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Online techniques for monitoring biofilm formation and evolution are limited, especially as regards its appli-
cation in flowing water systems. This is chiefly due to the absence of efficient non-destructive and non-invasive
sensing methods. In this study, a sensitive electrical resistance spectroscopy technique is developed to monitor
non-invasively and in real time the growth of biofilms over metallic surfaces inside water flow systems. To this
aim, Pseudomonas fluorescens strain is used for biofilm development lasting 72 h in a laboratory-scale test channel
of orthogonal cross section. Biofilm development corresponds to a progressively increasing coverage of the
metallic surface area up to full coverage and a progressively increasing thickness. Biofilm development is
registered by continuous recording of electrical impedance signals (time series). Proper configuration and tuning
of the electronics promote the resistive contribution to the signal whereas careful grounding diminishes electrical
interferences and yields superb sensing sensitivity. An increase of relative electrical resistance of around 15% is
noticed in 72 h flow experiments which is attributed to both an increase of metallic surface area coverage and an
increase of biofilm thickness. An independent estimation of these quantities using imaging tools and microscopy
analysis, indicates that full coverage of the metallic surface occurs after only 48 h of the flow experiment,
whereas biofilm thickness increases gradually along the entire 72 h of the experiment. Cross-examination of
electrical signals with biofilm characteristics (metallic surface coverage and biofilm thickness) reveals that,
qualitatively speaking, electrical signals are rather more sensitive to metallic surface coverage than biofilm
thickness.

1. Introduction

World Health Organization guidelines state that human health
should be protected by any microorganism in drinking water that might
pose a threat (WHO, 2002). In water distribution systems (WDS), bio-
films are the predominant form of bacteria that can form inside the
pipes, acting as reservoirs for pathogenic microbial contaminants (Liu
etal., 2016). Bacterial biofilms are dynamic and complex structures that
respond to the external environment (Yin et al., 2019). Compared to
planktonic life of bacteria, biofilms are defined as three dimensional
bacterial aggregates, embedded in a complex matrix of extracellular
polymeric substances (EPS), attached irreversibly to biotic and abiotic
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surfaces (Cloete et al., 2009; Costerton, 1999). EPS is composed of
proteins, polysaccharides, extracellular DNA, glycolipids and nucleic
acids (Hall-Stoodley et al., 2004), conferring a structure with an estab-
lished resistance to disinfectants and antimicrobial treatments (Ceri
et al., 1999). As pathogenic bacteria become more prevalent, infections
and environmental problems caused by them will represent a major
health and environmental concern (Furopean Centre for Disease Pre-
vention and Control-European Medicines Agency, 2009). Many chronic
bacterial infections are caused by biofilms because they increase bac-
terial pathogens’ resistance to antibiotics, resulting in lasting chronic
infections (Costerton et al., 1999). Like so, biofilms are a cause of
deterioration of water quality in WDS, biocorrosion and biofouling in
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industrial water systems pipes (Beech and Sunner, 2004; LeChevallier
et al., 1987), while also affect the alteration of organoleptic character-
istics (taste, odor, color) (Prest et al., 2016).

It is widely acknowledged that the formation and resilience of bio-
films inside water distribution systems’ pipes remains one of the most
challenging problems. It is therefore urgent to develop an appropriate
and effective strategy to monitor biofilm formation. So far, analytical
tools for easy and convenient online and real-time monitoring of the
biofilm formation process have been scarce, as most of the available
techniques related to the study and evaluation of the already formed
biofilm are destructive and, thus, not allowing the corresponding sub-
strate to be further analyzed.

At present, biofilm monitoring generally involves various analytical
methods. The most used methods for the evaluation of biofilms are
referred to as either direct or indirect methods. Direct methods of
quantifying biofilms use direct observation to quantify the desired pa-
rameters, such as colonies’ count (CFU/mL) of sessile cells comprising
biofilm structure (Adetunji and Odetokun, 2012; Asséré et al., 2008),
visualization using specialized microscopes and staining with specific
dyes (Marra et al., 2022; Wilson et al., 2017) that are selected according
to the chemical properties of the dye and the specimen being stained,
which determines the reaction between them. They provoke the
destruction of the biofilm surface by scraping and homogenizing the
biofilm for counting the number of cells and by applying a pigment layer
onto the biofilm surface during the staining, either for imaging or for
counting cells. Besides, bacteria enumeration is straightforwardly
associated with biofilm, only at the early stages of formation, since at
later stages of biofilm growth EPS contributes as well, masking the
impact of live cells (Nakagawa et al., 2022). Also, visualizing and
staining procedures, even though they can provide convenient and
qualitative evaluation, need specialized and expensive equipment and
consumables and are not appropriate for monitoring in-situ. Biofilm
growth can also be characterized indirectly using dry mass determina-
tion, total organic carbon, crystal violet staining and total protein
determination (Wilson et al., 2017). Although these methods are easy
and inexpensive to perform, they lead, nevertheless, to the destruction of
the samples with difficulties related to the viability and separation of cell
mass from other existing components comprising the biofilm. Moreover,
results present significant uncertainties and refer to a single point
measurement at a specific time.

The structure of biofilms is usually evaluated using microscopy
analysis based on Atomic Force Microscopy (AFM) (Chatterjee et al.,
2014), Confocal Laser Scanning Microscopy (CLSM) (Schlafer and
Meyer, 2017), Transmission Electron Microscopy (TEM) and Scanning
Electron Microscopy (SEM) (McCutcheon and Southam, 2018). How-
ever, such techniques are quite costly and require sophisticated micro-
scopy and material preparation tools to implement them. Although
real-time monitoring of the biofilm structure can be achieved using
CLSM under controlled conditions in specific systems, the rest of the
techniques require destruction of the samples.

