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Abstract

Biofilms pose important economic and health risks in biomedical applications

and in food industries. In this study, coatings that reduce the biofilm forma-

tion of Pseudomonas aeruginosa on polystyrene cell culture plates are de-

posited by plasma polymerization of (3‐aminopropyl)triethoxysilane using an

atmospheric pressure plasma jet system at three different power levels. Surface

characterizations and quantification of biofilm formation during 1 week after

deposition suggest that the higher concentration of oxygenated carbon groups

on the coated samples than on uncoated ones can induce higher levels of

oxidative stress in the bacteria

in contact with the coatings.

This causes an initial over-

production of extracellular

polymeric substances that can

avoid further bacterial attach-

ment and biofilm formation at

later cycles of biofilm

development.
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1 | INTRODUCTION

Biofilms are defined as organized bacterial communities
embedded in an extracellular polymeric matrix attached
to living or abiotic surfaces. Bacterial biofilms are a
matter of concern in industrial and medical applications
because this capacity provides advantages to bacteria
to colonize and multiply in different environments.
Numerous studies have underlined that healthcare‐
associated infections and foodborne diseases are mainly
caused by the biofilms formed on equipment surfaces of
both food and medical fields. Food, water systems, and
industrial sectors provide suitable environments for bio-
film formation, which compromises food safety causing
cross‐contamination of the final products, impacts the
deterioration and the failure of the industrial materials,
and increases the public health risk.[1,2] Additionally,
these bacterial communities have an enormous clinical
impact, being recognized as one of the major determi-
nants in nosocomial and persistent infections. They
contaminate medical devices, implants, catheters, and
cannulas that interact with the human body during and
after surgical intervention.[3,4]

The biofilm formation begins when planktonic bacteria
attach to a conditioned surface (Figure 1a). The attached
bacteria produce a matrix of extracellular polymeric
substances (EPS), such as polysaccharides and proteins,
which facilitate surface colonization and bacterial
aggregation (Figure 1b). Then, the biofilm matures and
develops a three‐dimensional structure. Bacteria from a
mature biofilm detach and spread to colonize new areas,
thus causing biofilm dispersal (Figure 1c).[2,3,5]

Since the EPS matrix provides protection against the
external environment, biofilm‐growing bacteria show
higher resistance to antibiotics and host defenses than
planktonic bacteria.[2,6–8] Due to their high persistence,
biofilms are also the cause of important economic costs
associated with the replacement of infected devices and
the removal of implants.[9–11]

Pseudomonas aeruginosa is an opportunistic Gram‐
negative pathogen, with great metabolic versatility and
extraordinary ability to grow in varied and daily en-
vironments. P. aeruginosa represents a significant health
problem in the hospital environment because it causes
approximately 75% of the biofilm‐related infections
linked to medical devices and implants.[11] Additionally,
it is one of the most common pathogens in the food in-
dustry because of its presence in soil, water, animals, and
plants.[2] This ubiquitous bacterium is a model micro-
organism for the study and control of bacterial biofilms.

Traditional methods to combat biofilms require the
use of toxic chemicals or excessively high concentrations
of antibiotics, so many efforts are being invested in the
development of novel approaches to prevent biofilm
formation, mainly focused on avoiding bacterial attach-
ment. In this regard, the use of plasma technologies for
surface treatment and coating deposition has become an
interesting approach, as they are able to modify the
surface characteristics while keeping the bulk properties
of the substrate.[4,7,12] Cold plasma systems are particu-
larly interesting because they are able to operate at near
room temperature, thus being suitable for processing
temperature‐sensitive materials.[13] Cold plasma has
been used to deposit coatings that prevent bacterial ad-
hesion and proliferation in different ways, such as re-
leasing embedded antibacterial agents, immobilizing
antibacterial molecules on the surface, and modifying the
surface properties of the substrate.[12]

