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Soft-probe-scanning electrochemical microscopy reveals electrochemical
surface reactivity of E. coli biofilms
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Abstract:

Investigating and understanding dynamic biofilm growth mechanisms is challenging, often because state-of-the- art
optical characterization tools provide limited information. Micrometric electrochemical imaging of Escher-ichia
coli biofilms using Soft-Probe-Scanning Electrochemical Microscopy (Soft-Probe-SECM) is herein presented as a
complementary technique. A soft microelectrode is scanned over biofilms in a gentle contact mode, which is essential
to provide a constant working distance. The on-film reduction of an electro-active compound, here the oxidized form
of ferrocene methanol, is used to create in siru biofilm metabolic activity maps by applying the feedback mode of
SECM. SECM approach curves of identically grown biofilms suggest that the SECM-baseddetection of metabolic
activity is surface-confined. The analysis could therefore be carried out on entire bio-films as well as on tape-
stripped biofilm surface layers. The method is further capable of distinguishing between biofilms containing E. coli
cells either with or without ampicillin-resistance. Finally, the SECM detection of the degradation of an E. coli biofilm

in the presence of different gentamicin concentrations is presented.

1. Introduction

About 65 % of all bacterial infections and 80 % of chronic infections
in the human body are linked to bacterial biofilm formation [1]. Apart
from certain parts of the human body (e.g. chronic wounds and urinary
tract) [2], biofilms play also an important role on environmental sur-
faces (e.g., rocks or plants) and medical implants (e.g. suture, catheters,
and dental implants). Biofilms are of serious universal concern due to
their increased tolerance to antibiotics. They can be up to 1000 times
more resistant to antibiotics compared to free-floating bacterial cells
[3]. The formation as well as the composition of biofilms are complex,
which complicates analysis and data interpretation. Biofilms contain
bacterial cells and an extracellular matriX. In addition, concentration
gradients of nutrients, signalling compounds, and bacterial waste
products result from the metabolic activities of the cells and their
transport along diffusional channels inside the biofilms. Bacterial cells
directly affect but also respond immediately to their microenvironment
leading to structural, chemical, and biological heterogeneity within
biofilms [4]. Moreover, during the growth and maturation of biofilms,
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sufficient nutrient supply will inevitably get constrained for the bacteria
deeply trapped inside the biofilms [4]. As a consequence of the lack of
nutrients, bacteria can escape from the sessile status of the biofilm and
spread to new locations. Although much progress has been made in
recent years, still little is known about biofilm growth and the devel-
opment of its defence mechanisms [5]. This is often linked to the limited
information that can be obtained by using state-of-the-art analytical
methods, which include, for instance, the Tissue Culture Plate method
[6], Tube adherence method [7], Congo Red Agar method [8], biolu-
minescent assays [9], and fluorescent microscopic examination [10].
Scanning electron microscopy is applied to visualize the morphology of
biofilms, but it cannot measure the viability of bacteria. Fluorescence
microscopy relies on dyes and might require bacterial cell fixation [11].
High-resolution techniques, such as electron and fluorescence micros-
copies are generally used for micrometric sample regions at certain time
points of biofilm development. /n situ methods for the long-term moni-
toring of larger areas during biofilm formation and growth are therefore
of high relevance in order to complement the state-of-the-art methods
towards a deeper understanding of the processes involved.
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One alternative approach to investigate biofilms is based on elec-
trochemical methods that are increasingly applied for monitoring bio-
films at the early stage of biofilm development [12]. Biofilm formation
can, for instance, be followed by using electrochemical impedance
spectroscopy [13], cyclic voltammetry [14], or chronoamperometry [15].
Besides biofilms, electrochemical methods have also been used to
address single bacterial cells and bacterial cell aggregates [16-19].
Looking at the major advantages, electrochemical methods can reach
high sensitivities while operating in small liquid volumes. Depending on
the detection strategy, biofilms and bacterial cells can be analyzed
without fixation. Electrochemical hardware can be made small and
portable. The tolerance to optical perturbations is, in particular, ad-
vantageous over light-based detection methods. Electrochemical bio-
imaging that uses (sub)micrometric electrodes can be applied to study
the electron transfer and the metabolic activity of biofilm samples [20].
Micrometer-resolved electrochemical imaging of biofilms can, on the
one hand, be realized by placing biofilms onto two-dimensional micro-
electrode array chips [21,22]. On the other hand, an electrochemical
scanning probe platform can be used, such as SECM, in which a micro-
metric electrochemical probe is translated in close proXimity to a sam-
ple. It has, in particular, found applications for studying living cells [23,
24], yeast [25] and bacteria as well as biofilms [26—29]. Potential ap-
plications of biofilm analysis by SECM are diverse in terms of analytes to
be detected and the type of bacteria under investigation [20,30].
Further, the combination of SECM with other techniques, such as
SECM-atomic force microscopy [31] and SECM-fluorescence microscopy
[32,33] or using other electrochemical scanning probe techniques alone,
such as scanning ion conductance microscopy (SICM), gains interest for
bacteria and biofilm studies [34]. The SECM signal can be an ampero-
metric current as a result of the flux of the redox-active compounds
generated or consumed by the bacterial cells [35-38]. For instance, the
reduction of ferricyanide to ferrocyanide by the respiratory activity of
E. coli cells was demonstrated and investigated by SECM [37,39]. SECM
was further used to detect HzO. at biofilms to study the glucose meta-
bolism and catalase activity during the formation of Streprococcus gor-
donii biofilms [40]. Amperometric glucose micro-sensors have been
applied as an example to detect selectively metabolites from Strepro-
coccus mutans biofilms [41]. SECM has evolved into a widely used
electroanalytical tool, often supported by data analysis based on
analytical approximations, which allow the extraction of quantitative
data, such as rate constants. However, when applied to biological sys-
tems [42-44], the complexity of the structure and morphology of bio-
logical samples complicates experimental procedures (e.g., to guarantee
the essential constant tip-to-sample-distance) and the interpretation of
the data. One approach to simplify the experimental procedures is the
application of soft contact mode microelectrodes (MEs) that were
developed for Soft-Probe-SECM imaging of extremely delicate targets
with irregular topographic features [45,46]. Using soft probes in contact
mode, the working distance is kept constant without the implementation
of specific hardware and software.

