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� Electrochemical signature of E. coli
early biofilm was measured on
microstructured electrodes.

� Microstructured electrodes enhanced
early biofilm attachment.

� Microstructured electrodes increased
EET rate and detection of early bio-
films by 22%.

� Biofilm formation decreased interfa-
cial resistance via impedance
spectroscopy.

� Electronic and confocal microscopy
confirm that biofilm forms near
electrode microstructures.
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Extracellular electron transfer (EET) from microorganisms to insoluble metals and electrodes is rele-
vant to energy recovery from wastewater, green production of high-added value chemicals, and bio-
sensors for food, environmental, and clinical applications. Microstructured electrode surfaces increase
EET rate in bioelectrochemical systems, thus enabling higher sensibility and power output as well as
the detection of bacteria and biofilms in bioelectrochemical sensors. However, many aspects of the EET
process, particularly in early biofilm stages, are still poorly understood. We report a microstructured
gold electrode maintained at oxidative potential to support the growth of Escherichia coli, measure the
electrochemical output, and analyze the EET rate during early biofilm formation. The charge outputs of
the modified electrodes are up to 22% higher than the control electrodes, enabling the electrochemical
detection of early E. coli biofilms. The electrode microstructures promote biofilm attachment, as
confirmed by field emission scanning electron microscope (FESEM) and confocal laser scanning mi-
croscope (CLSM) imaging. Following biofilm formation, the resistance to charge transfer at the biofilm-
electrode interface decreases and the capacitance increases as shown by EIS analysis. Overall, these
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results contribute to the understanding of EET in early biofilms, towards developing sensitive bio-
electrochemical sensors for biofilm detection.
© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Bioelectrochemical systems (BES) are relevant to the develop-
ment of microbial fuel cells and biosensors for food, environmental
and clinical applications [1]. BES are powered by interactions be-
tween viable bacterial cells and electrically conductive materials
[2,3], and offer a potentiostat-controlled environment to investi-
gate the biological phenomena using electrochemical methods [4].
Numerous bacterial species are capable of Extracellular Electron
Transfer (EET) to electrodes maintained at a defined electro-
chemical potential [5,6]. EET originates from bacterial respiration
processes in which microorganisms oxidize organic carbon sources
and, in absence of soluble electron acceptors (e.g., oxygen or ni-
trates), use the electrode as a terminal electron acceptor [7,8]. EET
in microorganisms is generally thought to occur through one or
more of three main mechanisms: (i) direct electron transfer
through transmembrane cytochrome complex [9,10], (ii) electron
hopping via pili-like conductive appendages termed nanowires
[11,12]; or (iii) mediated electron transfer via exogenous or micro-
bially produced redox mediators [13,14]. In order to improve BES
efficiency, it is necessary to identify the mechanisms of bacterial
electron transfer into solid electrodes, yet the aforementioned
EET mechanisms are not completely distinct from one another.
Currently, deconvoluting them with accuracy remains a
challenge [15].

Bacteria tend to accumulate at interfaces to form polymicrobial
aggregates deemed biofilms [16]. Biofilms that grow on the surface
of electrodes and show EET are usually termed as electrochemically
active biofilms (EAB) [2,6,17]. The electron transfer diffusion is
known to change as the biofilm grows [18], but an early biofilm
attachment stage is sufficient to elicit a bioelectrochemical
response [19]. Additionally, the electrode surface is thought to in-
fluence the early biofilm attachment [20e23], hence affecting the
electrochemical performance [24], yet little research has been
carried out to understand this effect. Further, the electrodematerial
determines the current output and the biofilm attachment. Carbon
electrodes have beenwidely used in energy-producing BES for their
low-cost and biocompatibility [25]. However, they are not suitable
to detect early biofilm formation, as they have high (capacitive)
background current, which hinders the EET process in the early
stage of bacterial colonization [26]. On the other hand, gold (Au)
and Au thin film electrodes are biocompatible and have low
capacitance and low electrical resistance [27,28], thus allowing
sensitive EET measure [29]. Although the trend is moving away
from precious metals [3], Au thin film deposition allows the sys-
tematic fabrication of electrodes with specifically designed features
[30e33]. Therefore, Au electrodes represent a suitable option for
biofilm and electrode-surface interaction studies.

