
Biofilm 3 (2021) 100040
Contents lists available at ScienceDirect

Biofilm

journal homepage: www.elsevier.com/locate/bioflm
Quantitative determination of rapid biomass formation on pyro-electrified
polymer sheets

Emilia Oleandro a,b,*, Romina Rega a,**, Martina Mugnano a, Filomena Nazzaro c, Pietro Ferraro a,
Simonetta Grilli a

a Institute of Applied Sciences and Intelligent Systems “E. Caianiello”, National Research Council of Italy (CNR-ISASI), Via Campi Flegrei 34, 80078, Pozzuoli (Naples),
Italy
b Universit�a degli Studi della Campania Luigi Vanvitelli, Viale Abramo Lincoln, 5, 81100, Caserta, Italy
c Institute of Food Sciences, National Research Council of Italy (CNR-ISA), Via Roma, 64, 83100, Avellino, Italy
A R T I C L E I N F O

Keywords:
BET carrier
Pyro-electrified polymer sheets
Bacterial adhesion
Biofilm formation
Crystal violet assay
* Corresponding author. Institute of Applied Scien
80078, Pozzuoli (Naples), Italy.
** Corresponding author.

E-mail addresses: e.oleandro@isasi.cnr.it (E. Ole

https://doi.org/10.1016/j.bioflm.2020.100040
Received 3 September 2020; Received in revised fo
Available online 17 December 2020
2590-2075/© 2020 Published by Elsevier B.V. This
A B S T R A C T

The ability of a bacterial strain to form a biofilm is strictly related to its pathogenicity. Bacterial adherence and
early biofilm formation are influenced by chemical, physical and biological factors that determine their patho-
genic properties. We recently presented in literature the ability of pyro-electrified polymer sheets to promote
rapid biofilm formation, based on what we called biofilm electrostatic test (BET) carriers. Here we performed a
step forward by presenting a comprehensive characterization of the BET methodology through a quantitative
evaluation of the biomass on the BET-carrier in the very early stages of incubation. Two bacterial suspensions of
Escherichia coli were added to the surface of the BET-carrier, with one order of magnitude difference in initial
optical density. The biofilms were stained at different incubation times, while the crystal violet assay and the live/
dead reaction kit were used for evaluating the biomass and the viability, respectively. The BET-carrier system-
atically promoted a faster biofilm formation even in case of very diluted bacterial concentration. The results
suggest that the BET-carrier could be used for evaluating rapidly the ability of bacteria to form biofilms and thus
their inclination to pathogenicity, thanks to the challenging acceleration in biofilm formation.
1. Introduction

Bacterial contamination in the form of biofilm is a serious problem in
many industrial sectors and has significant consequences for human
health [1–3]. Therefore, the evaluation of microbial capability to form
biofilms is a critical issue for assessing how different environmental
factors may affect their viability [4]. The process of bacterial adhesion
leading to the biofilm formation is subjected to physical, chemical and
biological phenomena, such as the interaction with specific topographic
structures [5,6] or with specific pH and adhesive properties [7]. The
biofilm develops in different steps including a first physical interaction
that is reversible and, successively, through irreversible processes at
molecular and cellular level [8–10]. New techniques for detecting and
controlling the bacterial cultures are increasingly studied and tested in
different fields of research [11–13]. According to the DLVO (Derjaguin,
Landau, Verwey, Overbeek) theory, the interaction between the surface
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and the bacterial cells depends on the resultant of the van der Waals and
Coulomb forces [14–18]. The van der Waals force dominates in the re-
gion close to the surface while the Coulomb force dominates away from
the surface. In general, a charged particle in an aqueous solution tends to
attract the free ions in the liquid and leads to the formation of a double
electric layer. The cytoplasmic wall of a bacterial cell owns a net negative
charge and the same occurs for a natural surface immersed in an aqueous
solution [19]. Therefore, both the cell and the surface form a double
electric layer and, hence, a repulsive electrostatic interaction occurs. In
these conditions, there is a minimum of secondary surface energy outside
the energy barrier. The distance between the surface and the minimum
secondary surface energy is usually several nanometres long. Succes-
sively, the bacterial cells – using flagella or producing exopolymeric
substances (EPS) – can perforate the energy barrier and favour the
interaction between the cell and the surface, forming an irreversible
biofilm. In particular, the EPS is important for establishing the initial
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attachment to the surface, helping the cell to anchor and to stabilize the
colony against the environmental fluctuations [7].

