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A B S T R A C T

The fast and non-destructive detection of bacterial attachment on food contact surfaces is important for the
prevention of the unwanted formation of biofilms. Biofilms constitute a protected growth mode that allows
bacteria to survive even in hostile environments. Therefore, the fast detection of bacterial attachment may be an
effective strategy for biofilm control. In this study cyclic voltammetry (CV) was used to detect Bacillus subtilis ssp.
subtilis, Paenibacillus polymyxa, Pseudomonas fragi attachment on interdigitated microelectrodes. The differences
in current between the uncolonized sterile microelectrodes and the microelectrodes after bacterial attachment
were determined. In addition, the surface coverage of microelectrodes was visualized using microscopy tech-
niques. The results showed that the cyclic voltammetry in combination with interdigitated platinum micro-
electrodes can be used to detect bacterial biofilms.

1. Introduction

Fast and non-destructive biofilm detection is an important issue for
medicine, food safety, and public health. The presence of bacteria can
lead to problems such as infection propagation and biocorrosion of
surfaces among many others (Cappitelli et al., 2014; Costerton et al.,
1987; Lewandowski and Beyenal, 2013). Concerning industrial food
equipment, the accumulation of unwanted biofilms can result in sig-
nificant economic losses and in the decreased quality and safety of
processed foods (Marchand et al., 2012). Specifically, bacterial biofilms
on food contact surfaces of processing equipment may lead to the
spoilage of processed products, contamination of product by spoilage
bacteria, metal biocorrosion in pipelines and tanks; and reduced heat
transfer efficacy in processing equipment (Cappitelli et al., 2014).
Therefore, bacterial attachment in food processing environments in-
creases the possibilities of microbial contamination of the processed
product (Chmielewski and Frank, 2003).

Psychrotolerant sporeformers, Bacillus and Paenibacillus genera, are
known spoilage bacteria that adhere to production lines and

contaminate pasteurized refrigerated foods, e.g., milk (Marchand et al.,
2012; de Jonghe et al., 2010). Additionally, it was found that Bacillus
spp. and Paenibacillus spp. are responsible for spoilage of dairy products
that had been contaminated by Gram-positive bacteria. Moreover,
Gram-positive endospore-forming Bacillus subtilis and Paenibacillus
polymyxa have been isolated from both farm and processing plant en-
vironments, and raw and pasteurized fluid milk. B. subtilis is not cate-
gorized as a human pathogen, however, it has been reported that B.
subtilis was involved in food poisoning cases. B. subtilis induces defects
in flavor and texture of yoghurt that are caused due to proteinase ac-
tivities of B. subtilis (Gopal et al., 2015). P. polymyxa produces a variety
of hydrolytic extracellular enzymes such as proteases, lipases, and le-
cithinases that can cause the spoilage of pasteurized milk even in the
absence of fast bacterial growth. Particularly, the lecithinase activity of
P. polymyxa is responsible for so-called bitty cream defects in milk due
to the aggregation of fat globules (de Jonghe et al., 2010). It has been
also reported that Pseudomonas spp. can negatively contribute to the
quality and shelf life of food due to their ability to form biofilms at low
temperatures (Hood and Zottola, 1997; Sørhaug and Stepaniak, 1997).
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Also, the enhanced attachment of Listeria monocytogenes to glass sur-
faces was observed, which was attributed to the EPS (extracellular
polymeric substance) production of Pseudomonas fragi (Sasahara and
Zottola, 1993).

The fast detection of biofilms is of great importance for the effective
prevention of contamination (Cappitelli et al., 2014). Several techni-
ques based on biological, physical, and chemical principles have been
employed for the detection of bacterial attachment (Kim et al., 2012a,
2012b; Kirkland et al., 2015; Kwak et al., 2014; Crattelet et al., 2013).
However, many of the methods used in the food industry are time-
consuming, costly and require trained specialists. Additionally, it has
been reported that electrochemical methods can be used for real time
detection at early stages of bacterial attachment (Giao et al., 2003). As
opposed to the other methods, electrochemical detection has several
advantages: data can be processed rapidly, relatively simple and in-
expensive instrumentation may be used, and the practical analysis is
flexible (Kang et al., 2012; Ahmed et al., 2014).