Recent research shows that both nano- and micro-features
determine the current output of biofilms [31,33,34] and that the
roughness of the electrode surface contributes to the electro-
chemical signature and EET rate during early biofilm attachment
[19]. Also, surface engineering enables the fabrication of micro-
pillars of comparable size with bacteria, which creates a favorable
platform to study the biofilm-surface interactions. Sincemost of the
prior studies have focused on increasing the current output in BES,
little attention has been given the bacteria-surface interactions in
the early stage of biofilm formation. This is particularly relevant to
biomedical applications, in which early detection of biofilms on
devices such as catheters and prosthetic implants would allow
rapid and life-saving interventions. Further, a label-free, imped-
ance-based instrument for biofilm detection has been recently
commercialized (Acea Biosciences). This device uses impedance
reading at a single frequency (e.g., 10 kHz) to calculate a cell index,
which is correlated to the capacitance, therefore to the concentra-
tion of bacterial biofilm. However, this approach uses only part of
the information available through impedance spectroscopy [35].
Full impedance scan is preferable, in conjunction with distribution
function of relaxation times (DFRT) analysis and tailored micro-
structured surfaces. To our best knowledge, except for our recently
publishedwork [24], this is the first study that uses DFRTanalysis to
characterize biofilm interactions with conductive microstructured
surfaces.

Here, we report the use of an ordered micropillar array gold
electrode to study the electrochemical signature of biofilm-surface
interactions during early biofilm attachment. We measured the
electrochemical charge, impedance, and analyzed the EET rate
during early biofilm formation. The micropillared electrodes
showed faster biofilm formation, as confirmed by field emission
scanning electron microscope (FESEM) and confocal laser scanning
microscope (CLSM) images. Escherichia coli biofilms were used
because of their common occurrence and easy handling. E. coli
showed low but detectable electrochemical activity in presence of
the exogenous redox mediators 2-HNQ [36]. Our findings are
promising towards designing electrochemical sensors that may be
integrated in high-end biomedical equipment such as laparoscopes,
where standard cleaning and disinfection procedures may not
completely remove attached bacterial cells [37]. In fact, outbreaks
due to contaminated instruments are a rare but serious concern
[38]. Further, microstructured surfaces could also be employed for
online biofouling/biofilm sensing in the side stream of drinking
water nodes [39].

2. Experimental methods

2.1. Fabrication of Au ordered structure array electrodes

A schematic diagram of the ordered array microstructures on
the electrode surface is shown in Supplementary Fig. S1. The
electrodes are covered with a thin layer of Au, which is patterned
into ordered arrays of cylindrical pillars with 8 mm (a) and 4 mm (b)
diameter and 1 mm height (Supplementary Figs. S1a and S1b,
respectively). In both cases, the distance between the centers of the
pillars was 20 mm. The geometric surface of the electrode modified
with 8 mm and 4 mm cylinders was 1.03 and 1.06 cm2, with the
surface of the flat electrode being 1 cm2. Supplementary Fig. S1c is a
3D sketch of the pillar array viewed at an inclined angle. Au was
selected as it is a highly conductive and biocompatible electrode
material [40].