Different methods have been proposed in literature for studying and
evaluating the formation of a biofilm. The most popular method is based
on microtiter plates, where the biofilm is evaluated by measuring the
attached biomass. The main limitation is that parts of the biomass can
derive from cells sedimented at the bottom of the wells, thus introducing
a non-negligible error. To overcome this limitation, the Calgary biofilm
device was developed, based on the use of pegs that fit into the wells of
the microtiter plate thus preventing the biofilm formation from the
sedimented cells. However, still some drawbacks exist because the re-
covery of the bacterial cells is made by sonication that is able to retrieve
only a part. Moreover, the physiological properties of the detached
population may not reflect the physiology of the sessile cells, since
different populations may exhibit different adhesion and material
detachment [20]. The BioFilm Ring Test (Saint- Beauzire, France) uses
specific magnetic microbeads that tend to immobilize through the
growing biofilm matrix in vitro. In other words, when the biofilm is
formed, the microbeads become embedded in the matrix. This technol-
ogy has some limitations for the application in the clinical setting,
because it requires the additional step of treating the cells with the
magnetic beads, introducing a further variable that could affect the
biofilm formation and its repeatability [20,21].

Other studies regard the interaction between bacteria and electrically
charged surfaces. Gottenbos et al. [22] observed the behaviour of
different Gram-negative bacteria against surfaces with a net positive
charge. They reported an enhanced bacterial growth in case of Pseudo-
monas aeruginosa (P. aeruginosa), while they did not observe the forma-
tion of a mature biofilm in the case of Escherichia coli (E. coli). Similar
studies were made by Harkes et al. [23] who reported similar results,
probably due to a disturbance of the positive charge of the surface, which
can affect the electrolyte balance on the bacterial membrane. The
above-mentioned techniques make use of positive surface charges
induced through a chemical functionalization process.

Recently, we presented a simple and voltage-free methodology called
pyro-electrification (PE) for inducing a positive permanent charge in
polymeric freestanding sheets, through the pyroelectric effect in lithium
niobate (LN) crystals. These sheets can promote the adhesion of both
eukaryotic and prokaryotic cells [24–28] onto otherwise cytophobic
surfaces. Such approach is innovative as it is based on a physical phe-
nomenon that avoids chemical treatments of the surfaces. In particular,
we introduced for the first time the Biofilm Electrostatic Test carrier
(BET-carrier), demonstrating how the PE sheets enable a biofilm for-
mation 6-fold higher than in case of the control sheet, thus providing a
repeatable tool for rapid evaluation of biofilm formation in vitro [24],
which is an important indicator of the bacterial pathogenicity.

Here a further characterization is presented for this innovative
methodology. Considering the peculiar rapidity of biofilm growth on the
BET-carrier [24,28], we focused our attention on the first stages of bio-
film formation by performing an accurate quantitative evaluation of the
biofilm mass by a crystal violet (CV) assay. The biofilm mass adhering on
the BET-carrier in the first hours of incubation was determined through
optical density (OD) measurements and the viability of the adhering
bacteria was evaluated by standard staining procedures. We performed
comparative experiments in vitro by using two different concentrations of
the bacterial suspension, that differ each other by about one of order of
magnitude in OD. For brevity we call them “high OD” and “low OD”. Since
the technique is new and innovative, we focused our attention on the
E. coli, a bacterial strain whose pathogenicity is linked to the formation of
biofilms [7,29,30].

The results show clearly that, compared to the control surface, the
BET-carrier promotes a biofilm with higher maturity in the very early
stages of incubation under both high and low OD. Thus, it allows us to
evaluate in vitro the ability of bacteria to form biofilms also in case of
highly diluted samples. We believe that the reliability of the technique
can open a new route in the use of BET for the rapid evaluation of biofilm
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formation, and therefore of their inclination to pathogenicity.