Non-destructive techniques for biofilm monitoring have been
developed aiming to overcome the above limitations. Chen et al. (2010)
used Quartz Crystal Microbalance (QCM), a non-destructive process to
detect early formation of biofilms. Likewise, Olsson et al. (2015) used
the same technique to detect the initial adhesion of organisms, however,
the biofilm was detected only on the surface provided by QCM; as such,
this technique cannot be employed in a wide range of applications.
Thermal Lens Microscopy (TLM), another application for monitoring
biofilm was used in microchannels and flow cells (Ropteuscher, 2009),
measuring the photothermal effect inside the sample. This method is
rather promising due to its ability to detect biofilms, while it offers
staining-free observation of biofilms despite its limitations in the
observation area, detection limit and resolution.

Electrochemical Impedance Spectroscopy (EIS) has also been used to
assess cell growth and biofilm development demonstrating several ad-
vantages of high sensitivity, selectivity, and fast response. EIS based
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sensors for detecting biofilm formation have been employed in a wide
range of systems, like Petri dishes, modified CDC reactors that simulate
the conditions in vivo (Bruchmann et al., 2015) and most commonly in
well microtiter plates (Chabowski et al., 2015; Guta et al., 2020; Paredes
et al., 2013). Several studies focus on employing EIS for the detection
and changes of free-floating cells, while others on the evaluation of
biofilm development and some of both phenomena. For example, Gia-
ever and Keese (1993) used EIS to characterize the changes in
morphology of adherent cells from different cultures. Kim et al. (2011),
in addition, with an improved electrochemical monitoring system ach-
ieved the evaluation of biofilm development, due to removal of plank-
tonic bacteria by introducing fresh electrolyte inside the experimental
system. Furthermore, other studies performed by Paredes et al. (2012)
and Guta et al. (2020) showed the ability of EIS for measuring both cell
changes inside the investigated system and also changes due to biofilm
development and growth. In such studies, the decrease of impedance is
attributed to the increase in number of cells (Bayoudh et al., 2008),
while on the contrary, in other studies cell growth causes the increase of
impedance (Gamal et al., 2018). Additionally, in some investigations the
increase of impedance is associated with the increase of surface coverage
with biofilm (Bruchmann et al., 2015; Song et al., 2020), while Turolla
et al. (2019) supported that biofilm increase development leads to
impedance, due to the prevalence of the extracellular matrix
conductivity.

In these cases, the detection of cell growth and/or biofilm develop-
ment is based on the interactions between cells and other constituents,
like EPS, salts, nutrients, gas bubbles and the surface of the electrode
that is normally introduced to the test system. These phenomena alter
the impedance and/or capacitance of the test system (Gkotsis et al.,
2020; Oikonomidou et al., 2018). The idea of this study is to use the
substrate surface, where the biofilm is developed, as the electrode of EIS
technique.

It should be stressed though that in all above applications, the bio-
film is detected through its development on the interface between the
electrode surface and the bulk medium. However, in these cases the
obtained results cannot be projected to the surface of interest, e.g. the
material of a water pipe. Therefore, mechanisms and interactions be-
tween electrode surface and bulk medium cannot be extrapolated to the
system under investigation. Another limiting factor for the broad
application of such electrodes is the material they are made of, which is
mainly gold (Bruchmann et al., 2015), used to obtain high sensitivity
and limit corrosion implications. In addition, the sensor placement im-
plies the intervention in the system under investigation, while after the
saturation of the electrode, the latter should be removed and cleaned or
replaced.

Summarizing, while existing biofilm monitoring methods provide
valuable information regarding biofilm structure, morphology, quanti-
fication, and other critical parameters, they do come with a set of
inherent limitations, especially when biofilms are formed inside pipes or
other flow cells. Such limitations include the need for disassembling the
experimental setup, the sample destruction, high costs and inability to
provide results in real time without interventions in the bulk flow. To
confront these challenges, a system that is installed at the external part
of a flow cell, able to record the biofilm changes inside this flow cell,
should be developed.

To this aim, the objective of this study was to develop a sensitive,
non-invasive electrical resistance spectroscopy technique that enables in
real time detection of biofilms during the early stages of their formation
and monitoring of their evolution, as well. Furthermore, this technique
should be applied in real systems, to reveal the interactions between the
substrate surface and the bulk medium; this requires the use of the
wetted surfaces as electrodes that sense the modified voltage when
biofilm grows. Unlike existing methods, which are often destructive or
malfunctioning for real-world applications, our approach enables the
early detection and continuous monitoring of biofilm formation. Using
this novel approach, this study targets the direct sensing of biofilm
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development on metallic surfaces of interest and not indirectly by
sensing biofilm growth on the surface of an instrumental electrode (that
is normally different from that of the biofilm substrate). In other words,
in our technique the sensing electrode is the biofilm substrate itself. This
unique method is a first step towards the future development of biofilm
monitoring techniques, non-invasive, online, in real-world applications,
such as water systems.

To this end, we investigated a modified type of electrical impedance
method based on In-Vivo Embolic Detector (I-VED) hardware, patented
by Karapantsios et al. (2016). This method is based on ultra-sensitive
Alternating Current (AC) electrical impedance spectroscopy, devel-
oped for the detection of Coronary Artery Disease (Karapantsios et al.,
2017; Tzevelecos et al., 2021). The electrical impedance of the bulk
medium differs according to the constituents’ concentrations, temper-
ature, excitation frequency and liquid volume crossed by the AC exci-
tation current. These factors are considered when validating this
technique and extracting reliable results on biofilm development.

The proof of technology is implemented by developing and analyzing
biofilms formed on metallic surfaces inside continuous flow water sys-
tems. For this purpose, single strain biofilms of Pseudomonas fluorescens
are developed in a laboratory-scale test setup under static and laminar
flow conditions at constant temperature. Throughout the duration of
each experiment, the metallic surfaces are used as specific sensors that
are properly mounted onto the flow setup, thus recording impedance
changes during cell attachment and biofilm formation and growth. The
impedance results are explained and validated using the morphological
and topographical characterization of biofilm coated surfaces.