In electrochemical methods, the reaction under investigation would
generate one of the following measurable responses: current, potential
or changes in the conductive properties of a medium between elec-
trodes (Moretto and Kalcher, 2014; Zoski, 2007). Voltammetric
methods belong to the electrochemical techniques involving the change
of the potential at a working electrode versus a reference electrode,
while measuring the corresponding current (Armstrong et al., 2000).
The reaction of interest, such as the reduction or oxidation of redox
couples, occurs on the working electrode. The materials used for the
electrodes should be chemically stable and must not interact with any
of the species in solution, e.g. platinum or gold are preferred. Also, the
miniaturization of the electrodes is a common trend in electrochemistry
over the last decades (Ahmed et al., 2014). Cyclic voltammetry (CV) is
one of the most used voltammetric methods. This method has been used
for monitoring of bacterial attachment on electrochemical microelec-
trodes (Giao et al., 2003; Harnisch and Freguia, 2012; Becerro et al.,
2016).

Several theories have been proposed for the mechanisms of elec-
trochemical detection of bacteria (Nealson and Finkel, 2011; Sultana
et al., 2015). According to the literature, the electron transfer can
occur: (1) directly to the acceptor via outer membrane cytochromes, or
through (2) electron shuttles (redox mediators), (3) conductive nano-
wires, or (4) other extracellular matrices. Such mechanisms may vary
depending on the strain of the microorganism and environmental
conditions (Nealson and Finkel, 2011). Although there is not a widely
accepted explanation, it is evident that bacteria living in surface-at-
tached biofilms must maintain electrochemical gradients to support
basic cellular functions. Usually, electrons are delivered and accepted
by dissolved substances. As an examples, some molecules in bacterial
biofilms (exoenzymes, exopolysaccharides) adsorbed on the surface of
electrodes are believed to catalyze oxygen reduction (Liengen et al.,
2014; Faimali et al., 2011).

To the best of our knowledge, despite the numerous studies related
to electrochemical detection of bacteria, B. subtilis ssp. subtilis, P. poly-
myxa, P. fragi that are known to cause food spoilage, have not yet been
studied using electrochemical methods. In addition, there are a few
reports only of electrochemical sensors based on interdigitated elec-
trochemical microelectrodes for the detection of bacterial adhesion.
Therefore, the aim of this work was to investigate the B. subtilis ssp.
subtilis, P. polymyxa, P. fragi biofilm formation by cyclic voltammetry
using interdigitated platinum microelectrodes.

2. Material and methods

2.1. Chemicals

Meat extract and ethanol 70% were supplied by VWR (Darmstadt,
Germany). Peptone from casein (pancreatic digest) was obtained from
Applichem Panreac (Barcelona, Spain). Plate count agar, and potassium

chloride 3mol L−1 were purchased from Merck (Darmstadt, Germany).
Potassium ferrocyanide (1%) was obtained from Clin-Tech (Guildford,
UK). Freeze-dried cultures of Bacillus subtilis ssp. subtilis (DSM 10),
Paenibacillus polymyxa (DSM 36), Pseudomonas fragi (DSM 3456) were
acquired from DSMZ (Braunschweig, Germany). All the reagents and
chemicals were of analytical grade.

