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Research highlights

e We discriminated between isogenic biofilms based on specific impedance profiles.
e Biofilms producing curli protein showed an increased interfacial resistance.

e The WT biofilm showed the largest impedance heterogeneity.

e The attachment phase showed an initial increase in interfacial resistance.

e During the biofilm maturation phase we observed a decrease in medium resistance.

Abstract

Microbial biofilm contamination is an ubiquitous and persistent problem in industry and clinics.
The structure of the biofilm, its extracellular matrix and its formation process are very complex. At
present, there are only limited options to investigate biofilms outside the lab, as most in situ
techniques lack sensitivity and resolution. Impedance-based sensors provide a fast, label-free and
sensitive manner to characterize biofilms, although mainly large electrodes have been used so far.
Here, we used 60 um-sized electrode arrays (MEAs) to characterize the structure of biofilms
formed by wild type (WT) Escherichia coli TG1 and the isogenic AcsgD, AcsgB and AbcsA mutants.
At 24h of growth, the interfacial resistance at 2Hz increased by 3.4% and 0.3% for the curli
producing strains (WT and AbcsA), yet it decreased by 5.7% and 4% for the curli non-producing
strains (AcsgD and AcsgB). The imaginary impedance at 2Hz decreased for all the strains by 7.2%,
6.9%, 5.1% and 2.5% (WT, AbcsA, AcsgB and AcsgD, respectively). Interestingly, the variation of
impedance within each biofilm, resulting from physiological heterogeneity, was significantly
different for each biofilm and most pronounced in the WT. Depending on the strain, the biofilm
attachment phase lasted between 6 and 10h, and was characterized by an increase in the
interfacial resistance of up to 6% for the WT, 5.5% for AcsgD, 3.5% for AcsgB and 5% for AbcsA, as
opposed to the decrease in medium resistance observed during the maturation phase. Overall,
impedance-based MEA assays proved effective to differentiate between biofilms with varying
structure, detect spatial diversity and explain biofilm life-cycle in terms of attachment and
maturation.



1. Introduction

Bacteria embed themselves in a hydrated matrix of polysaccharides and proteins, forming a slimy
layer known as a biofilm. Within such a protective layer, bacteria are up to one thousand times more
tolerant to antimicrobials 1. Bacterial biofilm contamination is therefore a common and persistent
problem for industries such as the pharmaceutical sector, water treatment industry and the food
and beverage industry 2. In the medical sector biofilms are often associated with implant-related
infections 3. Some of the mechanisms that make biofilms so difficult to eradicate involve their strong
attachment, heterogeneity of the composition, structure of the community and the tolerance
developed due to stress responses “.

Therefore, there is a large interest in the development of new techniques that allow for sensitive,
cheap and in situ monitoring of biofilms 2. In the past decades, several approaches have been
proposed to monitor and characterize biofilm growth. Optical sensors for example have been used
to determine the absorption and scattering of light due to biofilms. Although these sensors provide
information on thickness and bacterial density, they lack specificity and do not report on physical
structure 7. Mechanical sensors based on quartz crystal microbalance on the other hand offer
sensitive biofilm detection but they are limited to detecting the attached biomass and the
adsorption of proteins #°. Specificity could be improved by using portable hyperspectral sensors °,
The disadvantage however is that they require optimization for different surfaces and are not easy
to implement in in vivo (implants) applications.

Electrochemical impedance spectroscopy (EIS) is a highly sensitive and label-free technique to
characterize (bio)physical processes at the substrate-biomaterial interface . With EIS, small
alternating voltages are applied and the resulting alternating current flows from a working electrode
across the target sample to an opposite counter electrode 2. This current is then measured and the
impedance is calculated as the ratio between the applied voltage and the current.