2. Material and Methods

2.1. Polymer solution

Solid-state polysulfone (PSU) (Mw ~ 35000, transparent pellets) was
bought from Sigma Aldrich (Milan, Italy). The PSU is a thermoplastic
polymer with a glass transition temperature (Tg) at 180 �C. It was dis-
solved in anisole (99%, Sigma Aldrich, Milan, Italy) at 60%w/w and then
stirred at 70 �C for 6 h. The resulting polymer solution of PSU was stored
at 4 �C.

2.2. Bare sheets

The freestanding PSU sheets were obtained by spin coating a glass
coverslip (2 � 2) cm2 sized with the PSU solution at 4000 rpm for 2 min,
and then by peeling off accurately just after solvent evaporation. The PSU
sheets not subjected to PE were used as control.

2.3. Lithium niobate crystals

The LN crystals were purchased from Crystal Technology Inc. Palo
Alto, California, and were in the form of wafers with 500 μm thickness
and 3-inch diameter. They were congruent within 0.02 mol % Li2O, both
sides polished and in mono-domain ferroelectric state. The structure of
LN at room temperature belongs to the 3 m group and consists of planar
sheets of oxygen atoms in a distorted hexagonal close-packed configu-
ration. LN is characterized by a spontaneous polarization (Ps), which
changes according to ΔPi α piΔT, where Pi is the coefficient of the po-
larization vector, pi is the pyroelectric coefficient and ΔT is the tem-
perature variation (pi ¼ �8.3 � 10�5 C m�2 �C�1 for LN at 25 �C). At
equilibrium conditions, without any thermal stimulation, the Ps is fully
screened by the external screening charge and no electric field exists. In
presence of a temperature variation, a charge density surface α ¼ pi ΔT,
caused by uncompensated charges, appears locally and a high electric
field (ENL ~ 107 V/m) is generated on the surface of the crystal.

The wafers were cut into (20 � 20) mm2 sized samples by a com-
mercial precision diamond saw to achieve PE sheets with approximately
the same lateral size. Before each use, the crystal samples were rinsed
three times in acetone and dried with a nitrogen jet to remove dust and
impurities from the surface.

The BET-carriers were obtained by following an appropriate PE pro-
cess that exploits the electric field generated by the LN crystal through
the pyroelectric effect [31–34]. Here we used the electric field generated
pyroelectrically to induce permanent net charges on the surface of the
polymer sheet. More details on the PE process can be found in the SI.

2.4. Bacterial samples

The experiments were realized on the Gram-negative E. coli strain
DH5α. The E. coli strain was handled following the protocol provided by
the supplier [35]. According to this protocol, the optimal conditions for
growth correspond to incubation at 37 �C in Luria Bertani (LB) broth (10
g SELECT Peptone 140, 5 g SELECT Yeast Extract, and 5 g NaCl, Thermo
Fisher Scientific, Monza, Italy). One day before the experiment, 1 mL of
the bacterial suspension was collected and cultured in 9 mL of LB broth
medium and placed in a shaker incubator (222DS Labnet International,
Inc., Edison, NJ, USA) at 37 �C and 100 rpm for about 14/16 h, to achieve
saturation conditions. The growth was stopped, and the bacteria were
harvested by centrifugation at 7000 rpm (Centrifuge 5415 R, Eppendorf,
Milan, Italy) for 10 min to separate the cells from the medium.

After that, we removed the supernatant and we re-suspended the
pellet in LB fresh medium in a volume ratio 1:3 to obtain the final sus-
pension. The OD was measured by the spectrophotometer at 600 nm.
Starting from this final suspension two bacterial samples were prepared,



E. Oleandro et al. Biofilm 3 (2021) 100040
by dilution in LB fresh medium with ratios 1:5 and 1:15, up to a volume
of 500 μL in both cases. We measured their OD by the spectrophotometer
at 600 nm and we obtained OD ¼ 0.4 and OD ¼ 0.03, respectively,
indicated here as high OD and low OD, for brevity.

2.5. Bacterial growth

The bacterial growth curve was evaluated under standard culture
conditions [35]. The day before the experiment, the bacteria were
cultured in 9 mL fresh medium (LB) and placed in a shaker incubator
(222DS Labnet International, Inc., Edison, NJ, USA). When reached the
saturation conditions, an aliquot of bacteria (3 mL) was collected and
restored in 27 mL of fresh LB medium.