2. Materials and methods
2.1. Bacterial strain and culture conditions

Pseudomonas fluorescens AR 11 bacteria, Gram-negative, rod-sha-
ped, mesophilic human pathogens that were isolated from raw milk for
cheese production are provided by DSZM-German Collection of Micro-
organisms and Cell Cultures GmbH (Braunschweig, Germany). These
bacteria can exhibit motility via motile polar flagella (Scales et al.,
2014), their size is approximately 0.5 pm in width and ranges 2.0-2.5
pm in length (Martinez-Garcia et al., 2015) and also possess a number of
functional traits that provide the bacteria with the ability to form bio-
films (Scales et al., 2014).
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Bacterial cells are cultivated as explicitly described in Kampouraki
et al., (2022).

2.2. Experimental set-up

2.2.1. Biofilm formation in flow cell

Biofilms are developed on passivated and electropolished stainless
steel coupons SS316L (EP SS316L) used in previous studies (Kampouraki
etal., 2022; Petala et al., 2017) under well-controlled conditions inside a
flow cell. Temperature is kept constant at 27 °C + 0.1 °C inside a cli-
matic chamber, while tests are conducted either under static conditions
or laminar flow conditions of the mineral medium. The cell consists of a
base compartment, that carries a receptacle (Fig. 1 (2)) for placing two
coupons (Fig. 1 (4)) along specific dimensions (length x width x depth:
76 x 12.7 x 1.6 mm), while a spacer of 3 mm height is placed above the
coupons determines the cross-sectional area of the flow (Fig. 1 (5)). At
the top there is an identical base, on which two coupons are adjusted
accordingly (Fig. 1 (6)). Two valves are assembled to the top unit at the
inlet (Fig. 1 (7)) and outlet (Fig. 1 (8)) of the liquid flow. The flow cell
system is kept free of air bubbles by placing the cell in vertical position
and maintaining the up-flow direction of the medium. The mineral
medium that contains all nutrients is introduced to the flow cell from a
flask via a peristaltic pump. The waste at the outlet of the flow cell is
collected in a waste container. This setup allows continuous supply of
nutrients and continuous flow of medium through the system.

Before each test, EP SS316L coupons are cleaned as described in the
following procedure: cleaning with a commercial anionic surfactant,
rinsing with tap water, immersion in 95% ethanol solution, rinsing with
distilled water, and then drying at 50 °C overnight. The rest of the
experimental set-up is sterilized with hydrogen peroxide solution (30%
w/v) and rinsed with sterilized bi-distilled water. Each experiment starts
with the assembling of the flow cell and the connections with peristaltic
pump and flask containing the medium using tubes. Afterwards, the
whole set up is sterilized again with hydrogen peroxide solution and
sterilized with bi-distilled water before fresh and sterilized mineral
medium enters through the flow cell for the final step of cleaning. All the
components of the set-up including flow cell compartments, mineral
medium and bacterial suspension after sterilization are kept inside the
climate chamber overnight before the beginning of each experiment, to
reach stable conditions before starting the electrical measurements.
Subsequently, 10 mL of clean and sterilized mineral medium or 10 mL of

Fig. 1. 3D configuration of the flow cell components. Flow cells include: 1-Lower plate, 2-Coupon base, 3-O-Rings, 4-EP SS316L coupons connected with terminal
leads, 5-Flow spacer, 6- details of top compartment, 7-nutrient medium input port, 8-electrode tip.
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bacterial suspension of optical density equal to 0.5 cm ™}, are injected

through the septum at the entrance valve of the flow cell. Following the
above procedure, different and independent experiments are conducted
with respect to liquid flow. Firstly, experiments under stagnant condi-
tions are performed, on which the channel of the flow cell is either filled
with mineral medium to test the effect of the liquid medium on resis-
tance measurements or filled with bacterial suspension to evaluate the
influence of bacteria to the recorded data.

Thereafter, another group of experiments is conducted to test the
behavior of the system with continuous medium flow. For this reason,
after the performance of cleaning procedure as described above, the cell
is filled with mineral medium or bacterial suspension and is kept under
stagnant conditions. Right after 2 h, a constant volumetric flow rate of
1.5 mL/min is applied for 24, 48 or 72 h, depending on the experiment
and the parameters to be tested. All these tests run in triplicate and are
repeated twice. Such experiments can simulate the flow and biofilm
formation inside the pipes of a water system in laminar flow with Rey-
nolds number equal to 3.38 according to the following equation:

_pvDy
n

Re (€Y)

where p is the density of the fluid (kg m’s), v is the flow velocity (m s’l),
n is the dynamic viscosity of the fluid (Pa s) and Dy, is the hydraulic
diameter. Since the flow cell is rectangular rather than circular in cross
section, the hydraulic diameter is calculated by D, = 4A/c, where A is
the cross-sectional area and c is the wetted perimeter (Munson et al.,
1990).

2.2.2. Electrical measurements

Electrical Impedance Spectroscopy (EIS), a non-invasive technique
(modified I-VED® patented by Karapantsios and co-workers (Kar-
apantsios et al., 2016), is modified and used in this study to monitor the
evolution of biofilm formation on metallic surfaces (Evgenidis and
Karapantsios, 2015, 2022). The growth of biofilm is monitored with
continuous recording of electrical signals. This technique is based on the
measurement of the real (resistive) component of the electrical imped-
ance (complex number) of the system (including that of mineral me-
dium) and its operating principle is based on the determination of the
resistance increase, or equivalently the reduction of the electrical

A

Terminal
Resistance (TR)

Data acquisition
card (DA)

Comther
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conductivity, that corresponds to the build-up of biofilm on the coupons’
surface.