Herein, we present approach curves and electrochemical imaging of
E. coli strain DH5a biofilms over square millimeter-sized sample regions
using soft microelectrodes. Biofilms were grown and analyzed on
different substrates and at different periods of biofilm development. The
visualization of bacterial metabolic activity was based on the ability of
the biofilm to reduce the oxidized form of ferrocene methanol. Soft-
Probe-SECM electrochemical imaging was used to analyze various bio-
film samples of bacteria with and without ampicillin-resistance as well
as after gentamicin treatments.

2. Materials and methods
2.1. Materials

Ferrocene methanol (FcMeOH, 97 %), lysogeny broth (LB), 2XYT
microbial growth medium, ampicillin, and gentamicin were bought

from Sigma-Aldrich (St. Gallen, Switzerland). Phosphate buffered saline
(PBS, 10 mM, pH 7.4) was prepared with disodium phosphate
(Na-HPO,, 99.5 %), monosodium phosphate (NaH-PO,, 99.5 %), and
sodium chloride (NaCl,99 %), which were all purchased from Sigma-
Aldrich (St. Gallen, Switzerland). Propidium iodide (PI) and SYTO 9
green-fluorescent nucleic acid stain were bought from Thermo Fisher
Scientific company, USA. D-Squame adhesive sampling discs were
bought from Clinical and Derm. E. coli strain DH50 and pBluescript SK II
() were purchased from Invitrogen and Stratagene. All reagents and
materials were of analytical grade and used as received. Deionized water
was produced by a Milli-Q plus 185 model from Millipore (Zug
Switzerland).

2.2. Biofilms and bacteria culture

2.2.1. Ampicillin resistant E. coli cells

E. coli DH50 cells were transformed with pBluescript SK II (+)
conferring resistance to ampicillin. 50 pL of a solution with competent
E. coli DH50. cells were incubated on ice with 10 ng of pBluescript
plasmid DNA. Thereafter, a heat shock at 42 °C was applied for 45 s with
subsequent incubation on ice for 2 min. The outgrowth of transformed
bacteria was performed in LB by shaking (200 rpm) at 37 °C for 30 min.
The cells were then distributed on LB agar plates containing 100 pg/mL
ampicillin and incubated for 16 h at 37 °C. Finally, single bacterial
colonies were picked to start suspension cultures and were grown for
1216 h at 37 °C in LB containing 100 pg/mL ampicillin. This treatment
affected all non-ampicillin-resistant bacteria and was used to avoid
cross-contamination of E. coli with other bacteria in the environment.

