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Abstract:

Understanding and sensing microbial biofilm formation onto surfaces remains highly
challenging for preventing corrosion and biofouling processes. For that purpose, we have
thoroughly investigated biofilm formation onto glassy carbon electrode surfaces by using
electrochemical technics. Pseudomonas aeruginosa was studied because of its remarkable
ability to form biofilms in many environments. The modification of the electrode-solution
interface during biofilm growth was monitored by in-situ measurement of the open-circuit
potential and correlated with results obtained by electrochemical impedance spectroscopy,
cyclic voltammetry, scanning electron microscopy and bioassays. The sensing of the biofilm
formation hence suggests a multi-steps mechanism, which may include pre-formation of an

insulating layer onto the surface prior to the bacteria adhesion and biofilm formation.
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1. Introduction

Microbial biofilm formation is a significant issue for marine industries. Indeed, it leads to the
microbiologically influenced corrosion (MIC) which increases significantly the rate of
corrosion of marine immersed structures, such as ships hulls or marine energy devices [1],
and is responsible for biofouling that can increase considerably the weight of structures [2].
Within this context, low cost and efficient devices, which can assess both bacterial growth
and biofilm formation, are urgently needed. Many techniques, mainly based on fluorescence
and mass spectrometry, have been developed for this purpose [3-7]. However, they solely
allow ex situ characterization of biofilm and do not match with the need of an in situ and real
time monitoring of the biofilm formation [8]. Examples of direct measurements by using
optical microscopy techniques such as SEM or confocal laser scanning have been reported
[9]. However, these techniques are usually expensive, they need preparation and sometimes
specific chemicals such as fluorophores. In comparison, electrochemical sensors appear as the
best candidates for real time monitoring of biofilms [10], due to their short response time,
easy manufacture, low-cost, high sensitivity and possibility of miniaturization [11, 12]. So far,
lots of electrochemical studies on biofilms have focused on the variation of the open circuit
potential (Eoc) versus time in order to monitor the film growth, which represents a common
tool for the biofilm monitoring on steels [13]. However, electrochemical impedance
spectroscopy (EIS) has gained attention in biofilm research for its ability to detect slight
changes at electrode/electrolyte interface associated to the adhesion of bacteria cells on the
electrode [14]. This information on the interfacial properties can be converted in terms of

equivalent circuits including capacitances and resistances.

The bacterial activity was investigated for steels surfaces [15-18], revealing a decrease of Eoc
with time upon biofilm formation. This negative shift of the open circuit potential was
correlated to the increase of bacterial concentration [16-18]. In addition, EIS studies
demonstrated that the global charge transfer resistance of the electrode could be decreased
upon biofilm growth [18]. Although these electrochemical studies have provided general
trends, detailed explanations of the phenomena are still difficult to extract due to possible
change of steel’s passivation with biofilm formation. Moreover, correlation between bacteria
growth and biofilm formation is still unclear from most of the electrochemical studies
previously mentioned. Based on these statements, it is obvious that there is a need to provide
model systems which can allow further and clear interpretation of biofilm growth. Using

materials which can be considered as “chemically inert” (i.e. not reactive towards chemicals)



such as glassy carbon (GC) instead of steel is a strategy which has been only recently reported
for that purpose. Poma et al. [19] monitored the variation of Eoc on functionalized reduced
graphene oxide electrodes during the growth of three bacteria. As for steel, a decrease of the
open circuit potential was found during bacterial growth. However, no clear ratio was
established between the relative open circuit value and the bacteria concentration.
Nevertheless, their experiment was stopped after 6 hours and no biofilm formation could be

experimentally evidenced.

In this context, the herein study describes a thorough investigation of the bacterial
colonization and biofilm formation onto a GC electrode over days in culture media of P.
aeruginosa, which is well known to produce biofilm in a short amount of time compared to
other bacterial species [20-22]. Based on our findings, we provided a new model for biofilm
growth on inert surfaces. This work will serve as a strong basis for future comparative studies
with less inert materials such as steel surfaces to fully decipher and possibly quantify the role
of the surface in the adsorption events and biofilm growth. Electrochemical techniques (open-
circuit potential monitoring, EIS and cyclic voltammetry (CV)) as well as scanning electron
microscopy (SEM) were used to analyse the modified surfaces at the different stages of
biofilm growth. These techniques were combined with biological assays to correlate bacterial
concentration to biofilm formation. In particular, the use of EIS and CV techniques has

allowed accurate determination of the interfacial properties during these processes.