Lithography was used for fabricating the electrodes
(Supplementary Fig. S2). The surface of 4-inch silicon (Si) wafer was
firstly cleaned in sulfuric acid (H2SO4) at the temperature of 120 �C
for 30min. A 20 nm thick layer of titanium (Ti), followed by 200 nm
thick layer of Au was subsequently deposited on the Si wafer sur-
face by the magnetron sputtering system SP3 (Coaxial Power Sys-
tem ltd, UK). Au and Ti targets were used for the deposition process.
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The chamber pressure was set at 2� 10�2 torr, and the argon gas
pressurewas 3 bar. The deposition Au coating was for 1m for Ti and
10m for Au. The Si wafer was then covered with hexamethyldisi-
lazane (HMDS) coating for 2min using DELTA 150 VPO prime oven
(Yields Engineering Systems, Inc, USA). HMDS is used commonly to
strengthen the adhesion of the photoresist onto the surface elimi-
nating the moisture on the wafer surface. After the wafer cooled
down, a ~1.5 mm layer of photoresist (PR 7217 positive) was spin-
coated on the Au surface at 5000 rpm for 30 s. Then, the photore-
sist was exposed to 365 nm wavelength ultraviolet (UV) light
through the glass photomask for 4 s, which was followed by
developing the pattern in AZ 300MIF developer solution (EMD
Performance Materials Corp., USA) for 1min. Finally, the patterned
wafer was coated with a 50 nm Au layer by magnetron sputter, for
5min, under the aforementioned chamber and argon gas pressure
conditions.
2.2. Field emission scanning electron scanning (FESEM) of the bare
electrodes

The surface morphology of the electrodes was characterized
using FESEM 6340 (JEOL, USA) at an accelerating voltage of 30 kV
and 5 kV. The FESEM images of Au ordered array electrodes
with cylindrical pillars of 8 mm are shown in Fig. 1(a) (top view,
magnification 3500�, 5 kV) and Fig. 1(b) (incline plane of 52�,
Fig. 1. FESEM images of the bare gold cylindrical pillars electrode with 8 mm and 4 mm diam
the height of the pillar on the electrode, tilted 52� at 5 kV at 10000x and 25000� of magn
magnification 3250�, 5 kV). Fig. 1(c) shows the thickness of the
cylindrical feature is 1.30 mm height (magnification 10000�, 5 kV,
tilted at 52�). The electrodes with cylindrical pillars of 4 mm
diameter are shown in Fig. 1(d) (top view, magnification 3500�,
30 kV) and Fig. 1(e) (tilted 52� view, magnification 3250�, 5 kV).
Fig.1(f) shows the thickness of the cylindrical feature is 1 mmheight
(magnification 25000�, 5 kV, tilted at 52�).
2.3. Bioelectrochemical experiments

E. coli K12 was inoculated in Luria Bertani (LB) broth at low
sodium chloride for 20 h in a shaker incubator at 200 rpm at 37 �C.
Following centrifugation at 6000 rpm for 5min at room tempera-
ture, the bacterial pellets were re-dissolved in 10mL ofMOPS 1x (3-
(N-morpholino) propanesulfonic acid) buffer at pH¼ 7.4, to a final
optical density at 600 nm (OD600) of 0.7. The bacterial suspension
was then added into the autoclave-sterilized electrochemical cell
and 50 mM of 2-Hydroxy-1,4-naphthoquinone (2-HNQ) was added
as redox mediator.

The electrochemical cells comprised of an 11mL glass vial and a
custom Teflon lid sealed with Parafilm layer (Bemis Company, Inc.,
USA). Each cell was fitted with a microstructured Au working
electrode (WE) hold by a PTFE jacketed electrode holder, an Ag/
AgCl reference electrode (RE) (IDA Company, China), and a Pt wire
counter electrode (CE). The three electrodes were connected to a
eter pillars. (a, c) Top view, 3500� magnification at 30 KV; (b, d) Cross-section showing
ification, respectively.