2.2.2. Preparation of E. coli and ampicillin-resistant E. coli cell cultures

E. coli strain DH50 was grown as pre-cultures in LB at 37 °C for 6 h
with continuous shaking at 200 rpm. 100 pL of each pre-culture was
added into 900 pL of 2XYT and incubated overnight at 37 °C with con-
stant shaking at 150 rpm. E. coli strain DH5a with resistance to ampi-
cillin was also cultured in the same way as native E. coli, but the culture
medium was enriched with a solution of 100 pg/mL ampicillin during all
incubation steps. The obtained fresh cultures were afterward used for
measurements of ampicillin-resistant E. coli.

2.2.3. Biofilm culture

4 mL of 5 mM MgSO, in 2XYT was added to the solution of E. coli
DH5a cells (prepared in Section 2.2.2), which was incubated for 2 h
under continuous shaking at 150 rpm. Glass slides were placed in culture
dishes 60 (Thermo fisher scientific, Switzerland) and incubated over-
night at 37 °C and 50 % humidity. The biofilm formed at the interface
between the glass substrate surface and air and/or culture medium. The
presence of Mg®" in the medium positively affects the initial attachment
of bacterial cells fostering biofilm formation [47] and increases the
mechanical properties of the biofilms [48].

2.3. Tape stripping procedure and sample preparation

The biofilm-coated glass slides were removed from the culture dishes
and air-dried. Adhesive tape was then pressed firmly onto the biofilms
under slight lateral movements for several seconds to provide good
adhesion before the tape was gently removed and further air-dried. This
procedure removes the surface layer of the biofilm and fixXes it on the
adhesive (vide infra). The adhesive tape with the collected biofilm top-
layer was fixed with double-side tape on a glass slide.

2.4. Antibiotic treatments for biofilm degradation

Antibiotic treatments were carried out for 1 h or 24 h of incubation in
aqueous solutions with 32 pg/mL and 640 pg/mL of gentamicin. The
biofilms were collected from the glass slides with adhesive tapes and
transferred into the SECM setup (vide infra) (vide infra. Antibiotic



treatments were made on the tape-collected biofilms. After each anti-
biotic treatment and before each SECM measurement, i.e., when the
solutions were changed, the SECM cell was washed three times with DI
water.

2.5. Characterization

2.5.1. Confocal laser scanning microscopy (CLSM)

A 20 pM solution of SYTO 9 was prepared from a 5 mM stock solution
in DMSO by dilution with PBS. 300 pL of the solution was dropped on
the biofilm-coated glass coverslip and incubated for 30 min at room
temperature. The absorption wavelength and emission wavelength of
SYTO 9 are 485 nm and 500 nm, respectively. Then, a 500 nM solution
of PI was prepared by diluting a 1.5 mM stock solution in LB. 300 pL of
the solution was dropped on the biofilm-coated glass coverslip and
incubated for 5 min at room temperature. The absorption and emission
wavelengths of PI are 535 nm and 617 nm, respectively. A Leica TCS SP8
white light laser (WLL) confocal microscope was used for visualization
of the fluorescent markers.

2.5.2. Crystal violet staining

Biofilm-coated glass coverslips were washed three times with PBS
and then dried at 60 °C for 15 min. The coverslips were afterwards
incubated in 2 mL of 0.1 wt% crystal violet staining solution for 15 min.
Thereafter, the coverslips were washed with PBS three times and dried
at 60 °C for 15 min. Afterwards, the stained biofilm was immersed in 30
% acetic acid for 15 min to detach the stained biofilm from the glass
slide. The solution was then analyzed with a Lambda 950S UV-vis
spectrophotometer (PerkinElmer), and the results are given as optical
density at 630 nm (ODe3o).

2.5.3. Scanning electron microscopy (SEM)

Gold was sputtered with 6 nm thickness on a chromium pre-treated
glass slide using a DP650 sputtering machine (Alliance-Concept). A
biofilm was grown for one day on a gold-coated glass slide in the culture
medium. Then, the Au-coated glass slide with biofilm on top was dried
for 1 h in an incubator at 60 °C. The SEM images were acquired with a
Thermo Scientific Teneo SEM at 5 kV accelerating voltage and using a
beam current of 13 pA.

2.5.4. Other microscopy techniques
Laser scanning micrographs (LSM) were taken either with a Keyence
VK-8700 laser scanning microscope or Axio Observer (Zeiss). Light
micrographs were also taken by using a Dino-Lite digital microscope
model AM4013MT.