In the last decade, a number of impedimetric biosensors that detect biofilm growth overtime have
been reported. Some of these approaches were implemented in various experimental setups such as
petri dishes 3 and microtitre plates !*, modified CDC reactors ** and microfluidic chambers 6718,
while other reports performed the experiments in a rudimentary electrode chamber *21, However,
in these studies, researchers never exploited the obtained data to study the spatial structure of
different biofilms, presumably because the electrodes used in these studies are typically very large
(mm? range). In order to increase the spatial resolution, and thus facilitate the study of the biofilm
spatial structure, microelectrode arrays (MEAs) can be used. These micro-fabricated chips are often
used to detect electrical activity from dissociated cell cultures such as cardiac and neuronal cells, but
also served to study the electrical impedance properties of eukaryotic cells and tissue 22724,

Here, we present an impedance assay based on MEAs to characterize structural differences between
bacterial biofilms. As a proof of concept, we cultured the wild type and the isogenic AcsgD, AcsgB
and AbcsA mutants of the well-known Escherichia coli TG1 biofilm forming strain on impedance
based MEAs and compared their structural compositions. The gene csgD encodes the biofilm master
regulator and its deletion results in an inhibited biofilm in which the extracellular matrix production
is overall disrupted. CsgB and bcsA are downstream genes involved in the production of curli and
cellulose, respectively. As a consequence, these three mutants do not produce curli and/or cellulose
and show a lower tolerance to common antimicrobial protocols 225, By using impedance sensing in
MEAs, we successfully differentiated between these biofilms with varying structures that are
associated with antimicrobial tolerance, we detected different levels of spatial diversity for each
strain and we were able to explain the biofilm life-cycle in terms of attachment and maturation.

2. Materials and methods



2.1 Bacterial cultures and biofilm formation

Overnight cultures of the E.coli TG1 wild type (WT) and isogenic AcsgD, AcsgB and AbcsA mutant
strains were grown in LB medium at 37°C under shaking conditions. The overnight cultures were
then adjusted to an optical density (OD; 600 nm) of 0.35, which corresponds to a density of
approximately 3.5x10% cells/ml. The overnight culture was centrifuged (2 minutes @ 4000rpm) and
the cells were resuspended in TSB 1/20. Next, we diluted the culture 1:100 in TSB 1/20. Sterilized
MEA chambers were then filled with 2.5ml of the diluted cell suspensions and biofilms were formed
by incubating for 24 hours at 25°C.

2.2 Microelectrode array sensors

E.coli biofilms were cultured on microelectrode array chips (Fig.1A). The MEAs used in this paper
were designed for combined electrical recording and optical stimulation ?’. The electrodes on these
chips are perfectly suited for sensitive impedance measurements of bacterial biofilms as they have a
low intrinsic impedance (measured in PBX 1x at 1kHz 10.65 + 1.17 kQ (mean #* SD)). Prior to each
experiment the MEAs were conditioned (15’ UV-0s; treatment) and sterilized (30’ in ethanol 70%).

2.3 Experimental setup for overtime biofilm impedance monitoring

We designed a multiplexer system to allow for automated and sequential impedance monitoring
from 60 channels. Channel switching is operated by relays (coto 9001-05-01) which are controlled by
a Digital input/output device (Agilent u2600 series). A software developed in Labview is used to
synchronize channel switching and impedance measurements (Fig. 1B). Impedance measurements
were performed using an Autolab PGSTAT302N (EcoChemie, The Netherlands) containing a FRA-2
module and connected to a custom-designed multiplexer. Chips were measured inside an incubator
at 25°C. The amplitude of the AC input voltage was 100 mV peak-to-peak and the measured
frequencies ranged from 1 to 100kHz. An external Pt coil was used as counter electrode (Fig. 1C).
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Figure 1. lllustration of the impedance measurement setup and layout of the microelectrode arrays. A) A subset of the
MEA chip composed of 4x5 TiN electrodes of 60um in diameter was used for the experiments. The pitch is 100um in
both directions. B) Schematic of the experimental setup. The system is designed for sequential impedance
measurements of three MEA chips. C) Schematic representation of biofilm impedance chamber. Impedance is recorded
between on-chip working electrodes and an external platinum coil electrode.

2.4 Confocal microscopy of bacterial biofilms

Biofilms were imaged by a Zen 780 confocal Laser Scanning Microscope (CLSM) with a 20x water
immersion objective (Zeiss, Germany). Bacterial cells were electroporated with pFPV 25.1, a GFP
encoding plasmid %8, and were excited with a 488 nm laser for fluorescence imaging. The
extracellular matrix of the biofilms was stained by the polysaccharide binding conjugate of Alexa



Fluor633 and the lectin Concanavalin A (Molecular Probes, Belgium) and excited with a 633 nm laser.
The single image thickness was set to 1 um. The 3D visualization of the stacks was performed by the
Volume Viewer plugin and the orthogonal views were processed with ImageJ.