2.2. Sample preparation and experimental setup

The freeze-dried cultures of B. subtilis ssp. subtilis (DSM 10), P.
polymyxa (DSM 36), P. fragi (DSM 3456) were reactivated according to
the manufacturer's instructions. A glass ampoule containing the freeze-
dried bacteria was cracked by flaming the end and placing three drops
of water on the glass. After the cotton plug was removed, 0.5 mL of
sterile nutrient medium (5.0 g L−1 soya peptone, 3.0 g L−1 meat ex-
tract) was added. The pellet of freeze-dried bacteria was allowed to
rehydrate for 30min and the contents were mixed using a sterile in-
oculation loop. Then, 10 μL of the content were added to agar plates,
spread with a sterile glass spreader on the surface of the agar, and in-
cubated at 30 °C (B. subtilis ssp. subtilis, P. polymyxa) and at 26 °C (P.
fragi) for 24 h (DSMZ GmbH, n.d). These agar plate cultures were used
for the preparation of a bacterial suspension. A colony was taken from
the plate and resuspended in an Eppendorf tube filled with 1mL of the
sterile nutrient medium. The inoculated medium was then transferred
into an Erlenmeyer flask with 49mL of the sterile nutrient medium. The
suspension was incubated under stirring at 130 rpm and 30 °C (B. sub-
tilis ssp. subtilis, P. polymyxa) or 26 °C (P. fragi) for 2 h until the early log
phase of growth. The log phase was detected by measuring the trans-
mission. The optical transmittance at 570 nm of the bacterial suspen-
sion at the early log phase was 90.0 ± 3.0%. The number of bacteria in
the early log phase corresponds to about 106 CFUmL−1. To achieve the
bacterial adhesion on the microelectrode surface, a microelectrode was
placed into each well of the sterile 6-well plates. Then, the wells were
filled with 5mL of sterile nutrient medium and inoculated with 100 μL
of the bacterial suspension at the early log phase as described above.
The cleaned and activated microelectrodes were immersed in the wells
filled with either sterile nutrient medium or inoculated nutrient
medium. The 6-well plates with the microelectrodes were incubated at
30 °C (B. subtilis ssp. subtilis, P. polymyxa) or 26 °C (P. fragi) for 18 h.

2.3. Electrochemical methods

The experimental setup has been checked using 100mM potassium
ferrocyanide solution. Platinum interdigitated ring array (IDRA) mi-
croelectrodes (MicruX Fluidic, Spain) were cleaned and activated
electrochemically before every use. First, they were immersed in
ethanol 70% for 5min. The solvent was then removed with Kimtech
Science™ wipes. Secondly, they were rinsed twice with sterile deionized
water. After these cleaning steps, the microelectrodes were activated
electrochemically using 20 μL of 0.1M KCl via cyclic voltammetry using
a PalmSens 3 bipotentiostat (PalmSens BV, Netherlands) run by a
Windows 7 based PC. The potential was cycled 10 times between −1.5
and 1.5 V at a scan rate of 0.100 V s−1. Once the activation step was
completed, the microelectrodes were rinsed again twice with sterile
deionized water. The electrochemical cell of the microelectrode has a
diameter of 2.0 mm. The working electrode has 12 ft pairs. Each foot
was 10 μm wide with a 10 μm gap between each foot. The electro-
chemical cell had a reference electrode, an auxiliary electrode, and two
working electrodes. The software PSTrace 4.8 (PalmSens BV,
Netherlands) was used to record the data and to control the bipo-
tentiostat. The bipotentiostat was connected to a drop cell (MicruX
Fluidic, Spain). For the measurements, the microelectrodes were placed
into the slot of the drop cell. Then, 10 μL of either sterile nutrient
medium or bacterial suspension of the corresponding well were pi-
petted onto the electrode surface before the cyclic voltammetry took
place. In cyclic voltammetry (CV) a triangular shape potential scan is
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applied to an electrode while the current is monitored. A potential scan
is performed between two vertex potentials, Evtx1 and Evtx2. The po-
tential change is reversed once a vertex potential is reached. For each
microelectrode, the cycles were done with the following parameters:
Tequilibrium= 15 s, Evtx1=−0.8 V, Evtx2= 0.8 V, Estep= 0.01 V, scan
rate= 50, 100, 250, 350mV s−1. All the experiments were carried out
in ninefold. One scan was conducted for each prepared microelectrode.

2.4. Microscopy

After cyclic voltammetry measurements, the surface of the micro-
electrodes covered with bacteria biofilm was visualized. The trans-
mitted light microscope (Kern OBN 135, Kern & Sohn GmbH, Germany)
was used to visualize the surface of the microelectrodes covered by
bacteria. The microelectrodes with biofilms were observed at magnifi-
cations of 20× without oil after 10min of drying at room temperature.