Fig. 2. Charge-time response measured for the 8 mm (red line), 4 mm (blue line) pillars
and flat electrode (black line) with a potential step of 0.4 V versus Ag/AgCl over 24 h.
The solution included MOPs buffer, E. coli at OD600¼ 0.7, and 50 mM of 2-HNQ as redox
mediator. Control experiment with flat electrode without bacteria (pink line) bacteria
is included. Each line represents the average of four independent biological replicates
(n¼ 4) with new electrodes and overnight-grown bacteria.
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VSP multichannel potentiostat (Bio-Logic, France). The electro-
chemical cells were operated at 23.0± 0.5 �C under constant stir-
ring with a magnetic stirrer. Each conditionwas tested with at least
two independent biological replicates (n¼ 2). The WEs are the
microstructured electrodes described in Section 2.1: 8 mm (a) and
4 mm(b) cylindrical pillar arrays and flat electrode (c) without any
microstructure. The WEs were characterized at the beginning
(following inoculation) and the end of the experiments through
cyclic voltammetry (CV) (Supplementary Fig. S3) and electro-
chemical impedance spectroscopy (EIS), which was performed at
open circuit potential (OCP) without stirring. The EIS was carried
out in the frequency range 100 KHz-30 mHz. The AC potential
amplitude was 10mV. The full set of EIS parameters (.MPS file) is
included as supplementary information. Charge output was
measured at 400mV vs. Ag/AgCl through Chronocoulometry (CC)
under stirring conditions. EIS results were fitted to the equivalent
circuit model through the EC-Lab software v11.26 (Bio-Logic,
France).

2.4. Imaging of E. coli attachment onto the electrode

At the end of the electrochemical characterization, all the elec-
trodes were imaged through CLSM or FESEM to determine the ef-
fect of electrode microstructure on biofilm formation. The
electrodes were removed from the electrochemical cells and rinsed
with phosphate buffered saline (PBS) to remove the planktonic
cells. For FESEM imaging, the biointerface was dehydrated with
ethanol at increasing concentrations (25%, 50% 75%, and 100%).
Then, the electrode was placed in glutaraldehyde 3% at 5 �C for 24 h
for fixation on the surface and then dried at room temperature.
Finally, the electrode was coated with platinum (Pt) for FESEM
observation.

After the removal of the planktonic cells with PBS, the elec-
trodes were stained with a mixture of fluorescent dyes LIVE/
DEAD™ BacLight™ Bacterial Viability Kit to image separately viable
and dead cells attached on the surface of the electrode. The dyes
(SYTO® 9 and propidium iodide) were mixed in equal part and
deposited on the electrodes for 15min. The electrode was then
rinsed with PBS to eliminate the excess of dye and then imaged
with a 40� magnification CLSM (Zeiss 5780 microscope (Zeiss,
Germany)). The reflection technique was used to visualize the
metal surface [41].

2.5. Statistical analysis

All the electrodes were fabricated in one batch on the same 1000

silicon wafer. Later, the electrodes were cut, randomized, and used
for the bioelectrochemistry experiments. Each experiment was
inoculated with independent overnight cultures of E. coli. Each
chronocoulometric (CC) curve, discussed in section 3.1, is the
average of four independent biological replicates (N¼ 4). All the EIS
results, discussed in section 3.2, are calculated from two indepen-
dent biological replicates (N¼ 2). Average and standard deviation
of the results were calculated using standard methods.

3. Results and discussion

3.1. Effect of microstructure electrodes on the EET process

The potentiostat-controlled electrochemical cells were inocu-
lated with overnight grown E. coli culture to a final OD600¼ 0.7,
which corresponds to fully grown E. coli culture in MOPS [42].
Following inoculum, the bacterial cell concentration in the plank-
tonic phase remained approximately constant during the experi-
ments. Therefore, the difference in the charge output across the Au
electrode microstructures tested originated mainly from the bac-
terial attachment and initial biofilm formation during the 24 h of
the batch experiments. This experimental setup consents decon-
voluting the effect of bacterial growth in the planktonic phase from
the biofilm growth. In previously reported experiments, in fact, the
change on current output with time was the combined effect of
growth in planktonic phase and early biofilm formation [43e45].