2. Materials and methods

2.1. Microorganisms, preculture and cell growth

The gram-negative model bacteria Pseudomonas aeruginosa (Schroeter) (PAO1) was selected
for the study. It was inoculated from frozen stock into Teflon tube containing 50 mL of
Tryptic Soy Broth (TSB) media. The strain was then incubated overnight at 37°C. For all the
experiments, 150 puL of bacterial suspension was inoculated in 20 mL of TSB (about 1% v/v
diluted). In order to determine kinetics of cells formation, the pre-culture was inoculated in
60 mL of TSB to reach a concentration of 2 x 10’ CFU/mL for P. aeruginosa. Every 30
minutes during 48 h, 500 pL of medium was collected and the ODgoo was measured with a
spectrophotometer in 8 replicates (TECAN Infinite™). Kinetics of the biofilm formation were
evaluated by labelling the biofilm with Crystal Violet in 96-well plates. Measurements were

made every 2 hours during 48 hours. Using each time a single 96 wells plate. Among the 96



wells, 80 wells were used as replicates, while the 16 remaining were used as control. In each
replicates, 15 pL of bacteria were inoculated in 200 pL of TSB culture solution. Then, all
plates were incubated at 37°C during different times to complete the whole kinetic study. The
labelling of adhered matter was performed by adding 50 pL of a Crystal Violet solution in
each of the wells. After 10 minutes, the content of the wells was removed and a very delicate
washing was performed by soaking the plates in a distilled water bath. Finally, 200 uL of
ethanol was added to solubilize the stained adhered cells. The determination of the specific
biofilm formation (SBF) values was calculated according to the method reported by Naves et

al. [23].

2.2. Electrochemical measurements
2.2.1. Glassy carbon electrode preparation

The glassy carbon (GC) electrode (A = 0.071 cm?) was purchased from CHI (CHI104 model).
In order to obtain a homogeneous surface for each experiment, it was first polished on emery
paper. After rinsing with water, it was further polished on an alumina (1 pm) cloth, rinsed

with water, cleaned in an ultrasonic bath with distilled water, and dried with an air stream.

2.2.2. Experimental settings

A classical three-electrode configuration was used in all electrochemical experiments. The
working electrode (WE) was a glassy carbon electrode. The counter electrode (CE) was a
platinum wire. The reference electrode (RE) was an Ag/AgCl, KCl (3M) electrode
(E=+0.210V vs. SHE at 25°C). Before each experiment, the WE was immersed in sterile
TSB for 4h in order to stabilize the electrode potential. Electrochemical measurements (OCP
monitoring, cyclic voltammetry and electrochemical impedance spectroscopy) were
performed using either a SP200 (Bio-logic) potentiostat or a PGSTAT30 (Metrohm)
apparatus. CV and EIS were performed in [Fe(CN)s]K3 (0.5 mM) / KCI (0.1 M) / H2O. EIS
measurements were carried out on a frequency range from 100 kHz to 10 mHz, with an
amplitude of 10 mV to respect the linearity of the system. The applied potential was fixed at

the half-wave potential E1,» determined from CV measurements in the ferricyanide solution.



2.2.3. Scanning Electron Microscopy (SEM)

The morphological analysis of bacteria and biofilm deposited on pieces of a GC electrode
were carried out using SEM Hitachi — S800 microscope. For higher resolution, few drops of a

solution of HILEM IL1000 were deposited on the samples.

3. Results and discussion

3.1.  Eoc monitoring with bacterial growth

The measurements of open-circuit potential at the glassy carbon electrode were carried out at
37°C to account for kinetics of the process. Fig. 1 shows the variation of Eoc with time in
TSB culture media. The bacteria concentration and the SBF index are also presented in Fig. 1.
Four measurements of Eoc were performed in order to produce a mean curve with the
standard deviation. Three stages can be observed and described as follows. From 0 to 1 hour
(step 1), the potential variation is low (< 2 mV.h!). Then, a significant decrease (approx. 30
mV.h!) occurs until approx. 6 hours (step 2). Lastly, the open circuit potential slowly
decreases (2 mV.h!) until the end of the test (step 3). The observed behaviour can be
compared to the variation of the bacterial concentration and biofilm formation. Indeed, an
overlay between electrochemical monitoring and biological measurements is depicted in Fig.
1. Step 1 is correlated to the latency phase observed in a classical cycle of bacteria growth
[24]. This corresponds to the first moments of bacterial growth, when the division of bacteria
has not reached the exponential phase yet. Then, the strong decrease in potential observed in
step 2 is associated with the exponential planktonic growth. The maximum concentration is
reached after 10 hours and does not evolve after. Lastly, the Eoc break obtained at 6 hours
seems to correspond to the beginning of the biofilm formation. Moreover, the biofilm increase
shows an ongoing growth over time to achieve a quasi-steady-state thickness after 30 hours

(hence justifying long-period measurements).