2.5.5. Soft-Probe-SECM measurements

SECM measurements were carried out in a three-electrode
configuration using a home-made SECM setup running under SECMx
software (G. Wittstock, University of Oldenburg) and comprising a
Compactstat (Ivium Technologies). A soft SECM probe containing a
carbon paste microelectrode (ME, active electrode area ~100 um2) acted
as working electrode, a silver wire was used as quasi-reference electrode
(QRE), and a platinum wire as counter electrode (CE). All potentials
herein are referred to the QRE. The soft SECM probe (VersaSCAN (VS)
Stylus, Princeton Applied Research — Ametek) was made of a thin and
flexible PET sheet of 100 pum thickness. First, a microchannel was
produced inside the PET sheet by laser ablation using an LSV3 excimer
laser (Optec). Thereafter, the microchannels were three times filled with
Electrador carbon ink (Electra Polymer & Chemicals Ltd.) with
intermediate thermal curing at 80 °C for 1 h. Finally, the microchannels
were sealed with a 2 um thin Parylene C layer (Comelec SA, Switzerland).
Before each experimental series, i.e., for each fresh sample, the soft SECM
probe tip was cut with a razor blade to provide a clean electrode surface.
The soft SECM probe was brushed over the samples in a gentle contact
mode with the Parylene C side touching the substrate. The probe was
tilted by 20°

in respect to the surface normal. Adhesive tapes were fixed with the
collected sample directing upwards onto a microscope glass slide for
stabilization and placed on the bottom of an electrochemical cell. All
experiments were performed at room temperature (23 +2 °C).

Lateral SECM probe translations were carried out with a working
electrode potential £+ = 0.5 V for the oxidation of FcMeOH, probe
translation speed 25 pum/s, step size 1a-pm and delay time between
probe movement and current reading-0.1 s. The experimental solution
contained 2.5 mM FcMeOH in 100 mM PBS with pH 7.4. To bring the
SECM probe into contact with the substrate, a vertical probe movement
was made until the soft probe touched the substrate.

3. Results and discussion
3.1. Optical characterization of biofilm surfaces

Biofilms of E. coli strain DH50 were grown in vitro on glass under
static conditions. The presence of a biofilm was confirmed by using
state-of-the-art microscopic techniques. Fig. 1a shows an exemplary
biofilm of several square millimeters in lateral size. As it can be seen by
the varying intensity of the white color, the biofilm contained regions
with higher and lower density. Crystal violet staining visualized the
presence of bacterial cells and extracellular polymeric substances (EPS)
by turning the color of the biofilm violet (inset in Fig. 1a). CLSM of the
biofilm was used to investigate the viability of E. coli cells (Fig. 1b-d,
Supporting information SI-1). The continuous z-stack confocal bright-
field image demonstrated the presence of a three-dimensional biofilm
structure (Fig. 1b). Only a low number of bacterial cells moved within
and near the biofilm, demonstrating that the major part of the bacterial
cells was fixed in a matrix (Movie SI-1). SYTO 9/PI co-staining of nucleic
acids was applied to distinguish live from dead bacterial cells (Fig. 1c,d).
SYTO 9 is a green fluorescing, intercalating and membrane-permeable
molecule that initially stains all bacterial cells, i.e., live and dead cells. In
contrast, PI is a red intercalating stain that is impermeable to mem-
branes of intact bacteria. PI stains therefore only dead bacterial cells
with damaged and porous cell membrane. As a result, green stains
indicate all the bacterial cells (Fig. 1c, Movie SI-2) and red (here shown
in yellow) stains indicate dead bacterial cells (Fig. 1d, Movie SI-3). The
images suggest that the number of living bacterial cells was clearly
higher than for dead bacterial cells indicating an intact biofilm. CTC/
DAPI staining confirmed the results (SI-1, Movie SI-4). The SEM shows
densely packed, multi-layered bacterial cells (Fig. 1e). A thin layer of the
VK-8700 laser scanning microscope or AXio Observer (Zeiss). Light mi-



EPS matrix covered and connected individual bacterial cells and
crographs were also taken by using a Dino-Lite digital microscope model
AM4013MT.