3. Results and discussion

3.1. Electrochemical investigation of Bacillus subtilis ssp. subtilis

Fig. 1 depicts the cyclic voltammogram obtained on the platinum
interdigitated microelectrodes for the sterile nutrient medium, the nu-
trient medium inoculated for 18 h with B. subtilis ssp. subtilis, and B.
subtilis ssp. subtilis biofilm at scan rate of 250mV s−1.

As shown in Fig. 1, the presence of B. subtilis ssp. subtilis biofilm 18 h
leads to the pronounced changes in cathodic and anodic current in
potential window from −0.2 to −0.8 V. Compared to the B. subtilis ssp.
subtilis biofilm, the difference between nutrient medium and B. subtilis
ssp. subtilis bacterial suspension (planktonic state) at scan rate of
250mV s−1 was not remarkable. Thus, the comparison between nu-
trient medium and B. subtilis ssp. subtilis bacterial suspension at dif-
ferent scan rates is required to obtain more details.

Fig. 2 illustrates the anodic (IpA) and cathodic (IpC) peak currents
and respective peak potentials (V) obtained from the cyclic voltam-
mogams for the sterile nutrient medium and the nutrient medium in-
oculated for 18 h with B. subtilis ssp. subtilis, and B. subtilis ssp. subtilis
biofilm at scan rates of 50, 100, 250 and 350mV s−1.

The anodic (IpA) and cathodic (IpC) peak currents shown on
Fig. 2(A and B) illustrate that the current signals of anodic (oxidation)
and cathodic (reduction) curves increase with an increasing scan rate
for both nutrient medium and B. subtilis ssp. subtilis suspension
(planktonic state). The current values are slightly increased for B. sub-
tilis ssp. subtilis suspension when comparing with nutrient medium at

the same scan rate. The potential of the anodic peaks (Fig. 2C) does not
change with the increasing scan rate. The potential of the cathodic
peaks (Fig. 2D) for the B. subtilis ssp. subtilis suspension slightly shifts
towards positive potentials with the increasing scan rate.

3.2. Electrochemical investigation of Paenibacillus polymyxa

Fig. 3 depicts the cyclic voltammogram obtained on the platinum
interdigitated microelectrodes for the sterile nutrient medium, the nu-
trient medium inoculated for 18 h with P. polymyxa, and P. polymyxa
biofilm at scan rate of 250mV s−1, respectively.

Similarly to Fig. 1, P. polymyxa biofilm leads to the pronounced
changes in cathodic and anodic current in negative potential window
from −0.4 to −0.8 V. Moreover, differences in shape of cyclic vol-
tammorgam are also observed in positive potential window. As shown
in Fig. 3, the standard errors of the measurements of the sterile nutrient
medium and P. polymyxa bacterial suspension 18 h is smaller than that
of the measurements of microelectrodes covered with biofilm. Similar
behavior can be also observed for B. subtilis ssp. subtilis (Fig. 1).

Some studies reported large variations in the peak current after
bacteria attachment to the surface (Xu et al., 2012; Strycharz et al.,
2011; Becerro et al., 2015). The inhomogeneous surface coverage de-
picted in Fig. 7C may explain the large standard errors.

Fig. 4 illustrate the anodic (IpA) and cathodic (IpC) peak currents
and respective peak potentials (V) obtained from the cyclic voltam-
mogams for the sterile nutrient medium and the nutrient medium in-
oculated for 18 h with P. polymyxa, and P. polymyxa biofilm at scan
rates of 50, 100, 250 and 350mV s−1.

The anodic (IpA) and cathodic (IpC) peak currents shown on
Fig. 4(A and B) illustrate that the current signals of anodic (oxidation)
and cathodic (reduction) curves increase with an increasing scan rate
for both nutrient medium and P. polymyxa suspension 18 h (planktonic
state). No remarkable differences have been observed between nutrient
medium and P. polymyxa suspension 18 h at each scan rate. Similarly to
results for B. subtilis ssp. subtilis suspension (Fig. 2D), cathodic peak
slightly shifted towards negative potentials with increasing scan rate for
P. polymyxa suspension (Fig. 4D). For the anodic peak currents
(Fig. 4C), the differences were less pronounced than for the cathodic
peaks and no potential shift was observed.