The experimental set-up includes, as shown in Fig. 2A, a signal
generator (SG) with two independent output channels, that generates a
sinusoidal voltage excitation of 1 Vp-p at 25 kHz for each channel, two
24 bit/192 kHz data acquisition cards Focusrite Scarlett 2i2 3rd Gen-
eration (DA), two terminal adjustable resistance boxes (RB) for signal
tuning and two computers connected to the data acquisition cards used
for real time monitoring and recording of the signals. The PVC flow cell
that is used in this study includes metal terminal leads, on the top and
the bottom of the cell, connected with the metallic coupons. All coupons
act as electrodes in electrical contact with the medium (i.e., mineral
medium or bacterial suspension) in the flow cell. These terminal leads
are placed in pairs, two onto the first coupon set from the entrance of the
flow cell (Fig. 2A(E1, E5)) and two onto the second (Fig. 2A(E1/, E3)). The
spacing between the two opposing coupons is 3 mm (as shown in Fig. 1),
while the distance between two terminals in each pair is 68.65 mm.

The operation principle for this technique is based on calculating the
ratio of the output voltage of the coupon to the input voltage from the
signal generator. The input voltage (excitation) for each coupon pair is
connected to the input terminal and is supplied by the corresponding
independent output channel of the SG. That excitation induces an AC
current that passes through the liquid between the electrodes/coupons
that are assembled on the test flow cell and generates a voltage differ-
ence between input and output terminals due to the electrical resistance
of the liquid (Ohm’s law). As a result, due to Kirchhoff’s second law the
output voltage that is measured across the termination resistor depends
on the electrical resistance between the coupons. The output and input
voltages are acquired and recorded by a Data Acquisition Card, one for
each coupon pair.

Although the I-VED’s technique can provide resistance time series
with sampling frequency of several thousand samples per second at a
resolution better than 0.01%, the sampling frequency has been set to
200 Hz, since for the present application and the aim of the experiment
this frequency adequately samples all frequency components of the
measured signals.

Electrical signals are recorded every 60 min for 72 h. Each recording
lasts for 30 s and the data are then transformed into resistance time
series of high sampling frequency and resolution by the corresponding

Terminal
Resistance (TR)

Data acquisition

Computer
card (DA)

Rm

Rct

ZW

Fig. 2. A) Experimental setup of electrical measurements, B) Series equivalent electrical circuit of electrode/medium system.
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algorithm. With proper calibration and constant temperature
throughout the duration of the experiment, the measured voltages are
directly related to the mineral medium electrical resistance and, there-
fore, to the biofilm surface and planktonic bacteria cells.

The impedance Z of electrode/medium system, when the coupon
surface is in contact with the mineral medium, can be modeled with a
Randles and Ershler electrical equivalent circuit (Furst and Francis,
2019; Magar et al., 2021). The model contains the resistance of the
mineral medium R, connected in series with the contact impedance Z.
of the electrode/medium interface, i.e. Z = Ry + Z.. The contact
impedance Z. can be further analyzed as the parallel connection of the
double layer capacitance Cq; component at the surface of the coupon
with the series connection of the charge transfer resistance R with the
Warburg impedance Z,,. According to electrical circuits’ theory, the
contact impedance Z, is given by Equation (2):

1 1 1
= 4y 2
ZC XCdl RL‘I + Zw ( )

The corresponding equivalent electrical circuit is shown in Fig. 2B.
The impedance Z of the electrode/medium system is given by
Equation (3):
RCf + ZW

Z=R,+Z. =R, +Xcam—— 3
““Xca + Re + Z,, @

where Xcq =1 /j wCa is the reactance of the double layer capacitance.

Typical values of Cgj are 10-40 pF/cm? and depend on the ion concen-
tration as well as the material of the electrodes (Tzevelecos et al., 2021).
Considering the 9.65 cm? surface of the electrode, the total double layer
capacitance would be 96.5-386 pF. At high excitation frequencies
greater than 10 kHz, the reactance of the double layer capacitance
would be very low, effectively “short circuit” and minimizing the in-
fluence of both Rt and Z,, on Z. Even for the minimum value of double
layer capacitance Cqj, the maximum value of Xcq is 0.2 Q. For all ex-
periments the conductivity of the mineral solution was such so the
resistance Ry, is in order of 10 Q, at least 10 times greater that Xcq,
leading to a negligible effect of contact impedance. In addition, due to
the parallel connection of Cq with the series connection of Re¢ and Zy,
the contact impedance Z. would be less than the value of Xcq; alone.

According to the theory of electrical systems, the voltage transfer
function H(jo) of an electrical circuit is the ratio of the output voltage V,
to the input voltage Vj, defined in the following equation:

Va eiwt+</1] Vv

. _ 0 jiot+Ap
H(]w) - Vieia)t+w2 - V,'e (4)

The phase difference Ag indicates the resistive or not response of the
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circuit. If Ap = 0° then the circuit contains only resistors and therefore
resistive response. If Ag # 0°, then the circuit contains reactive com-
ponents as well. Negative Ay values indicate capacitive response and
positive values inductive response. For the extreme cases of Ap = +90°
the circuit is composed of Constant Phase Element (CPE) (Moradi et al.,
2022), i.e. ideal reactive components. If Ap = + 90°, then the circuit is
an ideal inductor, whilst Ap = —90° the circuit is an ideal capacitor. The
value of phase difference A@ is frequency dependent for the
non-resistive case.

With the intention of finding the optimum excitation frequency
where the influence of reactive components on Z is minimized, experi-
ments were conducted with frequency scanning from 10 to 85 kHz, as
shown in Fig. 3A. The phase difference Ap was measured between the
output and input voltages of the two pairs of electrodes of the system,
whilst the liquid medium was present. From Fig. 3A, it is shown that for
the two pairs of electrodes the phase difference is negligible for the full
scanned frequency range, indicating resistive response of the liquid
medium and the flow cell. The phase difference is minimized in the
frequency from 20 kHz to 30 kHz for both pairs of coupons; therefore,
the excitation frequency of the SG was set to 25 kHz. At 25 kHz the phase
difference is Ap = 1.5° and the ratio of imaginary part to the real part is
Xjp = tan(Ap) = 0.03.