Three types of electrodes: cylindrical pillars ordered arrays of
8 mm, and 4 mm in diameter, and smooth flat electrode (without
microstructure) were tested in potentiostat-controlled electro-
chemical cells. The working electrodes were maintained at
E¼ 0.4 V vs. Ag/AgCl, which is higher than the limiting potential for
2-HNQ but not too high to damage the bacterial membranes and
the EET chain [46,47]. The charge output over 24 h was calculated
from the current output via numerical integration using EC-Lab
software. Previous experiments show that 24 h at 37 �C gives
enough time to observe E. coli biofilm formation in flow cells [48].
Under batch conditions, longer experiments could not be per-
formed, as the nutrients are rapidly consumed, leading to a strong
decrease in the current output. Longer experiments (36 h) in
continuous flow cells at 30 �C have been previously reported,
showing complete biofilm formation under these conditions [49],
with 70e100 mm thick colonies. However, thick biofilms (multi-
layers biofilm) with full surface coverage hinder the effect of elec-
trode microstructure on EET [30,50], thus short experiments at
lower temperature are preferable to study the effect of micro-
structure on EET in biofilms.

The charge output at 24 h of the 8 mm and 4 mm pillars micro-
structured electrodes was 22% and 11% higher than that of the flat
electrodes (Fig. 2). The electrodes with 8 mm, 4 mm cylindrical pil-
lars and the flat electrodes produced 0.299± 0.018C, 0.273± 0.028C
and 0.244± 0.021C per cm2 of geometric surface after 24 h,
respectively (n¼ 4). The electrodes have a surface area of 0.30 (flat
electrode), 0.31 (4 mm pillars), and 0.32 cm2 (8 mm pillars). The
physical increment of the geometric area corresponds to 3% and 6%
for 4 and 8 mm pillars microstructure electrodes, respectively. Sur-
prisingly, the effectiveness is 3.66 times higher for the charge
output as calculated by surface increased (22% and 11% more
charge). This result suggests that the charge output increases
mainly due to the formation of biofilm, and not only to the redox
cycling of 2-HNQmediated by the suspended cells in the planktonic
phase, which is proportional to the geometric surface of the
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electrode. However, direct quantification of planktonic and biofilm
cells through flow cytometry or colony forming units (CFU) might
be needed to confirm the validity of our results. We have recently
observed that the concentration of planktonic cells does not change
significantly in 24 h of E. coli biofilm growth [24], thus indicating
that charge transfer is contributed mostly by the biofilms, under
the chosen experimental conditions. The effect of a small increment
of the geometric surface area on the charge output in E. coli has not
been reported. Notably, the correlation between electrode surface
area and charge output is nonlinear. For example, an increment of
573% of geometric area correspond to a 236% increase in current for
Geobacter sulfurreducens, which in turn corresponds to only 40% of
surface area increase [30]. This result is relevant to determine the
optimal surface area for detection of initial biofilm formation in
biomedical devices.

Each CC curve (Fig. 2) represents the average of four indepen-
dent biological replicates (n¼ 4). The charge output variability re-
sults in partial overlapping of the 8 mm and 4 mm pillars
microstructured electrodes. The charge output variability can be
explained by the colonization patterns (isolated cells to patches),
and the stochastic nature of initial biofilm attachment [30,51], due
to the reversible attachment/detachment phenomena. The charge
output is comparable with that of other weak electroactive mi-
croorganisms such as Enterococcus faecalis [52] in presence of
0.5mM concentration of Fe(II)/Fe(III) as redox mediator. Sterile
control experiments with flat Au electrodes produce less than 10%
of the experiments inoculated with viable cells, confirming that the
Fig. 3. Nyquist plot of EIS response and fitting to the equivalent circuit model, for (a) 4 mm
formation (24 h). Insets show the high frequency portion of the EIS scan. Each experiment
current output is caused by the reduction of 2-HNQ by metaboli-
cally active viable cells and its re-oxidation at the electrode main-
tained at oxidizing potential (Fig. 2).