2.5 SEM of bacterial biofilms

Biofilms were formed on TiN chips for 24 h as described in Section 2.1. After 24 h of biofilm growth
the supernatants were removed and samples were subsequently fixed for 24 h at room temperature
using a 4% paraformaldehyde fixation buffer. Next, the bacteria underwent post-fixation in a 2%
osmium tetroxide (OsO4) solution for 2 h, followed by dehydration using a series of increasing
concentrations of ethanol (2 x 10 min of 20%, 40%, 60%, 80% and 95%, followed by 3 x 10 min of
100%). Lastly, the samples were dried using a liquid CO; critical point dryer (Automegasamdri-916B,
Tousimis) and visualized using SEM (Nova NanoSEM 200, FEI).

2.6 Data pretreatment and analysis

Before analyzing the impedance of the individual electrodes from the MEA chips, we developed an
outlier removal procedure to check for broken contacts. We analyzed the reference impedance
values of the electrodes in sterile growth medium and we performed the Grubbs test at 1, 100 and
1kHz.

2.7 CFU count

To assess the number of viable cells embedded in the biofilm and floating in the supernatants we
determined the colony forming units (CFU). The biofilms were cultured on TiN substrates chips in
triplicate. After 24 hours ten-fold serial dilutions of the supernatants were plated out on agar plates
to count the number of CFU’s. Subsequently the biofilm cells on the MEAs were scraped off in 1 ml
of PBS and the number of CFU’s was determined by plate counting.

2.8 Statistical analysis

All data shown here were collected in triplicate. The differences between the impedance of the
different strains were analyzed by one-way ANOVA with Bonferroni multiple comparisons
correction. The differences between variances for each strain were analyzed by unequal variance
unpaired t test (Welch). The growth curves were analyzed by linearly fitting the slope in the
attachment and maturation phases.

3. Results and discussion

3.1 Impedimetric characterization of E.coli TG1 WT biofilms grown on MEAs

We used the E. coli TG1 strain as a model organism for impedimetric characterization of biofilms.
Prior to assessment of the E. coli TG1 biofilm we characterized the impedance of the bare electrodes
in sterile growth medium using a commercial impedance analyzer. As shown in Figure 2A-B (black
trace), a frequency-dependent impedance profile was observed. Impedance is maximal in the low
frequency (LF) region (1-100 Hz) and decreases with increasing frequency. The phase is close to -90°.
Impedance in the LF region is generally dominated by the electrode-electrolyte capacitance and all
surface related effects 2. In the middle frequency (MF) region (100Hz to 50kHz) the magnitude
shows a flat line and the phase is close to 0°. In this region the impedance is dominated by the
resistance of the growth medium and all non-surface related effects 2. In the high frequency (HF)
region, the spectra are dominated by the unwanted stray capacitance of the system.
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Figure 2. A-B. Impedance magnitude and phase of bare electrodes (black trace), E. coli WT biofilm after 24 hours of
growth (red trace). Error bars correspond to +1 SD, (3 MEAs, 20 electrodes each); C-D. Relative changes in the real and
imaginary part of the impedance for biofilm-covered electrodes compared to the bare electrodes. The box covers 25-
75% of the recorded electrodes and the whiskers 5-95%; E-F. Schematic drawing of the electrodes immersed in sterile
growth medium and a biofilm grown on a MEA. The simplified equivalent circuit used for interpretation of the
impedance of the bare electrodes as well as the biofilm is also depicted. R is the interfacial resistance, Cq is the double
layer capacitance and R, and C,, are the medium resistance and capacitance, respectively. A biofilm culture consists of
two phases, on the one hand, there is a biomass that consists of cells and metabolites embedded in polysaccharides
attached to the electrodes. On the other hand, there are free-floating cells and metabolites in suspension.