At such frequencies the phase difference is minimized, hence the
imaginary part of equation (2) is negligible. The response is dominated
by the real part and the impedance Z of the electrode/medium is
simplified to the resistance of the mineral medium Z = Ry,. The lipo-
polysaccharide cell membrane of the bacteria is insulating due to the
presence of inherent permeability barrier capacity, so when attached to
the coupon surface, the insulating properties reduce the surface that is in
contact with mineral medium leading to an increase of the flow cell
resistance (Furst and Francis, 2019). Therefore, when the flow cell is
filled with bacterial suspension, the composition resistance is the min-
eral medium resistance increased by the resistance of the biofilm. The
corresponding representative electrical equivalent circuit of the test
flow for the one pair of electrodes of Fig. 2 is presented in Fig. 3B.

As it is shown in Fig. 3B, the resistors Ry, and R; are connected in
series and constitute a voltage divider. Therefore, the voltage ratio k of
the output (V)) voltage over the input voltage (V;) is given by:

Vo R,

Vi Ru+R

(5)

where R; is the terminal resistance of the decay box, that is set in the
beginning of the experiment by the operator and R, is the resistance
between the pair of electrodes on the flow cell, that depends on the
mineral medium composition. Rearranging Eq. (5) the resistance of the

Rm

E1
DYy

E2
?

Fig. 3. A) Phase difference Ag between the output and input voltages of the two pairs of electrodes of the system, B) Electrical equivalent circuit of the test flow.
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mineral medium can be calculated as:

R,=(k"'—1)R, (6)

In each experiment the recorded signals Vy and V; are used for the
calculation of resistance time series and are given in terms of normalized
resistance values derived from the ratio of average resistance per hour to
the recorded initial resistance value.

2.3. Characterization of biofilm surface and bulk liquid

Morphological parameters of biofilm coated surfaces are determined
by microscopy examination at different spots of the same coupon and on
different coupons of the same experiment, to ensure the repeatability
and the reliability of the measurements. Three-dimensional surface
topography of different coupons is evaluated with 3D Optical Surface
Metrology System Leica DCM8 device, after their dehydration, at
ambient conditions. The same spots at the same coupons were selected
at different experiment days’ coupons using 20x magnification lens,
depicting an area 850 x 650 pm, for the determination of the roughness
profile (Sdr, %), the 3D view of the surface, the maximum height of the
surface (Sz, pm) and the root mean square height of the surface (Sq, pm),
parameters that can characterize the thickness of the surface. The
topography layer is described with parameters that involve only the
statistical distribution of height values along the z-axis, according to ISO
25178 (International Organization for Standardization, 2012). Biofilm
images, captured by Leica DCM8 microscope, are processed with the
commercial software Image Pro Plus 6.0 (Media Cybernetics, Inc) to
define the biofilm coverage area percentage over the total area. Each
image is analyzed by calculating the area of the developed biofilm.

Additionally, biofilm-coated surfaces are also subjected to imaging,
using Optical Coherence Tomography (OCT) (Ganymede, Thorlabs) at
24, 48 and 72 h of the cultivation with the objective lens OCT-LK3. OCT
possesses the capability to both scan for and discern biofilm thickness, as
well as perform a tomographic evaluation of the biofilm structure. This
is made possible by the acquisition of high-resolution images in a non-
invasive manner, without causing any harm to the sample. The spatial
resolution of acquired OCT images is not fixed, as it depends on a
number of operational parameters, but in all cases is less than 1pm/
pixel. Following the scanning process at various locations across the
entire metallic surface, two-dimensional images are obtained. High
resolution biofilm images were processed by a custom-made config-
urable Matlab software. Substrate and biofilm contour points are auto-
matically detected in order to calculate biofilm thickness for every point
in x-axis. Bottom right legend is processed automatically in order to
convert pixel metrics to world metrics (mm). The above calculations are
based on the following methods: two dimensions median filtering, in-
tensity thresholding, connected components computation and exterior
and internal holes boundaries tracing.

To assess the bacterial population adhered to individual EP SS316L
coupons, scratching of each coupon is performed with a sterile tooth-
brush, which is then immersed in 5 mL of a sterile phosphate solution.
Afterwards, the turbidity of the re-suspended biofilm is measured at 600
nm (OD600nm). Besides that, the dry mass of each biofilm is determined
by drying the biofilm coated substrate at 40 °C overnight, measuring the
weight and subtracting the substrate net weight.

During each experiment the quality of bulk liquid is also character-
ized in terms of dissolved oxygen consumption and optical density.
Dissolved oxygen is determined by measuring the oxygen (HQ 30D,
Hach) in the medium at the inlet and the outlet of the flow cell. In
parallel, the turbidity of the samples at 600 nm (ODggonm) is measured
(UV-1800 SHIMADZU Spectrophotometer) to evaluate the concentra-
tion of biomass. The evolution of glucose concentration within bacterial
suspensions is also estimated according to the sulfuric acid-phenol
protocol, previously described by Castigliano et al. (2021) for the bulk
liquid at 24, 48 and 72 h of incubation time. Furthermore, the Dissolved
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Organic Carbon (DOC) of the bulk is also analyzed aiming to quantify
the organic matter remaining in the liquid.

3. Results and discussion

To examine whether electrical resistance technique can be used as a
tool for direct measurement of biofilm growth in closed water systems,
an extensive and methodological approach has been adopted. Initially,
the electrical technique setup was established realizing the critical pa-
rameters for accurate measurements. Afterwards, this novel sensing
system is applied to two different modes of biofilm growth: static and
under constant water flow. Electrical signals are then compared and
qualitatively related to microscopic observations. Novel characteristics
of this method rely on the setup configuration that enables flexible
adjustment to other metallic water systems, elimination of electrical
signal misinterpretations due to bulk water characteristics and direct
evaluation of biofilm growth rates.