3.3. Electrochemical investigation of Pseudomonas fragi

Fig. 5 depicts the cyclic voltammogram obtained on the platinum
interdigitated microelectrodes for the sterile nutrient medium, the nu-
trient medium inoculated for 18 h with P. fragi, and P. fragi biofilm 18 h
at scan rate of 250mV s−1, respectively.

Similarly to Figs. 1 and 3, P. fragi biofilm formation leads to the
pronounced changes in cathodic and anodic current in negative po-
tential window from −0.4 to −0.8 V. Moreover, remarkable differ-
ences in shape of cyclic voltammorgam for P. fragi suspension (plank-
tonic state) can be observed in positive potential window for the anodic
curve. In contrast to Fig. 1 (B. subtilis ssp. subtilis) and Fig. 3 (P. poly-
myxa), the differences between nutrient medium and bacterial sus-
pension are evident showing higher current values at IpC for P. fragi
suspension.

The anodic (IpA) and cathodic (IpC) peak currents shown on
Fig. 6(A and B) illustrate that the current in anodic (oxidation) and
cathodic (reduction) curves increase with an increasing scan rate for
both nutrient medium and P. fragi suspension 18 h (planktonic state).
Moreover, pronounced differences in current at both anodic (IpA) and
cathodic (IpC) peak have been observed between nutrient medium and
P. fragi suspension at each scan rate. P. fragi suspension demonstrates
higher current values compared to the nutrient medium. It might be
contributed to the enhanced electrochemical activity of P. fragi.
Cathodic peak slightly shifts towards negative potentials with in-
creasing scan rate for the P. fragi suspension (Fig. 6C), while potentials
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Fig. 1. Cyclic voltammogams obtained for (1) sterile nutrient medium, (2) B.
subtilis ssp. subtilis bacterial suspension 18 h, and (3) B. subtilis ssp. subtilis
biofilm 18 h covering the microelectrode and B. subtilis ssp. subtilis bacterial
suspension 18 h at scan rate of 250mV s−1. Error bars correspond to the
standard errors (i=3, n=9).
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at anodic peaks do not shifted notably (Fig. 6D).

3.4. Microscopy

A detailed visualization of the B. subtilis ssp. subtilis, P. polymyxa, P.
fragi adhesion on the surface of microelectrodes was obtained using
transmitted light microscopy (Fig. 7).

Fig. 7A shows the clean interdigitated microelectrode with pairs of
feet of the IDRA structure. Fig. 7B–D depict the attachment of bacteria
to the working electrode after 18 h of incubation in nutrient medium.
The bacterial distribution on the surface is non-homogeneous, showing

bacterial communities in clusters and single cells. Non-homogeneous
bacterial biofilm formation may explain the deviations in the voltam-
metric measurements using microelectrodes. The partial removal of the
bacteria from the working electrode surface was observed after three
CV cycles. The removal of adhered bacteria may result from the for-
mation of bubbles, which occurred at large positive and negative po-
tentials, thus, leading to the mechanical removal of bacteria. Bacteria
removal during cyclic voltammetry, especially at low scan rates of
0.150 V s−1, has been observed previously by Giao et al., 2003. In the
study of Giao et al., 2003 it was reported that most of the bacteria
remaining on the surface were viable. At higher scan rates (0.500 V s−1)
the number of dead bacteria on the surface increased (Giao et al.,
2003). Thus, the parameters of cyclic voltammetry must be selected
carefully to prevent the removal or death of the adhered bacteria.

3.5. Electrochemical microsensors for detection of bacterial adhesion

Previous research has documented the applicability of cyclic vol-
tammetry for the bacteria detection (Marsili et al., 2008; Giao et al.,
2003; Becerro et al., 2016). In this work, cyclic voltammetry (CV) was
investigated to detect the bacterial biofilms using interdigitated pla-
tinum microelectrodes.

