-through flow cell arrangement combined with a 0.2 mm diameter polycrystalline gold 
electrode for electrochemical investigation has been developed to detect the growth and development 
of a Pseudoalteromonas sp. biofilm within artificial seawater, in order to ascertain the fundamental 
electrochemical response:  Key insights include:

 The gold electrode sensor was fully characterised electrochemically, with marked differences 
between the abiotic and biotic ASW clearly evident, mainly associated bacterial biofilm surface 
modification of the interfacial properties with enhanced enzymatic enhanced ORR and oxidation 
reaction of organic components (undefined redox mediator activity), and suppression of electro-
active adsorbed/desorbed inorganic ions due to the biofilm;

 The self-cleaning of a biofilmed gold surface would not be feasible within a operational potential 
range between –1.000 V and +1.000 V (vs. Ag/AgCl, 3M KCl), therefore higher applied potentials 
than for those observed the NaCl and abiotic ASW media would be required;

 The CV analysis for the biotic ASW demonstrated the significance of polarisation on a biofilmed 
gold electrode;

 Overall, the influence of organic nutrients under aerated and deaerated, as well as sterile and 
biotic, conditions have been deconvoluted, thus, allowing the extracellular electron transfer and 
biofilm responses to be fully assessed.  The study demonstrates the importance of differentiating 
the oxygen reduction kinetics before attributing an aerobic bacterial response involving enzyme 
and redox mediator activities.
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interface; Pourbaix diagram for the gold-chloride-water system; and schematic and graphical data for 
determining the anodic and cathodic peak current densities (  and ) and peak potentials (  and 𝑗pa 𝑗pc 𝐸pa

) in the voltammograms for the control and abiotic ASW media – idealised plot to illustrate the 𝐸pc
curve analysis.
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