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Using EQCM method, the influence of electrode ptiron Escherichia coli(E. coli) biofilm
development was investigated in a range froV to 0.6V. Parabolic dependeeof the cell density

on the electrode potential was observed. The catisitly of biofilm grown at different electrode
potentials was also verified by optical microscopiages. Double layer capacitance was determined
by EIS in the same range of potentials, based achwjotential of zero charge (PZC) was estimated at
0.15 V. The relation between surface charge andnpiat was revealed based on PZC which enables
mechanistic understanding of the parabolic deparelencell density on potential. Electrode potdntia
has dual effect on biofilm development in that pesly charged surface at potential larger than PZC
promoted the initial adhesion of bacteria onto tetete surface via electrostatic attraction but it
impeded cell elongation and division in later stepbacterial proliferation on the surface. Therefo
the highest cell density of biofim was obtainedvaiderately positively charged electrode surface at
0.2 V.

Keywords: Biofilm development, potential of zero charge (RZE coli, electrochemical quartz
crystal microbalance (EQCM), electrochemical impe@aspectroscopy (EIS)

1. INTRODUCTION

Bacterial adhesion to the surface of natural andmaale materials in the form of biofiim is a
ubiquitous phenomenon that attracts intensive @stein recent years [1]. On one hand, biofilm
formation is harmful in medical treatment, e.g.,eithances microbial drugs resistance [2] and
corrosion of metals [3]. On the other, it is saluta biofilm based water treatment reactors [4eveh
the biocatalytic power is accelerated by the foromabf biofilm.

Biofilm development on solid surface is a comphchtprocess [5] comprising of initial
adhesion [6] and subsequent proliferation [7], exttacellular polysaccharide production [8], ets. A
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the first step of biofilm development, initial adien step was considered of essential importarice [6
There are a variety of factors that influence thigal adhesion of bacteria onto surface [9]. Scefa
chemical groups on bacteria and solid may givetasgpecific attraction or repulsion force [10]. Mo
generally, non-specific forces dominate the initedhesion process [11]. Under physiological
condition, bacterial cells often carry negativerglea [12] on their surface which lead to electrista
interaction with the charges on solid surface. Mietess, how bacteria respond to surface at difiter
electrostatic conditions has not been systemayietlicidated.

Electrochemical quartz crystal microbalance (EQG#Man effective tool to study absorption
phenomena [13, 14]. We have previously reportedguEiQCM to modulate and monitor biofilm
development on gold electrode [15]. In this worlke wystematically investigated the influence of
surface potential on biofim development. Using B @ethod,E. coli biofilm development was
recorded by the resonant frequency shift at a sedelectrode potentials from 0.6 V to 0.6 V. The
final cell density on the electrode was also vedfby optical microscopic observation. Furthermore,
using Electrochemical Impedance Spectroscopy (Htsiple layer capacitance of the electrode was
determined from 0.6 V to 0.6 V. Based on the résuwf double layer capacitance, potential at the
point of zero charge was estimated. Thereby, mestiannsight into the biofilm development at
different electrode potential was gained.

2. EXPERIMENTAL PART

2.1. Bacterial preparation

Wild type E. coli culture was grown under aerobic condition in LtBertani (LB) medium
(Peptone, 10 g/L; yeast extract, 5 g/L; NaCl, 10 gt 30 °C at 150 rpm. The growth Bf coli was
monitored by Optical Density at 600 nm (B using Ultrospec 4300 pro UV/Visible
Spectrophotometer (GE) with cuvettes of 1-cm patigth. Culture was harvested at mid log-phase
and diluted with fresh LB medium. Bacterial concations were adjusted for each experiment to give
a final concentration of Ofgy 0.3 for immediate use. All chemicals are analytgade and used as
received from Sigma Aldrich.

2.2. EQCM and EIS characterizations

As shown in Scheme 1, three-electrode configuraticas adopted for electrochemical
characterizations. Circular gold-coated quartz tatyglectrode (diameter 6mm, CHI 125A, CH
Instruments) with a fundamental frequency of 7.843z was used as working electrode. Pt wire and
Ag/AgCI (saturated KCI) were used as counter aridreace electrode, respectively. Prior to use,
working and counter electrodes were cleansed witinpa solution (70% #$0, and 30% HO,) and
thoroughly rinsed with Milli-Q water. Reference el@de was sterilized by 75% ethanol solution.
Airtight and autoclaved chambers of identical cgufation were used for adaptation experiments. All
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adaptation experiments were performed at 22 °Cp#éientials were referred to Ag/AgCl (saturated
KCI).