Vieira et al., 2003 studied bacterial detection using cyclic voltam-
metry with platinum microelectrodes. It was reported that the shape of
the cyclic voltammogram may provide information on the surface
coverage. According to the authors, as the coverage of the surface in-
creases, the peaks' intensity in the voltammograms will decrease. The
author's explanation is based on the fact that as the accumulation on the
surface increases, the area available for the oxidation-reduction pro-
cesses decreases. Becerro and collaborators (Becerro et al., 2016)
evaluated the cyclic voltammetry and differential pulse voltammetry
for detection of Staphylococcus epidermidis. At the beginning of the
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Fig. 2. Anodic (IpA) (A) and cathodic (IpC) (B) peak currents and respective peak potentials (V) (C and D, respectively) for nutrient medium and B. subtilis ssp. subtilis
suspension 18 h obtained at scan rates of 50, 100, 250 and 350mV s−1. Error bars correspond to the standard errors (i=3, n=9).
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experiment, they recorded the oxidation and reduction peaks and ob-
served an increase in the current value. These peaks may be indicative
of the bacterial growth. Once the biofilm developed completely, they
observed a decrease in current that may be caused by enzymatic ac-
tivity of bacteria. The voltammograms were correlated with the activity
of different redox centers present on the bacterial surface that are re-
lated to the metabolic activity of bacterial cells (Becerro et al., 2016).
Also in present work, it may be assumed that metabolic activity of se-
lected bacteria contributes to the current increases which were showed
in cyclic voltammograms (Figs. 1, 3, and 5). A possible explanation for

the increased peak currents is an enhanced electron transfer between
bacteria and the electrode surface. According to Nealson et al. (Nealson
and Finkel, 2011), electrochemical reactions during cyclic voltammetry
can occur for all bacterial products, e.g., secreted exoenzymes, carbo-
hydrates, and exopolysaccharides (EPS). It can be assumed that since B.
subtilis ssp. subtilis, P. polymyxa, P. fragi can produce a variety of en-
zymes including, proteases and lipases and produce EPS, they may in-
terfere with electron transport.

Marsili et al., 2008 studied the effect of low scan rates on the results
of cyclic voltammetry measurements to understand the main redox-
active species that participate in the electron transfer processes to an
electrode from Geobacter sulfurreducens. As the scan rate decreases, the
kinetic effects of electron transfer between cell surface and the elec-
trodes were minimized, and the enzymatic effects, which are related to
bacterial activity, became primary factors. As the scan rate increased,
slow reactions may not have time to occur before the potential was
changed to the next step. Thus, the kinetics of interfacial electron
transfer between redox proteins and electrodes strongly affects the
voltammetric response and the kinetics of continuous enzymatic turn-
over may be masked.

According to literature, the use of microelectrode systems offers
several advantages compared to macroelectrodes: higher sensitivities,
enhanced mass transport, better signal-to-noise ratio and no need for
supporting electrolyte (Becerro et al., 2016; Garci-A-Aljaro et al., 2010).
It has also been reported that the signal measured for the attached
bacteria is more significant for microelectrodes with smaller active
surface area (Laczka et al., 2008). Moreover, the design and features of
interdigitated microelectrode arrays eliminate the need for a reference
electrode, allowing for a simpler experimental setting than in classical
three or four electrode systems. In addition, IDA electrodes with small
gap between microbands may provide better sensitivity for bacteria
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Fig. 4. Anodic (IpA) (A) and cathodic (IpC) (B) peak currents and respective peak potentials (V) (C and D, respectively) for nutrient medium and P. polymyxa
suspension 18 h obtained at scan rates of 50, 100, 250 and 350mV s−1. Error bars correspond to the standard errors (i=3, n=9).
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detection (Kim et al., 2012a, 2012b). The configuration for the inter-
digitated array microelectrodes is the paired electrode configuration
(generation/collection scheme). The intermediate species generated on
one electrode (generator), diffuses to the other electrode (collector),
where it can be regenerated to the initial reactant present in bulk so-
lution (Zoski, 2007). The interdigitated electrodes of smaller features
show significantly higher perimeters and smaller surface areas than
single electrodes occupying a similar pattern. It has been demonstrated
that the perturbation produced by the binding of big targets, such as
bacteria, is more significant for electrodes of smaller active surface area
(Laczka et al., 2008).