The charge output with time follows similar trend for micro-
structured and flat electrodes. After inoculation, the charge in-
creases gradually in the first 5 h, which is followed by a rapid
increase. Interestingly, this increase did not follow a logarithmic
trend (Supplementary Fig. S3), indicating that the charge produc-
tionwas not related to bacterial duplication in planktonic phase but
rather to bacterial biofilm formation [43]. After 15 h, the charge
output rate decreased, probably due to nutrient limitations. Previ-
ous reports have suggested that the charge output plateau is due to
limitation in EET through thick biofilms [30,53]. The plateau in
charge production has been previously observed for growing bac-
terial culture, and it is not yet clear whether this is due to
exhaustion of nutrients or excessive accumulation of biofilm, which
decreases biofilm conductivity and charge output rate. In this sys-
tem, charge output plateau might also be caused by coverage of
surface microstructure. However, the same effect was observed for
flat electrodes, suggesting that charge plateau is mostly due to the
nutrient exhaustion. Further, the CLSM analysis (discussed in sec-
tion 3.3) shows only partial coverage on the electrode, thus the
nutrient limitation explanation is more likely. The CV analysis
(Supplemental Fig. 4) shows a poorly reversible oxidation peak at
0.05 V vs. Ag/AgCl after biofilm formation (24 h). The height of the
peak is higher for microstructured than flat electrodes. However, no
significant difference between 4 and 8 mm was observed.
pillars, (b) 8 mm pillars, and (c) control flat electrode, before (0 h) and after biofilm
was repeated with two independent biological replicates (n¼ 2).



Fig. 4. (a) Relaxation time (t) and (b) gamma main-peak area value from electrochemical impedance spectroscopy (EIS) before (t¼ 0 h) and after biofilm formation (t¼ 24 h), using
ordered structure array gold electrodes of 4 mm and 8 mm pillars, and flat electrodes; (cee) Gamma as function of relaxation time (Log t) for the 4 mm and 8 mm microstructure and
flat electrodes. The reduction and left-displacement of the peak areas after biofilm formation (t¼ 24 h, dashed lines) correspond to a decrease of the impedance and to acceleration
of EET at the biofilm-electrode interface.

S.E. Astorga et al. / Materials & Design 185 (2020) 1082566
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3.2. Early biofilm attachment on the electrode surface impedance

The Nyquist plot for the smooth and microstructured electrodes
(8 mm and 4 mm diameter cylindrical pillars) immediately after
inoculation (time¼ 0 h) and at 24 h is shown in Fig. 3. The EIS show
features at high frequency (HF) and low frequency (LF). While the HF
feature does not change with biofilm formation, the impedance at LF
decreases significantly with time as early biofilm attaches onto the
electrode. It has been previously shown that E. coli does not produce
a current output without a redox mediator [1,36]. Thus, the EIS
feature at LF is due to the following processes: 1. Molecular diffusion
of 2-HNQ from bulk solution to the biofilm; 2. Reduction of 2-HNQ in
the biofilm; 3. Re-oxidation of 2-HNQ at the electrode polarized at
high potential. The EIS feature at HF is likely due to the impedance of
the electrode-charge collector connection, which is much smaller
than that at LF. Prior to equivalent circuit modeling of the EIS result,
the distribution function of relaxation times (DFRT) was obtained
using the software ISGP [54,55] to determine the number of time
constants in the system and their variationwith biofilm growth. The
raw EIS data were trimmed to remove the noise caused by the
electrode connection (HF) and the diffusional limitations (LF), thus
isolating the time constants of the system. The gamma function,
corresponding to the total impedance of the RC circuit associated to
each time constant, and the characteristic time for the RC circuit
decreases with time for all electrodes (Fig. 4), indicating a more
efficient EET process as biofilm forms on the electrode. This is due to
the faster redox cycling of 2-HNQ in presence of biofilms, as per the
EET process previously discussed. The relaxation time decreases
from 10 s to 5 s approximately after biofilm formation. However, no
Fig. 5. FESEM images of the ordered structure array gold electrodes with bacteria attached o
view, magnification 999�, 5 KV; (b) 8 mm pillars electrode top view, magnification 6000�,
electrode tilted 52� , magnification 5000�, 5 KV.
significant difference in the relaxation time was observed between
electrodes of different microstructure. Similarly, the decreases of
gamma function after biofilm growth does not show statistical dif-
ference across the microstructure. The DFRT results confirm that the
EIS data should bemodeledwith two times constantmodel, inwhich
only the time constant at LF depends on biofilm formation.