After electrode characterization, we cultured the WT biofilm on the MEA surfaces for 24h and
measured its impedimetric properties. On average, the biofilm growth on the electrodes results in a
decrease in the magnitude of the impedance at 24h along the whole frequency spectrum (Fig. 2A,
red trace).

In order to investigate the resistive and capacitive changes that the biofilm exerts on the impedance
of the system we can treat this impedance as a vector, with a real (re) part and an imaginary (im)
part, which are derived from the resistive and capacitive elements, respectively . We calculated the
percentile variation of the real and imaginary parts of the impedance (Fig. 2C and D, respectively)
compared to the bare electrodes in sterile growth medium. In order to explain the effects at the
electrode surface and in the supernatants we selected two different frequencies that are relevant
for the changes on the electrode surface and in the supernatant. To do so we followed the reasoning
elaborated before by Yang et al.®. In the low frequencies, i.e. LF= 2 Hz, we can detect changes on
the electrode surface that are likely related to the cells growing on the surface and the extracellular
matrix produced by these cells, whereas the middle frequencies, i.e. MF=5 kHz, are affected by
changes in the supernatant related to planktonic cells and dissolved electrolytes. From here on we
will refer to those parameters as LFre, LFin and MFre, MFiy, (see Table 1).

After 24 hours of growth, the LF. increases with 14.8%. This can be explained by the insulating
effect of the bacterial cells that are attached to the electrode. LFin decreases by 8.5%, which is
related to an increase in capacitive behaviour. This larger capacitance can be explained by changes
in the permittivity on the electrode, which could be due to the presence of more polar molecules



compared to the situation before growth. Bacteria produce a number of charged molecules such as
ammonia and acetate that change the ionic strength of the solution and therefore affect the double
layer capacitance of the electrodes 3132,

Similarly, we calculated the changes in the middle frequencies, caused by the cells and metabolites
in the supernatant. The MF. and the MFi, decrease by 8.7 and 12.3%, respectively. The decrease of
MPF is directly related to the increase of ionic strength of the medium 333,

3.2 Structural characterization of AcsgD, AcsgB and AbcsA mutants of E. coli TG1

Curli fimbriae proteins and cellulose fibers are the main extracellular components of E. coli and
Salmonella biofilms and are involved in biofilm attachment and 3D structure development 343,
Moreover, they promote antimicrobial tolerance and make the biofilm more difficult to eradicate.
CsgD encodes the master regulator of biofilm formation and knocking out this gene results in
disruption of the biofilm structure by affecting both curli and cellulose production 3¢. However,
because of the presence of an independent, alternative pathway regulating cellulose production in
E. coli biofilms ¥, cellulose might still be produced to a certain extent. The mutants AcsgB and AbcsA
on the other hand are only affected in curli and cellulose production, respectively. We selected the
AcsgD, AcsgB and AbcsA mutants of E. coli TG1 in order to assess the influence of structural biofilm
differences, associated with differential antimicrobial tolerance, on the impedance fingerprint.
Visualization by scanning electron microscopy confirmed that there are clear differences between
the WT and mutant biofilms. The WT biofilm is characterized by a higher number of attached cells
and tower-like, multi-cellular aggregates. The mutants form thin, sparse biofilms with little cell
attachment (Fig. 3A-D).
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Figure 3. Structural characterization of WT (), curli and cellulose deficient (AcsgD M), curli deficient (Acsg8 M) and
cellulose deficient (AbcsA M) mutants; A-D. Scanning electron micrographs of WT and knock out mutants. Scale bar in
inset is 1 um and in the large image is 100 um; E-H. Relative changes on changes on LF., LF., MF., and MF. (n=60
electrodes from 3 MEA chips); | -J. Colony forming units (CFU) for cells in the biofilm and in the supernatants (n=3 chips).

Identically to the WT biofilm characterization, we analyzed the relative changes in the real and
imaginary part of impedance for the different mutant strains. We found that in the low frequency
region of the impedance spectra (related to biofilm attachment), there is a significant difference in
resistive (LFr) and capacitive (LFim) behavior between biofilms that express curli (WT and AbcsA)
versus biofilms that lack these proteins (AcsgB and AcsgD). On the other hand, no significant
differences were observed between WT (curli+/cellulose+) and AbcsA (curli+/cellulose-), neither
between AcsgD (curli-/cellulose-) and AcsgB (curli-/cellulose+). This indicates that cellulose
production itself cannot be discerned by analyzing LF parameters.