We placed this bacterial suspension in an incubator at 37 �C and 80
rpm. In order to evaluate the trend of the bacterial growth, an aliquot of
this bacterial suspension was taken every half an hour and the corre-
sponding OD was measured by a spectrophotometer at 600 nm. Fig. 1
shows the bacterial growth evolution in about 15 h.

Usually, the growth behaviour is influenced by both the environ-
mental conditions and the genetic properties of the bacteria. This curve
presents the traditional exponential phase, in which the bacteria first
grow quickly, in this case up to about 7 h, and then reach a stationary
phase, where the cell growth equals the cell death. This produces finally a
stable number of bacterial cells [36–38]. Since we are interested here at
the very early stage of the bacterial growth, the observation was per-
formed up to the stationary phase.

2.6. Crystal violet assay

We stained the biofilm adhering on the control and BET-carrier sheets
by using a commercial CV provided by Sigma Aldrich (Milan, Italy). The
assay was performed as described by Christensen et al. (1985) [39]
making some changes. After bacterial incubation and biofilm formation
the content of the dish was aspirated at each observation time and the
sheet was washed with 2 mL of sterile phosphate buffer saline (PBS), in
order to remove all non-adherent bacteria.

Bacteria adhering on the sheet were fixed by immersion in 500 μL of
99%methanol and left drying for 30 min. Then we moved the sheets into
clean dishes and stained the fixed bacteria with 500 μL of CV at 2% of
distilled water at room temperature for 10 min. The excess stain was
rinsed off by placing the sheet under running tap water. After air-drying
the dye bound to the adherent bacteria was re-solubilized with 1 mL of
Fig. 1. Growth curve of the E. coli strain under standard culture conditions. The tw
experiments. The error bars represent the standard deviation for three replicates of
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acetic acid at 33% (v/v). The OD of the resulting solution was measured
at 600 nm by a standard spectrophotometer (BioPhotometer 6131,
Eppendorf, Milan, Italy), in order to quantify accurately the biomass
adhered on the sheet. In order to evaluate the zero control, we measured
the amount of CV absorbed by the polymer sheets without bacteria, both
bare and charged. Three replicates of the experiment were carried out
and the OD values were measured by the spectrophotometer at 600 nm.
The resulting OD was in average equal to 0.1 and hence negligible
compared to the OD values measured in presence of bacteria.

2.7. Viability test

For each observation time two sheets were cultured at the same
conditions. One was treated with the CV for quantifying the biomass
adhering on the sheet (as already described in the previous section),
while the other was treated with a live/dead assay kit (live/dead Bac-
Light Bacterial Viability Kit, Thermo Fisher Scientific, Monza, Italy) [40]
in order to evaluate the viability of the adhered biomass. Each sheet was
immersed in 2 mL PBS containing Syto 9 and propidium iodide at con-
centration of 10 μM and 2 μg/mL, respectively, and incubated for 15 min
in the dark. The cells with a compromised membrane, which are
considered to be dead or dying, were stained red whereas cells with an
intact membrane were stained green. We recorded the fluorescence mi-
croscope images of the adhered biomass by a standard inverted optical
microscope (Axio Vert, Zeiss, Jena, Germany).

2.8. Statistical analysis

The number of replicates for each experiment was adjusted according
to the variance obtained. The data in the graphs are all presented as
means � the standard deviation. The t-Student test was performed on all
data, and the value obtained was p < 0.05, which guaranteed the reli-
ability of the results.

3. Results and discussion

A group of 4 Petri dishes were prepared for evaluating the biomass
adhering on the BET-carrier at the early stages of biofilm formation, each
containing one PSU sheet: (1): bare sheet as control for the CV treatment;
(2) bare sheet as control for the live/dead treatment; (3) BET-carrier with
face (þ) up for the CV treatment; (4) BET-carrier with face (þ) up for the
live/dead treatment. Each dish was incubated with the bacterial sample
o red dots correspond to the low and high OD values used for the comparative
the experiment.
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with high OD (see Materials and Methods for details) into a volume of 1.5
mL of PBS at 37 �C and 800 rpm. We replicated three times this group of
four sheets for evaluating the biomass at three different incubation times:
2 h; 4 h; 6 h.