Here Figure 1

To confirm these hypotheses, SEM studies were performed for different stages of the bacterial

growth with GC electrode pieces. For SEM experiments, two immersion times were chosen in



stages 2 and 3. Fig 2 presents SEM images of GC surfaces immersed in inoculated TSB for 3
hours and 24 hours. The differences obtained between the two immersion times are striking.
Indeed, after 3 hours of immersion, most of the surface is bacteria free (Fig. 2a). In contrast,
after 24 hours of immersion, the number of bacteria present on the surface is much higher
(Fig. 2b). Moreover, a matrix in which bacteria seem to be embedded is distinguished on the
image, most likely the biofilm, similarly to what was observed by Wijesinghe et al. [25]. At
the bacteria scale, the biofilm shows a significantly rough surface. Thus, these visual
observations clearly highlight an evolution of the surface that corroborate with

electrochemical and biological monitoring.

Here Figure 2

From electrochemical and microscopic measurements, the process chronology can be

summarized as follows:

(1) An initiation/latency step for which Eoc is stable because the bacteria concentration is too

low and no biofilm can be formed.

(i1) A significant decrease of Eoc when the bacteria concentration starts increasing, although
no biofilm is necessarily formed. This may include the progressive adsorption / deposition of

bacteria onto the electrode surface.

(iii) The bacteria concentration is at their maximum and biofilm is formed, the open-circuit

potential shows a very slight decrease.

In order to further determine which parameters affect the formation of the biofilm on the inert
electrode, we also varies the initial concentration of bacteria in the culture media and
monitored Eoc values (see in SI). The results suggest that a threshold value of concentration
exists below which the evolution of the open-circuit potential is independent of the bacterial

concentration.

3.2. CV measurements



In addition to the open-circuit monitoring studies, CV and EIS measurements were carried out
in order to better investigate the conducting properties of the electrode surface covered by a
biofilm. For these two techniques, a well-known redox probe (ferricyanide) was used to afford
direct determination / visualization of the electron transfer kinetics across the
electrode / biofilm / solution interfaces. The results obtained by cyclic voltammetry are
displayed in Fig. 3. When a bare GC electrode was used (black curve, Fig. 3), a quasi-
reversible system corresponding to the ferri/ferro system was found as previously reported

[26-28]

Here Figure 3

When the GC electrode was dipped in the culture media containing P. aeruginosa for 48
hours (after 4h of stabilization) then rinsed with ethanol and water (to avoid bacteria
contamination and to fix the biofilm), the resulting CV in ferricyanide displayed no peak (blue
curve, Fig. 3). This behavior is typical for an insulating layer which blocks the electron
transfer to this inorganic probe [29], as found for instance with a covalently-bound organic
layer [26]. That means the surface of the electrode has changed, which is consistent with the
biofilm formation observed in Fig. 2. Hence, the layer of biofilm formed at the surface
prevents the charge transfer. This is particularly unexpected since bacteria are known to be
conductive species, as shown by Maruthupandy et al. [30] with electrochemical techniques
(CV and EIS). However, some studies also found that there is a decrease of the conductivity
inside the biofilm that could be due to the presence of polysaccharides, known for being

insulating [31, 32].

To investigate the possible influence of the TSB media on the CV results of biofilm, a
polished electrode was immersed in culture media for 4 hours without any bacteria. This
immersion time was selected to simulate the equilibration time experimentally used: to do so,
for all the experiments, bacteria were introduced into the solution after this stabilization time.
CV obtained (red curve, Fig. 3) shows behavior redox different compared to bare GC.
Clearly, this result indicates that despite the absence of bacteria in the solution, a strongly-
adsorbed layer is deposited at short times, slowing down the electron transfer. During the
equilibration time (about 4h), Eoc was measured and no significant change was reported. So,

this adsorbed layer does not significantly affect the open-circuit potential. Further



experimentations (data not shown in this paper) have allowed to conclude that the tryptone
from TSB triggers the adsorption process. Unfortunately, due to the large number of
components of tryptone, it was not possible to decipher precisely the exact nature of the
adsorbed species. Such an adsorbed layer, which has never been mentioned in the literature so

far, has been then integrated to the new model proposed in this work.

3.3. EIS measurements

EIS measurements in ferricyanide were performed concomitantly to CV in order to better
analyse electron transfer process in terms of capacitive and faradaic currents. Bare GC, GC
after 4h in TSB and GC covered with a biofilm were studied. Experimental data are presented
through classical Nyquist (Fig. 4) and Bode diagrams (see diagram in SI). The Nyquist plots
were fitted according to an equivalent circuit including (i) the electrolyte resistance (Re), (ii)
the charge transfer resistance (R.) and double layer pseudo-capacitance (Ca) for the
ferri/ferrocyanide electron transfer, and (iii) two RC-like parallel components which account
for the biofilm and the adsorbed layer suggested by CV experiments (Fig. 6). Table 1 gathers

EIS data obtained from curve fitting (see fits in SI).