Like the wild type, all three mutants show a decrease in LFim, which indicates an increase of the
capacitance. This is in agreement with the reviewed literature where biofilm growth is directly
related to increased capacitance. Paredes et al. detected a 40% increase in capacitance at 10 Hz
after 24h of Staphylococcus aureus biofilm growth °. Similarly, Yang et al. observed a decrease in
imaginary impedance at 1Hz of 4% 3°. They related the decrease in imaginary impedance to an
increase in permittivity of the electrode double layer. The mature biofilms of curli-producing (WT
and AbcsA) and curli-deficient strains (AcsgB and AcsgD) show a significantly different decrease in
LFim (7.2 £ 16.35% and 6.99 + 2.8% for WT and AdcsgD mutant, respectively). Further, it is worth
mentioning that the variances for curli-producing and non-producing strains are significantly
different. This variation results from the measurements at spatially different sites by the electrodes
on the MEA, which is consistent with the higher heterogeneity of the curli-producing strains (see Fig.
3A-D, and Suppl. Fig. 1). Interestingly, WT and 4bcsA, show an increase in apparent interfacial
resistance (LFre) on several electrodes up to 72% for the WT and 26% for the AbcsA mutant, whereas
LFr is decreased in the curli deficient mutants. Curli proteins promote cell attachment, which might
block current and therefore increase the interfacial resistance. Both for LFim and LF.. there were no
significant differences observed between AcsgD and AcsgB. This result is consistent with both the
appearance of the films which look very similar (confocal images in Suppl. Fig. 1B-C) as well as with
the CFU count of the biofilm (Fig. 3 1). The curli producing biofilms, WT and 4bcsA4, are not
significantly different either for the LF parameters. In addition, both biofilms show similar amounts
of cells and they both formed thicker biofilms than the curli non producing strains (Suppl. Fig. 1A and
D).

In the middle frequency (MF) region, related to the changes in the supernatant, we found that only
the AbcsA mutant (curli+/cellulose-) is significantly different from the other strains. In the cell
medium of this biofilm we observed macroscopically large, multi-cellular, floating turbid structures
which we believe to have a significant effect on the impedance (Suppl. Fig. 2). The impedance
changes in the middle frequency region could not be correlated to the cell counts in the
supernatant. This suggests that the changes we measure using EIS are not affected by the amount of
cells but rather by the metabolites. This observation is consistent with the work reported by Paredes
et al. %8, Yang et al. *° and Felice et al.?.

Our biofilm assay consists of both attached biomass and free-living cells and metabolites in the
medium, and both phases are in constant interplay. Therefore, the assay can be characterized by the
proportion of surface to supernatant effects. In order to compare how the impedance for each
biofilm is affected by the surface effects (LF) versus the supernatant (MF), we introduce the
biomass-planktonic state index (BPI1), which is defined as the mean of the absolute ratio between LF,,
and MF,. When the index is larger than 1, the surface effects dominate over the supernatant, and
when the index is smaller than 1, there are more supernatant than surface effects. We found that
for the WT biofilm this value is 1.47 (+ 4.87) indicating that the impedance changes are dominated
by the attached biomass. The same conclusion can be drawn from the colony forming units (CFU)
evaluation of the chip surfaces (Figure 3I-J): the WT biofilm has most of its cells residing on the
electrode surface. In contrast to the WT, the curli non-producing films (AcsgD and AcsgB) have most
of the cells in the free-living state, and consistently their BPIs are smaller than 1 (AcsgD: 0.34 (+
0.92); AcsgB: 0.22 (+0.18). According to the CFU counts, the cellulose deficient strain AbcsA has most
of its cells in the biofilm. However, we detected significantly larger impedance changes in the
supernatant (BPI index 0.09 (+ 0.14), which might be explained by flocculation. Overall the BPI index
can thus be used to discriminate which effects (surface or supernatant) in the culture are more
dominant.