A comparative study was performed by seeding the same kinds of four
sheets with the bacterial sample with low OD and, again, three replicates
were performed for each of the three incubation times. Therefore, 4 � 3
¼ 12 samples were analysed for each of the two initial OD cases, with a
total of 24 samples. Three replicates of the experiments were completed
and the results were statistically averaged (see Materials and Methods for
details). We cultured the samples in PBS in order to compare the adhe-
sion of planktonic bacteria on the BET-carrier with that on the control
sheet, under minimal proliferation effects. The following sections illus-
trate the results obtained for the two cases of high OD and low OD.

3.1. The case of high OD

After plating the 12 sheets as mentioned previously, we observed the
bacterial adhesion under a standard inverted optical microscope at the
Fig. 2. Case of high OD. Typical optical microscopy images of E. coli bacteria forming
at three different incubation times. Scale bars indicate 20 μm.
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three different incubation times (2 h, 4 h, 6 h). Fig. 2 shows the corre-
sponding typical images.

These images show the immobilized bacteria forming biofilm on the
control and on the BET-carrier, at different incubation times. The bac-
teria were dispersed uniformly on both types of surfaces but the number
of bacteria on the BET-carrier resulted always higher when compared to
that on the control sheet, for all time-intervals observed. This demon-
strates how the positive polarization charge on the BET-carrier acceler-
ates the bacterial adhesion respect to the control surface, thanks to a non-
negligible electrostatic interaction [11]. According to the DLVO theory
[15], the bacteria adhere on the surface when they can overcome the
minimal secondary energy.

This process is faster on the BET-carrier compared to that occurring
on the bare sheet (control), because the positive polarization charge on
the BET-carrier increases the Coulomb interaction strength.

The biomass adhering on the BET-carrier was quantified by the CV
assay, analogously to themicrotiter-plate test that is most frequently used
for the evaluation of biofilm formation [39,41,42].

Fig. 3 shows the typical optical microscope images of the sheets just
biofilm on the control sheet (left column) and on the BET-carrier (right column),



Fig. 3. Case of high OD. Optical microscope images of the E. coli bacteria on the control sheets (left column) and on the BET carrier (right column) after CV staining at
the three incubation times; Scale bars indicate 20 μm.
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after CV staining. Fig. 4 shows the quantification of the biofilm adhered
onto the sheets by the absorbance of the CV at 600 nm (OD600) for the
Fig. 4. Case of high OD. Quantitative determination of the biofilm adhered on
the sheets by the CV absorbance in case of the control (blue columns) and BET-
carrier (orange columns) at the three incubation times. The error bars represent
the standard deviation for three replicates of the experiment. Comparison BET-
carrier v.s. control considering the different time, * value is p < 0.05 has been
obtained, which guarantees the reliability of the results.

5

control (blue columns) and for the BET-carrier (orange columns), at the
three incubation times (2 h; 4 h; 6 h).

These data show how the BET-carrier (orange columns) was able to
immobilize a higher amount of biomass at each observation time respect
to the control, with an increment of about 30% at 2 h and 6 h. It is
noteworthy that a much higher increment in biomass was always
observed in the case of 4 h incubation, where we had about 60% value of
increment in biomass. Moreover, in case of the BET-carrier, at 4 h the
biomass was about two-fold higher than that at 2 h. The bacterial biomass
on the control sheet at 6 h was even lower than that on the BET-carrier at
4 h. The results in Fig. 4 show that the biofilmmass grew continuously on
the control sheet up to 6 h incubation.

Conversely, the biomass on the BET-carrier was, first of all, always
higher than that on the control and, moreover, it reached the state of a
biofilm with high biomass just after 4 h incubation. This stage on the
BET-carrier corresponded to a biofilm with a strong grip on the base and
a weaker layer on the top. This was achieved thanks to the strong elec-
trostatic attraction provided by the surface of the BET-carrier, as
mentioned before. During the successive 2 h of incubation, the bacterial
cells on the top moved away starting a new process of colonization in
other sites of the sheet [43, 44]. Therefore, the washing steps performed
during the CV assay at 6 h incubation removed the bacterial cells weakly
adhered to the top of the biofilm structure, and the detached cells colo-
nized other sites. In case of the control sheet, instead, the biofilm was not
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significant within 4 h incubation and therefore new planktonic bacteria
continued to adhere to form the 3D structure mentioned above. This
agrees with the DVLO theory that describes the biofilm formation in case
of charge-free surfaces and confirms that the presence of a surface elec-
tric charge accelerates the bacterial adhesion process. Furthermore, the
enzymes involved in the exopolysaccharide degradation, in addition to
the digestive function, allowed the detachment of the bacteria from the
biofilm and hence the colonization of new sites [43,44].