3.1.1. Soft-Probe-SECM measurements

SECM measurements were carried out in a three-electrode configu-
ration using a home-made SECM setup running under SECMX software
(G. Wittstock, University of Oldenburg) and comprising a Compactstat
(Ivium Technologies). A soft SECM probe containing a carbon paste
microelectrode (ME, active electrode area ~100 um?) acted as working
electrode, a silver wire was used as quasi-reference electrode (QRE), and
a platinum wire as counter electrode (CE). All potentials herein are
referred to the QRE. The soft SECM probe (VersaSCAN (VS) Stylus,

Princeton Applied Research — Ametek) was made of a thin and flexible
PET sheet of 100 pm thickness. First, a microchannel was produced in-
side the PET sheet by laser ablation using an LSV3 excimer laser (Optec).
Thereafter, the microchannels were three times filled with Electrador
carbon ink (Electra Polymer & Chemicals Ltd.) with intermediate ther-
mal curing at 80 °C for 1 h. Finally, the microchannels were sealed with
a 2 pm thin Parylene C layer (Comelec SA, Switzerland). Before each
experimental series, i.e., for each fresh sample, the soft SECM probe tip
was cut with a razor blade to provide a clean electrode surface. The soft
SECM probe was brushed over the samples in a gentle contact mode with
the Parylene C side touching the substrate. The probe was tilted by 20°

confirmed further the presence of a biofilm (Fig. 1f, SI-2).
3.2. SECM feedback mode characterization of E. coli biofilm surfaces

Soft-Probe-SECM (SI-3) in feedback mode was carried out in 100 mM
PBS (pH 7.4) using 2.5 mM FcMeOH as redoX mediator in order to
investigate the electrochemical surface reactivity of a biofilm and the
possibility of electrochemical biofilm imaging. In fact, the reduction of
Fe''containing species, which compete with oxygen as terminal elec-
tron acceptors within the respiratory electron transport chain (ETC) in
E. coli cells, was previously reported [49]. In this work, FeMeOH* (Fell)
is generated by electrochemical oxidation of FcMeOH at the soft ME
from where it then diffuses towards the sample (Fig. 2a). Compared to a
soft probe in solution bulk (probe height zp =1 mm), the SECM currents
are lower when the soft probe is in physical contact (s> < 0 pum) with
biofilm-free, insulating sample regions. The diffusion of FcMeOH from
the solution bulk is physically hindered by the substrate ("negative
feedback"). FcMeOH reaches the soft microelectrode only through the
tiny gap between microelectrode and sample, leading to the remaining
recorded current (Fig. 2a). When the soft probe touched a glass slide, it
started sliding forward with a nearly constant working distance, which
becomes clear by the nearly constant SECM current for » < 0 pm (/Norm, glass

< 0.20, black curve in Fig. 2b). For the approach curves in Fig. 2, the
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Fig. 1. Optical microscopy of an E. coli biofilm that was grown for one day on a glass slide. (a) Light micrographs before (main figure) and after (inset) viability testing
using crystal violet staining. (Note: two different samples). CLSM bright-field (b) and fluorescence micrographs (c,d). (¢) SYTO 9 staining (all bacteria). (d) PI staining
(dead bacteria). (e-f) SEM images with two different magnifications. Each analysis was done with a fresh biofilm.

SECM currents / were normalized by the current recorded in the solution
bulk /puk giving in the bulk /Normbuk = 1. In contrast, approaching the
soft microelectrode towards an one-day-old E. coli biofilm on glass
resulted at the contact point between soft probe and biofilm in a feed-
back current significantly larger than over bare glass (/Normpiofilm/glass =
0.88, Fig. 2b, c). This could be due to the ability of the biofilm to reduce
FcMeOH™ back to FeMeOH, for instance, within the respiratory electron
transport chain of metabolically active E. coli cells (redoX potential of
FcMeOH 0.44 V vs SHE) [50]. The electrochemical reactivity of the
biofilm results in an additional flux of FcMeOH from the E. coli cells
embedded in the biofilm and thus towards the soft microelectrode. The
SECM current over the biofilm on glass was up to eight times higher than
over bare glass (Fig. 2b), but lower than the steady-state dif-fusion-
controlled current for the oxidation of FcMeOH in the solution bulk
(Inormpulk 1). Thissuggests finite kinetics for the regeneration reaction in
the biofilm and/or limited mass transport within the biofilmmatrix, as
well as, across the bacterial cell membranes. In the literature,