3.3 Three-dimensional structure and spatial heterogeneity of wt, AcsgD, AcsgB and AbcsA
mutants of E. coli TG1



Spatial heterogeneity is a crucial factor defining the complexity of bacterial biofilms and the
challenges related to their eradication. Diversity in microbial populations has been shown to provide
advantages for survival in adverse conditions for example in the presence of antimicrobials *.
Traditionally, electrodes with large areas in the range of the mm? are used to study microbiological
processes using impedance spectroscopy 33. The size of these electrodes, however, does not allow to
study physiological heterogeneity within the biofilm. The use of MEA chips, consisting of multiple
electrodes with micro-scale dimensions, allows us to detect spatial heterogeneity within the E.coli
TG1 biofilm with a resolution which is unprecedented for biofilm impedance spectroscopy. Figure 4
illustrates representative relative impedance changes as a color-coded spatial distribution on the
MEA surface. As already touched upon above, the curli producing strains (WT and AbcsA) show a
larger heterogeneity for both LFi, and LF.. compared to the curli deficient strains. For the specific
chips illustrated in Figure 4, we found relative changes in LFim ranging from -52,7% to -0.5% for the
WT and changes from -7% to 0.8% for the AbscA. In contrast, AcsgD only ranges from -10 to -8.7%
and AcsgB from -5.7 to -4.2%. Subtle heterogeneity of the biofilm could also be visualized by
confocal laser scanning microscopy (CLSM) after staining the bacterial cells and extracellular
polysaccharides (Suppl. Fig. 1). Consistent with the impedance measurements, CLSM indicated that
cells of the curli producing strains cluster in tower-like structures, whereas the AcsgD and AcsgB
biofilms rather represent a cellular monolayer. Nevertheless, in contrast to microscopic examination,
MEA-based EIS measurements are label-free and non-invasive, and offer a spatial resolution as small
as 100 um. Here, we were able to detect very localized impedance effects that correspond to areas
in the biofilm of stronger cellular attachment (larger LF.) or higher concentrations of ions or
electrolytes (smaller LFi). EIS based heterogeneity thus represents another important parameter to
aid discrimination between different biofilms. Further, the use of high-density silicon-based MEA
chips, with electrode pitches down to 13 um, could dramatically increase the spatial resolution and
make EIS fingerprinting therefore even more sensitive %,
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represent broken contacts. Each reticle shows one MEA chip. Refer to the supplementary figure 3 to see the color maps
of the remaining chips measured.

3.4 Impedimetric characterization of WT, AcsgD, AcsgB and AbcsA mutants of E. coli TG1 along the
biofilm growth curve

Biofilm maturation is a complex process that consists of different steps: (i) initial attachment, (ii)
extracellular polysaccharide production, cell division and increased attachment and (iii) formation of
three-dimensional structure *'. At the latter time point the biofilm shows its maximum tolerance
against antimicrobial treatment. The E.coli TG1 biofilm needs approximately 24 hours to maturate.
In order to monitor the growth of the WT and knock-out mutants, we measured the impedance
overtime for 24 hours.

The relative impedances for each time-lapse experiment are not normally distributed. Consequently,
we believe that the most suitable way to represent the biofilm growth curves is by plotting the
median. As a comparison, we measured the CFUs of both the biofilm and supernatant every 2 hours
(Fig. 5E-F).
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Figure 5. A-D Temporal impedance profile of WT (H), curli and cellulose deficient (AcsgD M), curli deficient (AcsgB )
and cellulose deficient (AbcsA l) mutants along the biofilm growth curve; E-F. Temporal profile of colony forming units
of the biofilm and the supernatants.

In each of the impedance profiles represented in Figure 5, two phases can be distinguished. In the
initial phase (from 0 to 6 or 10h, depending on the strain) the impedance curves show the strongest
differences between the strains (Fig. 5A-D). The largest changes in the parameters related to surface
changes, i.e. LFim and LF., take place during this initial phase (Fig. 5A, B). Consistently, parallel
analyses of biofilm structure (confocal microscopy) indicate that it takes 10h for the WT to fully
cover the electrode surface and only then the biofilm starts to mature into a three-dimensional
structure (Suppl. Fig. 3). During the following maturation phase (10 to 24h), all the strains show
linear impedance changes. The LF parameters show more subtle changes compared to the initial
phase since the surface of the electrodes is already fully covered and the main changes are now
seen in the MF values, the parameters related to the changes in the supernatant.