These results demonstrate that 4 h incubation on the BET-carrier can
give very rapid information on the ability of bacteria to form biofilm.
This could be a tool of great interest in all of those applications that
require time-consuming procedures. In particular where it is necessary to
test the inclination to pathogenicity, for example in the food industry,
where the aim is the extension of the shelf life, or in the clinician field
where a rapid antibiogram can save lives [45].

3.2. The case of low OD

The biomass on the BET-carrier was quantified in case of initial OD ¼
0.03, a value close to the latency phase, in order to evaluate the biofilm
formation under highly diluted bacterial suspensions. We performed the
same procedures as in case of the high OD and we elaborated the results
from three replicates of the experiments for both the control and the BET-
Fig. 5. The case of low OD. Optical microscope images of E. coli forming biofilm (A–C
Scale bars indicate 20 μm.
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carrier. Fig. 5 shows the optical microscope images recorded at the three
incubation times for the control and the BET-carrier.

It is clear that the number of bacteria adhering on the BET-carrier was
always greater than that on the control, at each observation time. The
same CV staining procedure was performed as in case of highOD, in order
to determine the biomass adhering on the BET-carrier in case of a bac-
terial suspension highly diluted. Three replicates of the experiments were
performed and the results averaged.

Fig. 6 (A-F) show the typical optical microscope images of the sheets,
just after CV staining. Fig. 7 shows the data corresponding to the biomass
determination. In this case the BET-carrier (orange columns) was able to
immobilize a higher amount of biomass at each observation time respect
to the control (blue columns), with an increment of about 30% and 40%
at 2 h and 4 h, respectively. Also in this case, the higher amount of
biomass on the BET-carrier was observed at 4 h incubation. It is impor-
tant to note that the polymer sheets do not exhibit any topography on the
surface before the PE process (control) as well as after that (BET carrier).
Therefore, the biofilm formation is influenced only by the electrostatic
interaction.

These results demonstrate that the BET-carrier is able to produce a
biofilm with high biomass within few hours even under very low bac-
terial concentrations, with a significant impact in all of those applications
where the biofilm formation has to be tested starting from highly diluted
) on the control sheet and (D–F) on the BET-carrier at the three incubation times.



Fig. 6. Case of low OD. Optical microscope images of the control sheets (A–C) and of the BET carrier (D–F) after CV staining at the three incubation times; Scale bars
indicate 20 μm.

Fig. 7. Case of low OD. Quantitative determination of the biofilm adhered on
the sheets by the CV absorbance in case of the control (blue columns) and BET-
carrier (orange columns) at the three incubation times. The error bars represent
the standard deviation for three replicates of the experiment. Comparison BET-
carrier v.s. control considering the different time, * value is p < 0.05 has been
obtained, which guarantees the reliability of the results.

E. Oleandro et al. Biofilm 3 (2021) 100040
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samples.
3.3. Biomass viability

The biofilm formation is a complex phenomenon that depends on
several factors [46]. Here, a faster biofilm formation was achieved by
intervening on the physical parameter well described in reference [24].
The PE process induced a permanent dipole in the BET-carrier that, as a
consequence, exposed a surface charge δþ. The bacteria tended to be
attracted and immobilized by the surface of the BET-carrier through the
interaction with the COO� groups in their cytomembrane, thus favouring
the rapid formation of the biofilm without destroying the cell structure.
The viability of the biofilm on the BET-carrier is of fundamental impor-
tance for allowing these sheets to be used for efficient antibacterial tests
in future. Therefore, we report here the results concerning the viability
tests performed on both the control and the BET-carrier, for the three
incubation times. A conventional inverted optical microscope (Axio Vert,
Zeiss, Jena, Germany) was used for observing the samples after live/dead
staining (see Material and Methods for details) and Fig. 8 shows the
corresponding results.