The two time constants shown in the equivalent circuit of the
systemwas used to fit the EIS data described by Eqs. (1) and (2) [56]
(Supplementary Fig. S5):

ZðuÞ¼R1 þ
1

ðiuÞa2Q2 þ 1
R2

þ 1
ðiuÞa3Q3 þ 1

R3

¼R1 þ
R2

1þ ðiuÞa2t2

þ R3
1þ ðiuÞa3t3

(1)

t1 ¼R1Q1; t2 ¼ R2Q2 (2)

where R1 represents the ohmic resistance of the bulk solution in the
cell. Q3 is the constant phase element (CPE) that describes the
pseudo-capacitance of the solution e biofilm interface and R3
represent the resistance to charge transfer at the same interface. Q2

and R2 represented the biofilm e electrode interface in series with
the solution-biofilm interface. Finally, a2 and a3 represent the
nonideality of pseudo-capacitance Q2 and Q3, respectively. Q2 and
R2 are shown in the Supplementary Fig. S6.

The EIS results confirm that the microstructured electrodes
improve the EET rate and the biofilm attachment in comparisonwith
nto their surface after 24 h of growth at 0.4 V vs. Ag/AgCl. (a) 8 mm pillars electrode top
5 KV; (c) 4 mm pillars electrode top view, magnification 1000�, 5 KV; (d) 4 mm pillars



S.E. Astorga et al. / Materials & Design 185 (2020) 1082568
the control flat electrode. The 8 mm pillar microstructure shows a
slightly lower impedance, which corresponds to the lowest R2 and
highest Q2 values (Supplementary Table S1). These results are
consistent with previous observation of EET in G. sulfurreducens bio-
films [15]. R3 andQ3 did not showawell-defined trend, as they donot
dependonbiofilm formation. Overall, the EIS at open circuit potential
may be insufficient to determine the biofilm electrochemical signa-
ture. We therefore suggest that EIS at different potentials is routinely
adopted for biofilm characterization, as recently reported [24], when
faradaic current is sufficiently low not to alter the EIS results [57].

3.3. Electrode morphology and biofilm-surface interaction imaging:
FESEM and CLSM

The distribution of the attached cell onto the electrode support
the results of the electrochemical characterization of the biofilm-
Fig. 6. CLSM images of the ordered structure array gold electrodes of (a) 8 mm and (b) 4 mm p
electrochemical batch. SYTO® 9 and propidium iodide staining used to differentiate live an
and electrode surface.
electrode interface. The microstructured electrodes were imaged
before inoculation (0 h) and after early biofilm attachment (24 h).
Flat electrodes images were not included.

FESEM of the bare electrode confirms the fabrication
morphology in concordance with the designed characteristics.
Fig. 1 shows the pillars array with smooth Au thin film deposited on
the microstructures. The microstructures are homogeneously
distributed with centers equally distant of 20 mm. The distance
measured from the edge of the structure to the next one was 16 mm
and 12 mm for the 4 mm and 8 mm, respectively, which is consistent
with the lithography design. The 1 mm height of the pillar structure
is smaller than previously reported microstructure, e.g., 500 mm
height pillar [30], 8 mm height pillar [58], and 20 mm height pillar
[34]. Higher pillars increase the geometrical surface area; however,
they also increase diffusional limitations of the nutrient toward the
biofilm. The optimal size of microstructure can vary depending on
illars, with bacteria attached onto their surface after 24 h of potential-controlled (0.4 V)
d dead cells. Right-side panels display the individual channels for live cells, dead cells,
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the microorganisms used and the characteristics of the biofilm.
After 24 h, the early biofilm formed by E. coli was observed