Pseudomonas fluorescens biofilms are developed under static or
laminar flow conditions inside test cells at constant temperature of 27 °C
+ 0.1 °C onto EP SS316L coupons. The resistance of the system is
measured throughout the experiment duration, while after 24, 48 and
72 h, the coupons are removed to characterize the morphology and
topography of the obtained biofilms by optical means using 3D
metrology microscope. In parallel, the liquid collected at the outlet of
the flow cell is submitted to turbidity (OD600 nm) measurements for
evaluation of the presence of planktonic bacteria, and to dissolved ox-
ygen concentration measurements to assess the oxygen consumption
inside the test cell.

3.1. Electrical measurements

In contrast to most impedance spectroscopy studies that measure
biofilms at distinct points in biofilm maturation time, in our study it is
explored whether continuous measurements can in fact capture the
dynamics of biofilm formation. To avoid misleading results, initial ex-
periments are conducted to evaluate the critical parameters of the
experimental setup that influence the output signals of the electrical
resistance technique. First, tests were conducted to verify the stability
and sensitivity of the electrical system in terms of measuring resistance.
Subsequently, the effect of the mineral medium inside the flow cell is
investigated before and after the injection of bacteria suspension. Then,
the impact of the flow on the electrical measurements is examined, as
well as the effect of liquid suspension of bacteria on these measure-
ments. The results of these tests verified that changes in electrical signal
correspond to alterations in biofilm development.

3.1.1. Electrical signal

When measuring impedance or resistance in complex multiphase
systems, it is essential to test the stability and the response of the elec-
trical system focusing on the electrical signals without the presence of a
liquid solution. For this reason, the flow cell can be simulated with the
electrical equivalent of two 10 Q resistors, one for each pair of elec-
trode/coupons.

Fig. 4A shows that the measured resistance value remains stable and
almost identical for both pairs of coupons, confirming the stability of the
recorded signals and electrical system after 72 h of the experiment
duration. In addition, as it is shown in Fig. 4B, the Coefficient of Vari-
ation (CV, the ratio of standard deviation to mean resistance) is in the
order of 10™* or 80 dB Signal-to-Noise ratio (SNR), verifying the high
sensitivity of the electrical system and capability to measure miniscule
resistance variations. Mean resistance values are shown in Fig. S1, as
well. Moreover, the stability and the high SNR of the signal implies that
when bacteria are inside the flow cell along with mineral medium, the
observed changes in the signal will correspond to the changes inside the
flow cell, e.g. changes in planktonic bacteria concentration, surface
coverage by biofilm, etc.
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Fig. 4. Experimental test of electrical signal: A) Electrical measurements of normalized mean resistance with the time, B) Measurements of standard deviation to

mean resistance with the time.

3.1.2. Measurements of mineral medium after the inoculation of bacteria

A crucial factor that can possibly affect the measurements is the
presence of planktonic bacteria in the bulk water that swim inside the
test cell. For this reason, three liquid bacterial suspensions of different
initial concentration (different optical density) are prepared and are
consequently introduced to the flow cell. As there is no biofilm forma-
tion yet on the system’s coupons, the resistance measurements refer only
to the liquid inside the cell. More specifically, each experiment starts
with the initial measurement of the resistance of mineral medium and
continues afterwards with each bacteria suspension. From the results,
shown in Fig. 5, it can be seen that the resistance remains almost stable,
confirming that planktonic bacteria do not affect the resistance of the
system. The latter was rather expected, since free-swimming bacteria do
not significantly alter the conductivity of bulk medium, as concluded
from conductivity measurements of mineral medium enriched with
bacteria cultures (data not shown).
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3.1.3. Experiments without mineral medium flow (stagnant conditions)
The impact of liquid mineral medium and the effect of bacterial
suspension inside the flow cell are further investigated with respect to
electrical signal. To this aim, mineral medium is introduced to the test
cell and is left at stagnant conditions for 72 h. Fig. 6 clearly demonstrates
that the resistance remains stable with negligible deviations from the
average values. Thus, the mineral medium by itself does not affect the
electrical measurements. On the contrary, an increase of the normalized
electrical resistance is recorded after the injection of bacterial suspen-
sion. The resistance increases sharply up to about 15 h of bacterial
retention inside the flow cell, while afterwards the electrical signal re-
mains rather stable. The normalized resistance is around 5.5% higher
compared to that of medium without bacteria and is attributed to the
attachment of bacteria on the metallic surfaces. The subsequent stabi-
lization of the signal implies suppression of the microbial activities.
Indeed, dissolved oxygen and glucose are completely consumed after 24
h of the experiment, while the optical density of the medium inside the
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Fig. 5. Electrical measurements with different optical density of bacteria suspensions: A) Normalized mean resistance of medium with different bacteria suspension
densities, B) Standard deviation to mean resistance of medium with different bacteria suspension densities.
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Fig. 6. Electrical measurements of mineral medium and mineral medium after the injection of bacteria at stagnant conditions and constant temperature. A)
Normalized mean resistances vs. time, B) Standard deviation to mean resistance vs. time. Additional similar experiments are shown in Fig. S2.

test cell drops from 0.5 cm ™! at the beginning of the experiment to below
0.1 cm ™! at the end. Under such conditions the development of biofilm is
hindered. Moreover, after 48 h of retention time, bubbles are formed
inside the cell that increase considerably the resistance of the system,
thus masking the output signals that refer to biofilm maturation. This is
why the normalized resistance is shown up to 48 h in Fig. 6. The results
of Fig. 6 confirm once more that planktonic bacteria do not significantly
contribute to the output signal, since the signal is stable whereas in the
meantime the planktonic bacteria are reduced. The maximum optical
density of the bulk medium did not exceed 0.6 cm™?, the maximum
tested value (Fig. 5).

The morphology and topography of biofilms formed after 6 and 10 h
of the experiment are demonstrated in Figs. 7 and 8, to realize the
phenomena occurring during various stages of normalized resistance
increase (Fig. 6A). Experiments are performed in triplicate and the re-
sults confirm the resistance measurements. It is noticed that after 6 h and
10 h of incubation the biofilm formation remains at the very early
stages. Comparing images of clean EP SS316L surfaces (Fig. 7A) with
corresponding images after 6 h (Fig. 7B) and 10 h (Fig. 7C) of incuba-
tion, the adhesion of bacteria and the formation of more complex
structures that imply biofilms presence over the examined surface are
noticed. The biofilm structures are augmented with incubation time,
along with the surface coverage area.