Three replicates of the experiments were carried out for the E. coli
strain, and 10 pictures were captured all around each surface to
demonstrate the reliability of the biofilm vitality. The green regions in
Fig. 8 (E-F) corresponded to the viable bacteria, whereas the red ones
referred to the dead bacteria. These images were analysed by ImageJ



Fig. 8. Typical fluorescence microscopy images and live/dead staining of E. coli bacteria on the control (A, B, C) and BET-carrier (D, E, F) at the three incubation times.
Scale bars indicate 20 μm. (G, H, I) Bacteria quantification in percentage of live E. coli cells (blue column) and dead (orange column) on the control and the BET-
carrier, respectively, after 2 h, 4 h and 6 h of incubation. These data were obtained over three replicates of the experiments and over ten pictures recorded on the
sheet surface for each replicate.

E. Oleandro et al. Biofilm 3 (2021) 100040
[47] (Image J 1.52a, http://imagej.nih.gov/ij, Java1.8.0_112, 64 bit), an
open-source image-processing program developed at the National In-
stitutes of Health (NIH, USA), to evaluate the mean values of the signal
intensities for the green (SYTO 9) and the red (propidium iodide)
Fig. 9. Schematic view of the typical interaction of the bacterial cells with the BET
particular, the dipole orientation exhibits one surface with positive polarity (δþ), indi
membrane exhibits a negative charge (�).

8

channels, and hence to obtain information about the average amount of
live and dead bacteria. The corresponding results are reported in Fig. 8
(G-I) where the columns refer to the percentage of live (blue columns)
and dead (orange columns) bacteria. These results clearly show that the
-carrier. Face (þ) and Face (�) indicate the polarity of the BET-carrier faces. In
cated by Face (þ) in the scheme. The external surface of the bacteria cytoplasmic

http://imagej.nih.gov/ij
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number of dead cells (orange columns) was negligible for both the con-
trol and the BET-carrier, thus demonstrating the biocompatibility of the
sheets. In addition, the results show that the high-density biomass
generated on the BET-carrier was viable for all of the three incubation
stages studied in this work (2 h, 4 h, 6 h).

It is important to note that the distribution of the bacteria shown by
the images of Figs. 6 and 8 are not comparable each other because they
refer to two different sheets which were both “pyro-electrified” but then
treated differently, one with CV staining and the other with the live/dead
viability test. In other words, we cannot expect the same distribution of
bacteria on the surface of each PE sheet. Conversely, the significant re-
sults are represented by the statistical data reporting the amount of
bacteria on the surfaces (see graphs in Figs. 7 and 8 (G-I)).

Fig. 9 shows the schematic view of the typical interaction between the
BET-carrier and the planktonic bacteria. The bacteria exhibit a net
negative charge on the external surface of the cytoplasmic membrane.
This is attracted electrostatically by the positive surface charge of the
BET-carrier. This demonstrates definitely its ability to immobilize
planktonic bacteria and to promote a biofilm formation more rapidly
than the control, avoiding binding reactions that could damage the
bacterial cytomembrane.

4. Conclusion

We performed here a quantitative determination of the biomass
adhering on the BET-carrier in the very early stages of biofilm formation.
We used the CV assay at different incubation times and for two bacterial
concentrations, which OD differed by one order of magnitude. The re-
sults show that the biofilm on the BET-carrier is similar in nature to that
formed on the control sheet.

Conversely, the significant difference regards the time of formation
that is more rapid in case of the BET-carrier, even in case of highly diluted
bacterial suspensions. This allowed us to evaluate rapidly the ability of
the bacterial strain to form biofilm, avoiding the 24–48 h incubation
times usually encountered in standardmicrobiology assays. Furthermore,
since the interaction of different types of bacteria with the BET-carrier
depends on an electrostatic interaction, and therefore on the degree of
polarization of the bacterium itself, the technique can be used for the
simultaneous culture of more bacterial strains. In such a way, the BET-
carrier would allow the microbiologist to evaluate the prevalence of
one of the species in the biofilm formation. In conclusion, we believe that
the BET-carrier would be a promising candidate for testing very rapidly
the ability of bacterial strains to form biofilm, even in case of low
abundant samples. This would have a great impact for early detection of
bacteria and for a rapid determination of antimicrobial susceptibility.
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