through FESEM and CLSM. The electrode was suspended vertically
in the growth medium, to minimize bacterial deposition due to
gravity and rinsed with PBS to remove planktonic cells and poorly
attached cells from the electrode surface. The FESEM images
showed different pattern of biofilm formation on the two micro-
structured electrodes, with higher surface coverage for the 8 mm
pillars (Fig. 5(a) and b). The bacteria accumulate especially at the
foot of the cylindrical pillars. The 4 mm pillars microstructured
electrodes barely showed any biofilm accumulation. (Fig. 5(c)).
However, bacteria were visible on the tilted image as rod-shaped
object (Fig. 5(d)). FESEM images do not allow identifying biofilm
matrix, thus further experiments with biofilm-specific dyes are
needed. A cross-section performed with focused ion beam system
(FIB) showed the biological layer covering the electrode had a
thickness of approximately 500 nm which is consistent with the
thickness of E. coli monolayer.

The FESEM results were confirmed by CLSM images. In fact, the
distance between features appear to affect biofilm formation, with
higher biofilm growth for 12 mm distance than 16 mm, as shown in
Fig. 6. As in FESEM images, most bacteria were observed as small
aggregates at the foot of pillars. Previous results show preference
of bacteria for micropatterned surface at initial attachment [59]
and for the grain boundaries of stainless steel [60]. The biomass of
the biofilm grown on the 8 mm pillar electrodes was 6.3 ± 2.1 mm3

for viable and 8.9 ± 3.6 mm3 for dead cells, respectively, resulting
in a biofilm thickness of 0.40 mm (Fig. 6(a)). In the case of the 4 mm
pillar electrodes, the CLSM showed a live cells biomass of
4,3 ± 0.7 mm3 and dead cells biomass of 3.4 ± 0.8 mm3 leading to a
biofilm thickness of 0.34 mm (Fig. 6(b)). Both the viable biomass
and the biofilm thickness were lower for the 4 mm than for the
8 mm electrodes, which is consistent with the lower current
output observed. Overall, the FESEM and CLSM results support the
electrochemical data, suggesting that the microstructures on the
electrode favor the attachment of the early biofilm onto the
electrode, hence the EET is affected as well. Interestingly, the
significant difference in biofilm formation among different
microstructure does not correlate with the small difference in
surface area, indicating that the spatial arrangement of micro-
structures influences early biofilm formation, rather than the
overall surface area of the electrodes.

4. Conclusion

Electron transfer ratebetweenviable E. colibiofilms andgold thin
films was measured on flat and microstructured ordered array
electrodes poised at oxidative potential. The effect of bacterial
growth on EET rate was deconvoluted from the biofilm formation,
showing that EET depends on the initial biofilm attachment, which
in turn depends on the electrode microstructure. Bacterial attach-
ment and initial biofilm formation were visually confirmed via
FESEM and CLSM imaging, while the decrease of interfacial imped-
ance following biofilm formation was experimentally measured
through EIS, and then fitted to a two times constant model. Micro-
structured electrodes enhanced the charge output and helped un-
derstand the details of the bacteria-surface interactions in early
biofilm formation. Rapid detection of early or residual biofilms
throughmicrostructured surfaces with well-defined roughness and
aspect ratio is a desirable feature in biomedical devices and drinking
water systems. Surface and aspect ratio design of such microstruc-
tures can be customized for each specific application. Future
researchefforts should focusonconductiveceramics andconductive
polymers,whichare commonlyadopted indental coatings and food/
packaging industry.
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