approach curves with decaying feedback current using FcMeOH as a
redoX mediator were reported to locate the surface of E. coli biofilms
[51]. However, the diffusion of FcMeOH from the solution bulk within
the biofilm matriX and reaching also in this way the microelectrode as an
additional flux from the bottom could principally contribute to the
signal (the water content in biofilms can be up to 97 %, [52]). It would
depend on the thickness of the biofilm and also on the size of available
diffusion channels in the three-dimensional biofilm structure (herein the
biofilm thickness was below 10 pum when dry, SI-4). Finally, also redox
activity of the extracellular matrix and biofilm microenvironment (e.g.
by the release of redox-active molecules) could contribute to the signal,
but the release of compounds, such as, for instance, quorum-sensing
molecules, plays a larger role in other bacterial species than E. coli
[19,38,53,54]. Approach curves were then performed over three iden-
tically grown E. coli biofilms on three glass slides (Nsample = 3, Fig. 2b) in
duplicate and laterally separated by 100 um (siX approach curves in
total). The normalized feedback current at the contact point between
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Fig. 2. SECM feedback mode approach curves over one-day-old E. coli biofilm-coated and biofilm-free glass and adhesive tape substrates. (a) Schematic repre- sentation
of the "unhindered", nearly hemispherical diffusion of FcMeOH towards the microelectrode with the soft probe in the solution bulk (/xormpuik = 1), hindered diffusion
when the soft probe is near or in contact with a smooth insulator like glass (/Norm,insulator = —0), hindered diffusion with redox mediator regeneration when the soft
probe contacts the biofilm (/Norminsulator < INorm,biofilm/insulator < INormbulk). (b) Approach curves over glass and biofilm/glass. (¢) Two locally separated

approach curves over each of three identically grown biofilms on glass (Nsample = 3). (d) Approach curves over adhesive tape and tape-stripped biofilm surface layer
on adhesive tape. (e) Two locally separated approach curves over each of three identically grown, tape-stripped biofilm surface layers on adhesive tape (Nsample = 3).
Experimental details: Er = 0.5 V, probe translation speed =5 pm/s, step size =2 pm, 2.5 mM FcMeOH in 100 mM PBS (pH = 7.4).

soft probe and sample for all siX approach curves over the biofilm was
~0.87 and varied by 2.3 % (Fig. 2c). This suggests repeatability for the
biofilm growth protocol, as well as, for the feedback mode approach
curves. After that, three identically grown biofilms on glass were
tape-stripped with an adhesive tape (Nsample = 3). This procedure
removes few micrometers (determined as (2.2+ 1.1) um when dry, SI-4)
of the biofilm surface demonstrating the possibility of collecting biofilm
surface layers from any surface of interest for analysis using Soft-Probe-
SECM. Notably, the approach curves over bare adhesive tape

and tape-collected biofilm surface layers resulted in very similar feed-
back mode currents compared to bare glass and the entire biofilms on
glass, respectively. The normalized currents at the contact points be-
tween the soft probe and the biofilm-free adhesive layer were Norm,ad-
nesie. = 0.2 and with the tape-collected biofilm surface Normbiofim
surface/adhesive  =0.86 (Fig. 2d). This was verified for a total of six
approach curves on the three different samples (Fig. 2e). These results
suggest that the sensitivity of the SECM feedback mode is restricted to
the surface layer of the biofilm. Therefore, the SECM approach operates



in a surface confined mode and enables the analysis of biofilm surface
layers on entire biofilms as well as on tape-collected biofilm surface
layers.

Thereafter, an E. coli biofilm, grown for one day on a glass slide, was
partially cleared using a soft wipe wetted with alcohol to create a sample
with an almost sharp biofilm-glass border for SECM feedback mode
imaging (Fig. 3a-b). The sample was air-dried at room temperature for
15 min before it was covered with 2.5 mM FcMeOH containing solution
in 100 mM PBS (pH 7.4). A soft probe was repeatedly placed with
continuous perpendicular displacements onto the glass part and hori-
zontally translated over the biofilm-coated region constructing the
SECM feedback mode image in Fig. 3c. As expected, the SECM feedback
mode currents over the biofilm were higher than over glass suggesting
that FeMeOH™" was reduced by the biofilm-coated region. The mean
SECM current over the glass was generally (0.09 +0.04) nA and (0.70 +
0.24) nA on the biofilm-coated site. The presence of a few remaining
active bacterial cells and biofilm (Fig. 3b) on the cleaned glass side most
likely could not contribute to the SECM signal due to the sensitivity
limits of the used probe. The integrity of the biofilm and thus the ability
to regenerate metabolically the redox mediator could have been influ-
enced by the nearby alcohol treatment. In conclusion, the biofilm during
consecutive contact mode line scanning remained adhered and the
active part of the soft probe did not get contaminated by biofilm material
as seen by its stable response.