Reference Electrode

Counter Electrode

EQCM
Analyzer

Electrochemical
Impedance
Spectroscopy

Au Coated Quartz Crystal [

Working Electrode

Scheme 1.Experimental setup of EQCM chamber consisting -goldted quartz crystal working
electrode, reference electrode and counter eletrod

Before introducing into the electrochemical chaml&ercoli culture and the chamber were
thoroughly purged with nitrogen streams to createesobic condition. EQCM (CHI 440A, CH
Instruments) modulate. coli biofilm experiments were conducted @6V, 0.4V, 0.2V,0V, 0.2
V, 0.4V and 0.6V. EIS measurements were takerotanpials in the range betwedh6V and 0.6V
using PAR 283 potentiostat (Princeton Applied Red8ain combination with Frequency Response
Detector (PAR 1025, Princeton Applied Research)m\) AC potential was applied at the specific
potential (e.g., 0.6 V) over a frequency range frb®0 kHz to 10 mHz. Double layer capacitance was
determined by fitting an equivalent circuit modsing Z-View software.

2.3. Microscopic observation of biofilm on electeod

After 150 h biofilm development experiment undeatist condition, the working electrodes
were taken out of the electrochemical chambergiasds three times with Milli-Q water to make sure
that the remaining cells were firmly attached te #ectrodes. The surface colonizing biofilm cells
were then observed under Olympus BX51 microscopegés were captured with 500 x total
magnification.

3. RESULTS AND DISCUSSION

3.1. Biofilm development at different electrodegpditils modulated by EQCM

QCM has been proved as a sensitive mass senseteiorine the density of cell attached to the
electrode surface [16]. We have also previouslywshBQCM as an effective tool to monitor the mass
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change on the electrode due to adhesion of bagfesja In this studyE. coli cells were cultured in
anaerobic and static condition in EQCM chamber® @bld-coated quartz crystal electrode (working
electrode) was artificially controlled at 0.6V, @V, 0.2 V, 0V, 0.2 V, 0.4V and 0.6V. Biofilm
development on the working electrode of differeoteptials was monitored as the resonant frequency
shift in these conditions. Experiment at each paiewas done in triplicate and only representative
microscopic images were demonstrated. Fig. 1 shbevéinal resonant frequency shift on the working
electrode at different potentials from 0.6V to ®.6 Given that the negative frequency shift
corresponds to increase of mass attached to theaele surface as dictated by Sauerbrey equation
[17], cell density exhibits a parabolic dependenneelectrode potential. The highest cell density of
biofilm was achieved at 0.2 V. The cell density @ased when bioflim was grown at potentials
deviated from this value.
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Figure 1. EQCM results of biofilm development at differestéctrode potentials. Resonant frequency
shift at 0.6V, 0.4V, 0.2 V, 0V, 0.2 V, 0.4V and 0.6V. Error bar represents standard
deviation, n=3.

3.2 Microscopic images of biofilm grown at differeotentials

To verifiy the frequency results of cell densityicroscopic verification was conducted. After
the EQCM experiments, working electrodes were takeinof the chamber and throughly rinsed to
remove the planktonic cells. This makes sure thmy cells that firmly attached to the electrode
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surface are remaining. The electrodes were thearedd under optical microscope. As shown in fig.
2, microscopic images of cell density are conststeith the frequency results. Sin&e coli cells
carry negative charges in phisiological conditi@@][ it is not surprising to find that the cell déy at
negative potentials is low due to electrostatiautgipn force. It is interesting to know why 0.2 ¥v@
rise to the highest cell density. Why not otheue&
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Figure 2. Optical microscope images (500 x total magnifargt of E. coli cells (at 150 h) at the
electrode potential of 0.6V, 0.4V, 0.2V,0V,® V, 0.4V and 0.6V.