Here Figure 4

The Nyquist plots for the bare GC electrode (black curve, Fig. 4) display a capacitive loop for
high frequencies (> 1 Hz) yielding R = 0.65 kQ.cm? and Qa = 40.6 uF.s*!.cm?. For lower
frequencies, a linear variation with a 45° slope is obtained as expected for a mass-transfer
controlled regime (Warburg diffusion). Such behavior is classical for a relatively fast charge-

transfer process with no blocking layer, as found by CV.

Here Table 1

With the electrode immersed in sterile TSB for 4 hours, R was found to increase up to
7.1 kQ.cm?. This result is consistent with the formation of a blocking layer as found by CV.
When the electrode was dipped for 48 h in TSB with bacteria, the charge transfer resistance

was found to increase even more (8.6 kQ.cm?). These results are fully in agreement with CV



and reinforce the hypothesis that an adsorbed and insulating layer is formed during the
equilibrium stage in sterile TSB. Further insights into the EIS analysis allowed determination
of the resistances and pseudo-capacitances for the biofilm and first-adsorbed layers according

to the equivalent circuit shown in Fig. 5b.

Here Figure 5

Impedance values for the biofilm (Ruiofiim, Table 1) indicate that the biofilm is clearly not
conductive under these conditions. This is in accordance with the increase in biofilm
resistance observed over time by Liu et al. [31], although the proposed model is simpler since
it does not take account of the adsorbed layer. The insulating property is most likely due to
the biofilm matrix, which contains polysaccharides as they are known for being insulating

[31, 32].

Regarding the Eoc monitoring shown in Fig. 1, EIS data suggest that even in absence of
bacteria (or below a critical concentration), the GC electrode — TSB electrolyte interface
undergoes adsorption processes, without significantly affecting the open-circuit potential.
When the bacteria concentration increases, the number of bacteria units adsorbed on the
electrode also raises and induces a decrease of the open-circuit potential due possibly to the
negatively charged phosphates and sulphates groups. Generation of a biofilm by the bacteria
may decrease the global conductivity of the two layers, and also affect Eoc to finally reach a
steady-state value for which the bacteria concentration, the biofilm thickness, the open-circuit

potential and the conductive properties do not evolve (Schematic 1).

Here Schematic 1

4. Conclusion

This work aimed at providing new insights into the bacterial colonization and biofilm
formation onto a GC surface using P. aeruginosa in TSB media. The in-situ open-circuit

potential sensing combined to ex-situ EIS, CV and SEM have provided novel information on



the different processes occurring for the biofilm generation. While long-time in-situ
measurements have clearly emphasized that E. could be not only correlated to the increase of
bacteria concentration, CV and impedance experiments have demonstrated the possible
formation of an insulating layer on the electrode prior to bacteria deposition and biofilm
formation in TSB. These remarkable results open the discussion on the conditions required to
favour biofilm formation. Indeed, control of bacteria concentration close to the electrode
interface may avoid biofilm formation. Furthermore, the ad-layer formed from the culture
media could be crucial for the further deposition of bacteria accompanied with a drop of the
open-circuit potential. At last, the model proposed here could be further exploited for the

analysis of steel surfaces.
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Fig. 1. Overlay of electrochemical monitoring (orange — left axis) with bacterial growth curve (black —
first right axis) and biofilm formation curve (blue — second right axis) at 7= 37 °C. The orange curve
displays the mean of 4 measurements and the grey cloud represents the standard deviation. The dashed

vertical lines represent the step boundaries as described in the text



Figure 2

Fig. 2. SEM images of GC surface after immersion in inoculated TSB for 3 hours (a) and for 24 hours

(b).
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Fig. 3. Cyclic voltammetry of glassy carbon electrode in [Fe(CN)g]Ks (0.5 mM) / KCl (0.1 M) / H.O
solution for various conditions: V= 0.1 V.s!, T = 19 £ 2°C. The starting potential is indicated by a

vertical line, with an arrow giving the scanning direction.
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Fig. 4. Nyquist diagrams obtained with glassy carbon in [Fe(CN)s]K3 (0.5 mM) / KCI (0.1 M) / H,O

solution for various conditions.
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Fig. 5. Equivalent circuits proposed for systems without (a) and with (b) biofilm in TSB solution
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Schematic 1. Proposed chronological mechanism based on experimental data