3.3. Feedback mode imaging of biofilm formation with ampicillin-
resistant or -susceptible DH5Q E. coli cells

Biofilm formation is a stepwise process: (1) attachment of bacterial
cells to a substrate surface, (2) maturation of the biofilm (formation of a
viable 3D structure), and (3) partial dispersion/detachment of biofilm
components (bacterial cells are released from biofilm regions with less
nutrient supply). Crystal violet staining (SI-5) was first carried out daily
on ten separately grown ampicillin-susceptible E. coli biofilms on glass

'Removed
biofilm/glass

0 200 400

100 ym 3

x/}.lm6

(Nsample 10, Fig. 4a(ii)). Ampicillin-susceptible bacterial cells formed
biofilms without ampicillin protection against co-bacterial contamina-
tion. An overall increase of the total biofilm mass was detected by the
increasing ODszonm leading to a sigmoidal shape of the ODesonm value as
a function of culturing time, approaching a quasi-plateau at day six (Fig.
4b). This quasi-plateau could indicate a continuous growth of the
biofilm with continuous detachment of daily similar amounts of biofilm
material. Based on the conclusions made in the previous section, i.e.,
tape-stripped biofilm surface layers give similar SECM signals as the
direct analysis of the surface layers of entire biofilms, the top layer of
one biofilm for each of the ten samples with progressing growth period
was collected with adhesive tape and then analyzed by SECM feedback
mode imaging (Fig. 4a(i)). The SECM feedback mode images indicate
local variations in current over lateral dimensions of about 50 pm-100
um. These features are repeatedly observed, as, for instance, seen by
repeatedly recorded SECM line scans (SI-6). This could be due to the
morphology of the adhesive tape after sample collection and by
mounting the tape in the SECM cell. The tape morphology could affect
probe sliding and probe angle, but was not seen in our previous work
[44]. Further, variations in local biofilm collection efficiency of the
adhesive layer could affect the biofilm coverage on the tape. Finally,
signal variations could be the result of a yet to be confirmed intrinsic
heterogeneous metabolic activity of the biofilm. Features of similar di-
mensions can be seen in the images of crystal violet stained biofilms
from Day 6 to Day 9. It is part of ongoing work to understand whether
these features could be linked to those seen in the SECM images. The
mean feedback mode current was calculated for each SECM image (1
mm?) using all 10’251 data points per image. To compensate for
possible variations between SECM experiments in terms of the exact soft
probe dimension after mechanical cutting and the exact probe angle [44,
46], the mean soft probe responses were calibrated by considering the
bulk current and negative feedback current over an insulator (SI-7). The
mean SECM feedback mode current during SECM imaging of the
biofilm-coated adhesive layer (one day biofilm growth) was ten times

. Removed
biofilm/glass -

BT

Removed

biofilm/glass

00 800 1000

Fig. 3. Soft-Probe-SECM imaging of E. coli biofilm on glass. (a,b) LSMs of the biofilm with two magnifications. (¢) Soft-Probe-SECM feedback mode image of an E. coli
biofilm-glass border, generated with an alcohol-soaked wipe. Considered biofilm area = 0.5 mm®. Experimental details: £r = 0.5 V, probe translation speed =25 pum/

s, step size =10 um, 2.5 mM FcMeOH in 100 mM PBS (pH = 7.4).
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Fig. 4. SECM imaging and crystal violet staining of the surface layers of E. coli biofilms and entire biofilms, respectively, during biofilm formation over ten days. (a)
(i) Soft-probe SECM feedback mode images of tape-collected biofilm surface layers and (ii) fluorescence images of entire crystal violet stained biofilms on glass. (b)
ODe3o of crystal violet-stained total biomass of E. coli biofilms after removal from glass. (¢) Mean currents + standard deviation of ten biofilms with E. coli without
and with ampicillin resistance. Experimental SECM details: Er = 0.5 V, probe translation speed =25 um/s, step size =10 um, 2.5 mM FcMeOH in 100 mM PBS (pH =

7.4). Reported SECM imaging area: 1 mm .

higher ((1.73 @.54) nA (SI-8) than the current over bare adhesive tape
(0.17 @.05) nA (SI-9). As the SECM detection sensitivity seems to be
surface-confined, the mean currents of the SECM images of the tape-
collected top biofilm layer over ten days cannot follow the same trend as
the increasing ODs3zonm intensities of crystal violet stained entirebiofilm
mass on glass. The mean SECM current of the measurement se-ries with
ampicillin-susceptible E. coli biofilms was calculated and compared with
the mean current of the ten images taken daily during the growth of ten
separate ampicillin-resistant E. coli biofilms (grown inthe presence of
ampicillin, (SI-10)). The lower calibrated mean current of (0.36 0.14)
nA versus{0.54 0.14) nA could suggest that the use ofampicillin-resistant
E. Coli resulted in a biofilm with higher metabolic activity (Fig. 4¢).