To confirm the microscopic observations, image analysis is per-
formed, to measure the increase of biofilm surface coverage area.
Different spots of the same coupons and spots from different experi-
ments are tested, verifying that coverage of the surface is increased.
Particularly, after 6 h of biofilm formation the coverage area is calcu-
lated to be 8.3 + 1.9% and rises to 15.5 & 2.9% right after 10 h. Like-
wise, from a topographical point of view, a gradual increase of
roughness (Sdr, %) is observed with the increase of incubation time
(Fig. 8). More particularly, a low value of surface roughness is measured
on the clean sterile EP SS316L surface (Sdr = 0.050 4 0.004%). After 6 h
of biofilm formation a higher value is observed (Sdr = 0.071 + 0.003%).
This increase most probably appears due to the disperse adherence of
cells on the metallic surface, as shown in microscopy images (Fig. 7B).
Finally, further increase (Sdr = 0.105 + 0.029%) is perceived after 10 h
of incubation, that goes along with the microscopy images (Fig. 7C), in
which a higher number of adherent cells is observed within larger and
denser structures of biofilm clusters.

3.1.4. Continuous-flow experiments

During continuous flow experiments, the flow rate of mineral me-
dium equals to 1.5 mL/min. Two types of experiments are performed: a
control test, during which only mineral medium passes through the test
cell, and an actual test, during which medium passes through the test
cell after bacterial inoculation. Single mineral medium passage through
the test cell does not induce alterations in the electrical signal output.
Normalized relative resistance values are rather stable (Fig. 9B)
demonstrating low standard deviations among repetitions. In the case of
continuous flow of medium after inoculation with bacteria, a continuous
increase of the resistance is observed (Fig. 9). All repetitions show
comparable behavior up to 72 h of experiment. More specifically, there
is a slight slope during the first hours of the experiments, that is probably
attributed to the initial lag phase of cells proliferation, in which the cells
are spread on all wetted surfaces of the test setup. After around 15 h, a
sharp increase of the normalized resistance values is observed most
probably due to the exponential phase of cells proliferation. Finally,
after 48-50 h of the experiment, the rate of resistance increase declines,
while the standard deviation is increased, as the slope of resistance in-
crease among repetitions significantly differs. Comparing the in-flow
experiments with mineral medium and the experiments after the inoc-
ulation with bacteria, the increase of normalized resistance is around
15%, which is a considerable difference taking into account the sensi-
tivity and accuracy of the resistance measurements.

For further analysis of the experimental resistance results, the anal-
ysis of resistance time series is implemented. In Fig. S3A, the analysis of
resistance time series with sampling frequency of 200 Hz in experiments
without bacteria inoculation at specific signal data samplings is pre-
sented; whereas, in Fig. S3B, the results that correspond to experiments
after bacteria inoculation are depicted. In all cases shown in Fig. S3A,
resistance values are very close to the average values and the deviation
values are clearly below 0.1%. Periodic peaks on the resistance time
series (e.g. Fig. S3, t = 30 h) refer to the pumping step of the peristaltic
pump. After the bacteria inoculation (Fig. S3B), the deviation for the
average value increases, especially after 30 h of the experiment, but still
not exceeding 0.2%.

By optical means, as proven by microscopy images (Fig. 10) at 24 h of
the experiment there is an increase of biofilm surface area coverage to
49.6% + 4.8%, while at 48 and 72 h of the experiment, the area
coverage is increased to 99.9 and 100% correspondingly, i.e., full
coverage of the metallic surface with biofilm (Table 1). Topographical
characteristics are, thereafter, examined for a better understanding of



Z.C. Kampouraki et al. Environmental Research 240 (2024) 117401

the evolution and biofilm development on the surfaces with time. Pro-
filometric 3D images (Fig. 11), captured from different spots of the
coupons, confirm the results of optical images in accordance with the
electrical measurements, as the increase of biofilm surface on EPSS 316
L coupons with the time and, in parallel, the increase of biofilm thick-
ness onto the coupons at 48 and 72 h of the experiment, are visible. More
specifically, as shown in Table 1, the Sz and Sq values continuously
increase during 72 h of the experiment. The maximum height of the
surface (Sz) starts from 1.50 pm (Fig. 11A) for the clean surface, due to
the intrinsic roughness of the surface, increases slightly by 0.11 pm after
24 h, and further increases by 1.31 pm and 2.73 pm after 48 and 72 h,
respectively, when compared to the clean surface (Table 1). Corre-
spondingly, the root mean square height (Sq) starts from 0.25 pm (data
not shown) for the clean surface, hardly increases by 0.01 pm after 24 h
of the experiment and increases by 0.23 and 0.29 pm after 48 and 72 h of
the experiment, respectively, when compared to the clean surface
(Table 1). According to these results, as shown also in Fig. S4 the sharp
increase of normalized resistance after 15 h and the declined rate of
resistance increase after 48-50 h of the experiment is most probably due
to the increase of biofilm surface coverage area, as the coverage seems to
prevail the biofilm thickness on the electrical measurements of this
system.

The roughness of the surface (Sdr, %), shown in Tables 1 and is
compatible with the above observations, with a small value of roughness
for the clean EP SS316L surface (Sdr = 0.038 + 0.012%). With the in-
crease of incubation time, the roughness increases to 0.061 + 0.012%
after 24 h, 0.094 + 0.023% and 0.121 + 0.055% after 48 and 72 h of the
experiment, respectively. This is probably due to heterogenous increase
of biofilm thickness, the study of which is rather challenging considering
that the biofilm substratum already presents roughness. Consequently,
biofilm thickness should be described using further analysis parameters.