When it comes to the processing equipment, an important aspect is
the comparability between the electrode material and the material of
contact surfaces in processing equipment. Platinum is a metal com-
monly used as an electrode material. However, platinum is not used
material in industrial equipment for contact surfaces. Therefore, it is
important to compare its surface properties to the most commonly used
material in processing equipment, e.g., stainless steel. Important surface
properties are the adhesion free energy and the hydrophobicity of both
materials (Teixeira and Oliveira, 1999). From the results published in
the literature, it can be seen that the difference between them is rather
negligible. The adhesion free energy for platinum is 43.98mJm−2,
while for stainless steel 42.35mJm−2. The hydrophobicity for pla-
tinum was defined as 53.02mJm−2, while for stainless steel
45.21mJm−2 (Teixeira and Oliveira, 1999). Thus, it can assumed that
the initial bacterial attachment should be nearly similar on both ma-
terials.

Accordingly, both electrochemical sensors and biosensors can be

used for bacterial detection (Grieshaber et al., 2008; Ahmed et al.,
2014). Sensors are devices with a receptor specific for an analyte
(molecular or ionic recognition). The response detected by the receptor
is converted into an electric signal by the transducer. Electrochemical
biosensors are based on the same principles as electrochemical sensors
are. However, electrochemical biosensors are differentiated from elec-
trochemical sensors according to the biorecognition element used as
receptor: enzymes, nucleic acids, aptamers, antibodies, organelles,
membranes, cells, tissues, or even whole organisms (Moretto and
Kalcher, 2014). Thus, electrochemical biosensors for bacterial detection
require receptors such as enzymes, antibodies, phages, or DNA. Several
publications in recent years report whole-cell bacterial detection using
electrochemical biosensors (Ahmed et al., 2014; Vanegas et al., 2016).
However, due to the protein nature, biorecognition elements in bio-
sensors are not stable at high temperatures (above 80 °C) or common
pressures, or in the presence of steam and under typical machine
cleaning conditions (acidic and basic solutions) (Moretto and Kalcher,
2014). Thus, electrochemical biosensors cannot be implemented in in-
dustrial processing equipment for long term usage. Electrochemical
biosensors can be recommended for the quality control in laboratories,
while electrochemical sensors without a biorecognition element can be
potentially implemented into processing equipment for the monitoring
of bacterial biofilms. Nevertheless, it should be noted that the major
drawback of the electrochemical sensors is that every bacteria type
cannot be identified with this technique. Although the remarkable
differences in cyclic voltammograms between B. subtilis ssp. subtilis, P.
polymyxa, P. fragi biofilms have been shown in this study, it is assumed
that only real time biofilm detection without bacteria identification
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Fig. 6. Anodic (IpA) (A) and cathodic (IpC) (B) peak currents and respective peak potentials (V) (C and D, respectively) for nutrient medium and P. fragi suspension
18 h obtained at scan rates of 50, 100, 250 and 350mV s−1. Error bars correspond to the standard errors (i=3, n=9).
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might be possible in processing equipment.

4. Conclusion

The results from this study indicate that the electrochemical de-
tection of B. subtilis ssp. subtilis, P. polymyxa, P. fragi biofilms on surfaces
with interdigitated ring array platinum microelectrodes is possible. The
results from cyclic voltammograms obtained at scan rates of 50, 100,
250 and 350mV s−1 showed that a current increase was observed after
bacterial attachment to the microelectrode surfaces. Further studies are
being performed to detect bacterial attachment on electrodes in flow
conditions. In addition, improvement of the electrochemical micro-
sensors for better sensitivity and their adaptation under production
conditions for real time detection will be investigated in the near future.
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