In the initial phase of biofilm attachment, the strains that produce curli proteins (WT and AbcsA, red
and black trace, respectively) show an increase in LFim, related to a decrease in electrode surface
capacitance. During the first 10h the WT shows a slight increase in LFim, from -3.4% to -1.3%. The
cellulose deficient mutant (AbcsA, black trace) shows a sharp increase (up to 2.2%). A similar
increase of the imaginary impedance in the first phase of growth at 1Hz was observed by Yang et al.
For the curli deficient mutants we only observed decreases in LFim, probably because the cells in this
biofilm are less strongly attached. Consequently, the actual surface area is not reduced as much as
for the WT and AbcsA mutant. The AcsgD mutant (blue trace) decreased from -1.7% to -3.9% and the
AcsgB mutant (grey trace) from -0.45% to -4.9% probably due to changes in permittivity in the
neighborhood of the electrode.

During this first phase also strong changes were observed in the interfacial resistance, LF.. The
changes in resistance at low frequencies during the initial biofilm growth have been previously
reported to describe adsorption of organic compounds and attachment of bacterial cells 2%, We
detected an increase of LF. for all the strains, which is lasting longer for the strains with curli (10
hours for the WT (red trace) and 8 hours for the cellulose deficient AbcsA mutant, black trace)
compared to the curli deficient strains (6 hours for both AcsgD and AcsgB, blue and grey trace
respectively). We linearly fitted the impedance profile of LF.. during the initial phase and the slope
then could be used to represent the attachment of extracellular matrix and cells. The strains that
produce curli have a slower attachment slope (57% for WT and 77% for AbcsA, Supplementary info
for fitting details) than the curli deficient strains (133% and 95% for AcsgD and AcsgB respectively).
Similarly, we calculated the slope of the temporal CFU profile for the biofilm (Supplementary Table
1). This result confirms by CFU, that the WT is the slowest attaching strain, followed by AbscA, AcsgB
and AcsgD.

The initial phase is also characterized by changes in the middle frequencies which are related to the
activity in the supernatant. For both MF parameters the curli producing strains (WT red trace and
AbcsA black trace) show the same curve shape (Fig. 5C and D). However, at the beginning of the
biofilm lifecycle there is an offset of 5% between both strains. The lower initial values of the AbcsA
mutant could possibly be related to incomplete separation (flocculation) of the cells already at
inoculation, which might reduce the insulating effect of the cells. Initially, both WT and AbcsA
decrease for 4 h in MFin and MF.. This change is related to an increase in permittivity and in
conductivity, respectively. Both effects are presumably associated with the production of
metabolites in the growth media 3°%. Besides metabolite production, also bacterial cells keep on
proliferating in the medium. Cells act as insulators and therefore block the passage of current and
increase the impedance. We postulate therefore that the local minimum observed at 4 hours of
growth is the result of an equilibrium between the effect of the ionic strength of the metabolites on
the one hand and the insulating cells on the other hand. After 4 hours, the effect of the proliferating
cells starts to dominate the impedance signal and results in an impedance increase that lasts until 8
hours of growth. At this time point, we observed a local maximum that resulting from a new
equilibrium between the effect of cells and metabolites.

Initially, the strains lacking curli also show a similar curve shape for the MF parameters. In contrast
with the decrease in MF parameters observed for WT and AbcsA mutant, AcsgD and AcsgB show an
initial increase until 6 hours that corresponds to a higher number of unflocculated cells in the
supernatant (Fig 5F).

During the maturation phase, starting at 10 hours, the effect of the metabolites is stronger than the
effect of the cells. We could detect a linear decrease of the impedance for all the strains for LF,
MFin and MF, which relates to higher conductivity. The stronger decrease in superficial resistance
(LFr.) observed for the curli-deficient strains (Fig. 5B) can be explained by the lower number of
biofilm cells for these strains, which is associated with a lower insulating effect. Indeed, the number
of biofilm cells of the AcsgD and AcsgB mutant only increased only up to 2.9x10” and 2.8x10” CFUs at