A quantitative estimation of the biofilm growth is obtained after
scratching of surfaces and subsequent determination of the optical
density at 600 nm. Using this method, the measured optical density is
0.468 cm ! after 24 h of incubation time, while after 48 and 72 h,
twofold- (0.821 cm™ 1) and threefold- (1.203 ecm™1) increase is observed,
respectively (Fig. S5). Likewise, dry mass measurements reveal growth
of biomass around 0.8 mg after 24 h of incubation, and 1.5 and 2.2 mg
after 48 and 72 h, respectively (Fig. S5).

For the determination of the evolution of biofilm thickness and
morphology, OCT measurements are performed at different incubation
times (24, 48, 72 h). In Fig. 12, the 2D images of biofilm-coated surfaces
are presented. After 24 h of test period, the images display a sparse
distribution of microbial cells that form a thin biofilm layer (Fig. 12A).
The mean biofilm thickness at this stage is observed to be around 29.9 +
13.6 pm (Fig. 12A). This observation is confirmed also by the findings
derived from surface topography analysis. However, as the test period is
extended to 48 h, the biofilm thickness, is notably increased to
approximately 50.3 + 17.3 pm (Fig. 12B), with almost full coverage of
the surface which is confirmed by the microscope observations. In this
case, the biofilm is noticeably increased in thickness and displays a
denser network of microbial cell. This increase after 48 h of the exper-
iment suggests an ongoing and dynamic process of biofilm growth and
maturation. Additionally, after 72 h, the biofilm thickness is further
intensified, reaching approximately 148.5 4+ 62.4 pm (Fig. 12C).

The images demonstrate not only the evolution of biofilm thickness
in time, but also signify a progressive increase in biofilm biomass and
structural complexity over the course of the experiment.

During the experimental period, an increase of planktonic bacteria
population is observed along with elevated oxygen consumption, as
shown in Fig. S6. Significant changes in glucose concentration and
Dissolved Organic Carbon (DOC) levels are noticed over time. Initially,
the glucose concentration is 1000 g/L but decreases to 231 g/L after 48
h, eventually reaching 0 g/L after 72 h of incubation. Similarly, the DOC
content in the fresh medium starts at 480 g/L but exhibits a continuous
decline over the test period. After 24 h, it decreases to 434 g/L, further
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reduces to 317 g/L at 48 h, and finally reaches 270 g/L after 72 h of the
experiment. The observed changes in glucose concentration versus the
DOC levels indicate the rapid consumption of glucose as food source,
which is metabolized (also formation of EPS) but is not completely
degraded.

Planktonic bacteria do not contribute to the increase of resistance
and so does the mineral medium, while the response of electric com-
ponents of the electrical circuit remain stable. Therefore, the increase of
resistance is solely attributed to biofilm formation.

The results of this study confirm the capacity of this electrical
resistant setup to capture biofilm growth on wetted metallic surfaces. By
introducing such a non-invasive and real-time method for monitoring
biofilms, better understanding of the dynamics of biofilms’ development
in various real-world applications can be achieved. Moreover, short-
and/or long-term efficiency of antimicrobials/disinfectants can be esti-
mated in situ. Alongside, contamination of the bulk medium due to the
biofilm detachment can also be detected.

4. Conclusions

The development of an innovative non-invasive electrical resistance
technique for monitoring biofilm formation and growth on metallic
surfaces inside water flow systems is studied in this work. The developed
technique uses the modified I-VED hardware and can provide high res-
olution data to detect the corresponding resistance changes during
biofilm formation and growth. Electrical measurements are conducted
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through metallic electrodes/sensors that constitute part of the wall of
the flow setup either under static or under flow conditions.

In parallel, the structural characteristics of biofilms formed on these
metallic surfaces are examined by optical means. It is shown that elec-
trical signals remain stable in all cases when no bacteria are present,
while an increase is observed in experiments where bacteria are intro-
duced to the flow channel. This increase is attributed to biofilm for-
mation and growth on the metallic surfaces, which is higher in flow
experiments than in static ones due to the continuous feed of bacteria
with mineral medium. This hypothesis is confirmed by the morpholog-
ical and topographical characteristics of the biofilm-coated surfaces,
such as an increase in the biofilm coverage area, in biofilm surface
roughness and in biofilm thickness.

This study provides evidence that the present electrical impedance
technique is an efficient non-invasive real-time monitoring tool in
flowing water systems, capable of monitoring biofilm growth on
metallic surfaces. The non-destructive and non-invasive nature of the
technique allows collecting online data of biofilm growth without
interruption of the experiment to disassemble the experimental set up. In
addition, the high sensitivity of electrical measurements offers the
advantage that surface coverage and biofilm thickness can be registered
simultaneously.

Cross examination of electrical signals with biofilm structural char-
acteristics obtained by optical means, over a broad range of conditions
will shed light on the underlying phenomena of biofilm growth and will
allow better controlling of the biofilm formation in water systems, thus
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Fig. 10. Images of stainless steel electropolished (EP SS316L) coupons. (A) Clean EP SS316L surface. Biofilm-coated surfaces at different incubation periods of (B) 24

h, (C) 48 h and (D) 72 h, magnification 20x, area (850 x 650) pmz.

Table 1

Biofilm coverage area (%) and roughness of uncoated and biofilm-coated EP SS316L surfaces at different incubation times,.

Incubation time (h) Biofilm Coverage Area (%) SD (%) Roughness, SDR (%) SD (%) Net Maximum height, Sz (pm) Net Root mean square height, Sq (um)
Clean surface 0.00 0.0 0.038 0.012 0 0

24 49.59 4.8 0.061 0.012 0.11 0.01

48 99.00 1.0 0.094 0.023 1.31 0.23

72 100.00 0.0 0.121 0.055 2.73 0.29

ACalculations are performed in triplicate.
preventing environmental and human health hazards.
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Fig. 12. OCT images captured on SSEP316L biofilm surfaces after 24, 48 and 72 h.
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