3.3 EIS of double larger capacitance of electrotidiierent potentials

To understand the parabolic dependence of biofiéth @ensity on electrode potential, we
evaluated the surface property of electrode. Thextet field in the proximity of electrode is
determined by the electric double layer at thetsdele-medium interface.

It could directly lead to qualitative judgment bkttype of interaction (attraction or interaction)
between bacteria and surface if we know the typehairges on the surface. Unfortunately, it is
experimentally difficult to directly measure theaches on the surface. Instead, indirectly methoes a
available such as estimation of PZC from EIS measent [18]. PZC is an expedient marker of
surface charges, which is critically relevant t@aiption of electrolyte [19]. It denotes the potaint
when the surface carries zero charge. Normally wélestrode potential is larger than PZC, the
electrode carries positive charges and when itmaller than PZC, the electrode carries negative
charges. In this study, we used EIS to determin€ Bizthe gold coated electrode in pure LB medium
without E. coliat different potentials in the range from 0.6V@®%V.

Fig. 3A shows the Nyquist plot of impedance measm, indicating the intricate dependence
of electric double layer on electrode potential. §an further insight into the property of electric
double layer, the impedance data were fitted iguo@lent circuit model using Z-view software. Fig.



Int. J. Electrochem. Sci., Vol. 5, 2010 102c

3B shows the equivalent circuit model. Since tleeteic double layer of most solid does not behasve a
ideal capacitance, a constant phase element (GRE)ployed to fit the double layer capacitance with
the phase angle usually slightly smaller than 9R.and R represent solution resistance and
polarization resistance, respectively. Since LB inedis not electrochemically active, the impedance
results reflect non-faradic processes determinetiégouble layer at different electrode potentials
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Figure 3. (A) Nyquist plot of EIS of electrode in pure LB diem without bacteria at 0.6V,0.4V,
0.2V, 015v, 01V, 005V, O0V,005V,01V, 015V, 0.2V, 0.4V and 0.6V.(B)
Equivalent circuit model used to fit EIS results.

3.4 PZC and its implication on biofilm development

Fig. 4 shows the double layer capacitance at @iffeelectrode potentials. The double layer
capacitance exhibits parabolic dependence on etdeipotential. The minimal capacitance is 4.32 pF
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obtained at 0.15 V. This result suggests that PZtbeogold coated working electrode in this stusly i
ca. 0.15 V. Therefore, electrode surface carriesitipe charges when the electrode was maintained at
potential larger than 0.15 V and it carried negatoharges when the electrode was maintained at
potential smaller than 0.15 V. Biofilm development the electrode at different potentials could then
be perceived from the point of view of surface geainteraction. When electrode was maintained at
potential smaller than 0.15 ¥, colicells experience repulsion force in initial adbesstep. The more
negative the electrode potential was, the largpulston forceE. coli cells would experience. As a
result, the cell density of biofilm decreased omldft arm of parabolic curve in Fig. 1.

Figure 4. Fitted double layer capacitance @6V, 0.4V, 0.2V, 0.15V, 0.1V, 005V, 0 V,
0.05Vv,0.1V, 0.15V,0.2V,0.4V and 0.6V.

However, the cell density did not increase monaally when electrode potential was larger
than 0.15 V. The highest cell density was achieaedlightly positive surface charges at 0.2 V and
then it decreased at 0.4 V and 0.6 V. This phenomevas due to the fact that larger deviation from
PZC gives rise to higher surface charge densityltemte stronger attraction force between positively
charged electrode surface and negatively chaegexbli surface. It is previously known that positively
charged surface has antimicrobial effect [20]. $tieng attraction force between bacteria and serfac
may impede cell elongation and division. Bacteraliferation on the surface is not favored at hyghl
positive charged surface. Therefore, the obserefiddensity of biofilm grown at different electrode
potentials is attributed to the dual effect of aud potential on biofilm development. The primary
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effect is the electrostatic interaction that diesathe initial adhesion step. The secondary eitettte
binding force that inhibits cell elongation andidion in subsequent proliferation steps on theaserf

4. CONCLUSIONS

The parabolic dependence of cell density of biofdm electrode potential was investigated
from the angle of PZC by EQCM and EIS methods. iBiotlevelopment at potential larger than PZC
may be promoted in initial adhesion step but irtkibin later proliferation steps.
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