24 h, whereas the WT and AbcsA increased up to a 4.2x107 and 3.9x107 CFUs respectively (Fig. S5E).
The level of impedance reduction in the middle frequencies (Fig. 5C-D) on the other hand could not
be correlated to changes in supernatant CFUs (Fig 5. F). As previously reported in the literature
293033 the impedance in the medium frequencies appears to be more sensitive to metabolic activity
rather than to the actual number of cells present. An exception is the strong decrease in MFi, and
MF. of the AbcsA mutant, which could possibly -at least in part be- explained by reduced insulation
by cell flocculation. To improve the understanding of the temporal impedance profiles, it would be
interesting to follow metabolite production (acetate, ammonia, lactate... ) for the different strains.

4, Conclusions

In this study we used MEA chips to compare impedance fingerprints of the WT and the isogenic
AcsgD, AcsgB and AbcsA mutants of the well-known Escherichia coli TG1 biofilm. After 24h of growth
all the strains showed surface related impedance changes. Firstly, we observed an increase in
capacitance and thus permittivity of the double layer of the electrode. Next, an increase in the
interfacial resistance was only observed for the curli producing strains, proving that these strains
block more current than non-curli producing films. In the middle frequencies, which relate to
supernatant effects, we observed a decrease in impedance caused by the increase in ionic strength
due to metabolite production. The cellulose deficient mutant shows a larger decrease in impedance
and we postulate that this is due to flocculation in the medium.

Furthermore, compared to previous impedance sensors for bacterial sensing, the use of MEAs allows
to gather detailed spatial information that can be related to physiological heterogeneity in the
biofilm, and can therefore aid classification of biofilms. We observed for instance that the
impedance recorded from the different chip electrodes is most variable for the WT biofilm. This
heterogeneity was confirmed by confocal images.

Finally, we showed the utility of impedance spectroscopy to characterize the biofilm life-cycle of the
strains under investigation. We observed two phases in the temporal impedance profiles: the initial
phase, presumably related to attachment, lasts between 6 to 10h, and is followed by a maturation
phase. The attachment phase is mainly characterized by an increase in the interfacial resistance. The
attachment slope calculated from the impedance profile is consistent with the slope calculated
based on CFU counts. The maturation phase on the other hand is mainly characterized by a decrease
in the middle frequencies, which relates to increased conductivity.

Altogether, impedance spectroscopy using MEA chips with small electrode pitch is a powerful, non-
invasive and label-free technique to discriminate between isogenic biofilms, and gives information
about surface and supernatant effects, as well as biofilm heterogeneity. Impedance sensors are
promising tools for detection of biofilms in industrial and clinical applications.
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Parameter Interpretation

LFim  Zim (2H2) -JloCai; Cai=ealA/d

LFre Zre (2HZ) Rint

MFim  Zim (5kHZ) -Jl&oCnm

MFe Z:e (5kHz) Rm

Table 1. Summary of impedance parameters used for the interpretation of the biofilm grown on the MEA chips. LFin, is
the imaginary impedance at 2Hz and is inversely proportional to the double layer capacitance of the electrode, C4. The
double layer capacitance depends on the permittivity of the double layer (g4), active area of the electrodes (A) and the
distance of the layer, d. LF. is the real impedance at 2Hz and corresponds to the apparent interface resistance Rint. MFin,
is linked to the apparent medium capacitance (Cn,) and MF,. refers to the medium resistance, Rm.

LFim LFre MFim MF BPI
WT (curli+/cellulose+) ) 1 ! ) 1.47 (+ 4.87)
AcsgD (curli-/cellulose-) | | ! ! ! 0.34 (£ 0.92)
AcsgB (curli-/cellulose+) | | ] ! ! 0.22 (£0.18)
AbcsA (curli+/cellulose-) | | 1 I 1 0.09 (+0.14)




Table 2. Summary of impedance parameters for the WT, AcsgD, AcsgB and AbcsA biofilms. LF;,, shows the relative
changes in the imaginary impedance at low frequencies. This changes are inversely proportional to the double layer
capacitance of the electrode-electrolyte interface. LF,. are the changes in the real impedance at low frequencies and it
relates to the electrode interfacial resistance. MF;,, and MF,. represent the changes in the medium capacitance and
resistance, respectively.