3.4. SECM imaging of E. coli biofilm during antibiotic treatment

Gentamicin is one of the most effective antibiotics against E. coli
biofilms [55]. It is an aminoglycoside-based hydrophobic compound

that permeates through the outer membrane of E. coli cells [56]. The
effectiveness of aminoglycosides is based on the inhibition of the syn-
thesis of proteins through binding to the 30S ribosome. A second lethal
effect could be the perturbation of the surface of the bacterial cells [55].
Herein, the minimum inhibitory concentration (MIC) of 32 pg/mL
gentamicin was applied for 1 h (Fig. 5a) and 24 h (Fig. 5b) to two
tape-collected E. coli biofilms. Thereafter, 20 times the MIC (20 MIC =
640 pg/mL) was applied for 1 h (Fig. 5¢) to a third tape-collected E. coli
biofilm [57]. For all of the three cases, SECM imaging of the same areas
was carried out before and after the antibiotic treatment. The two so-
lutions with FeMeOH and the antibiotic were changed and the samples
washed. After antibiotic treatment, the SECM FB currents over the bio-
films decreased, however, to a different extend. At the MIC, the mean
SECM current decreased by 80 % after 1 h and 94 % after 24 h. There-
fore, it can be concluded that only little biofilm activity remained. After
1 h with 20 MIC, the activity of the biofilms was nearly completely
reduced (i.e., 99 %). As expected, the antibiotic treatment was more
efficient with longer treatment times and with higher antibiotic
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Fig. 5. Soft-Probe-SECM imaging of tape-collected one-day-old, ampicillin-resistant E. coli biofilm before (i) and after (ii) gentamicin treatment. (a) 32 pg/mL (MIC),
incubation time =1 h. (b) 32 pg/mL (MIC), incubation time =24 h. (¢) 640 pg/mL (20 MIC), incubation time =1 h. (a-c, iii) Mean SECM FB currents + standard
deviation. (d) and (e) LSMs of one E. coli biofilm after the gentamicin treatment with 20 MIC and an incubation time of 1 h in two magnifications. Experimental SECM
details: Er = 0.5V, probe translation speed =25 um/s, step size =10 pm, 2.5 mM FcMeOH in 100 mM PBS (pH = 7.4).

concentration. LSMs of the biofilms after (Fig. 5d,e) antibiotic treatment 4. Conclusion
with 20 MIC demonstrated the presence of the structure of remaining
biofilm on the tape. In this work, the electrochemical surface reactivity of E. coli biofilms

was investigated using Soft-Probe-SECM in feedback mode. First, the
formation of E. coli biofilms was confirmed by using standard



microscopic methods. FeMeOH was used as a redoX indicator for visu-
alizing the presence of biofilms electrochemically. The E. coli biofilms
showed the ability to reduce FcMeOH™ and enabled SECM feedback
mode characterization and imaging. Soft microelectrodes were gently
brushed over the biofilm allowing scanning experiments with a nearly
constant working distance while keeping the biofilm intact. Biofilms
were analyzed on glass slides and their top surface layer of ~2 um
thickness after collection with adhesive tapes. As the responses of both
systems appeared very similar, the SECM method appeared sensitive to
the surface layer of the biofilms. The micro-electrochemical imaging
procedure was repeated during several days of biofilm growth and could
distinguish the growth of ampicillin-susceptible and -resistant E. coli
biofilms. Finally, this work demonstrated that Soft-Probe-SECM imagingis
a powerful tool to analyze the degradation of biofilms in the presenceof
antimicrobial agents such as antibiotics. The work demonstrated that
FcMeOH is a suitable redox indicator of biofilms for general and long-
lasting biofilm studies with accessible metabolic activity in the surface
layer. The technique complements microscopic techniques, gene
expression analysis, and proteomics, and could open the door for further
SECM-based biofilm studies. The work is currently extended to other
than model biofilms and different SECM detection concepts.
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