Although cold plasma has been usually generated by
means of low‐pressure technologies, atmospheric pres-
sure plasma systems have emerged more recently as in-
teresting alternatives because no vacuum equipment is
required, their costs are lower and their implementation
for in‐line processing is easier.[14]

For instance, Stallard et al.[15] deposited siloxane
coatings on titanium coupons through plasma poly-
merization using an atmospheric pressure plasma jet
(APPJ) system and analyzed their effects on protein

FIGURE 1 Stages of biofilm formation: (a) bacterial attachment, (b) proliferation and biofilm maturation, (c) bacterial detachment and
biofilm dispersal
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adsorption and bacterial attachment. They obtained
coatings with different water contact angles (WCA),
which ranged between <5° and 155°. The lowest levels of
protein adsorption and bacterial attachment were
achieved by superhydrophobic coatings (WCA> 150°)
that combined a low surface energy chemistry and a
nanotextured morphology. They concluded that, in those
cases, the attachment of bacteria and the diffusion of
proteins from the aqueous environment were reduced by
the air entrapment in the surface morphology, which
acted as a barrier.

In some of our most recent publications, functional
coatings that were deposited by an APPJ system using
acrylic acid as the precursor reduced the formation of
biofilm of several bacterial species on 3D‐printed[16,17]

and stainless steel substrates.[18] According to our ob-
servations, the strong hydrophilic character of those
coatings (WCA< 20°), which promotes the generation of
a hydration layer that acts as a barrier against the at-
tachment of bacterial cells and proteins, was the key to
their effectiveness at reducing biofilm formation. As
other authors have pointed, the main issue concerning
plasma‐polymerized acrylic acid coatings is their stability
in humid environments, which has motivated several
studies aimed at determining the deposition parameters
that produce stable coatings with this precursor.[19–22]

As our group previously reported, resistant and stable
coatings can be obtained from siloxane‐based precursors,
such as (3‐aminopropyl)triethoxysilane (APTES).[23–25] Using
APTES for the plasma polymerization in APPJ equipment
produced coatings for tribological applications on thermo-
plastic elastomer and glass substrates, which reduced the
friction coefficient and showed good wear resistance during
prolonged sliding. Also, according to our findings, the phy-
sicochemical characteristics of coatings that were produced
with this precursor remained practically unchanged after
1‐year storage in a humid environment.[23] Furthermore, as
Chen et al.[26] recently showed, plasma polymerization of
APTES produces coatings with good stability in water that
would be promising for applications, such as antibacterial
materials, biosensors, drug immobilization in immobiliza-
tion/release systems, and for improving the bioactivity and
biocompatibility of implants. Nevertheless, to the best of our
knowledge, no work has been published reporting the anti-
biofilm effects of plasma‐polymerized APTES functional
coatings. Therefore, the aim of this study is to reduce the
biofilm formation of P. aeruginosa PAO1 strain through the
plasma polymerization of APTES by an APPJ system using
different plasma conditions. Polystyrene (PS) culture plates
were used as substrates for the plasma‐polymerized coatings
because they are commonly used in medical research for
testing bacterial adhesion and biofilm formation in vitro.
Furthermore, since PS is a commonly used material in

food‐contact packaging, the use of these substrates is con-
sidered as a suitable initial approach to the applicability of
the studied coatings in the food industry.

2 | MATERIALS AND METHODS

2.1 | Materials

PS 96‐well cell culture plates (Greiner Bio‐One CELL-
STAR®) were used as substrates. The liquid APTES was
the precursor for the deposition of coatings at the wells.

2.2 | Plasma polymerization process

An APPJ system PlasmaSpot® was used to coat the plates
as depicted in Figure 2. The APPJ system consists of two
cylindrical, coaxial electrodes, one of them grounded and the
other one connected to a power generator that operated at a
frequency of 68 kHz, with a dielectric barrier of Al2O3 be-
tween them. The plasma was generated with nitrogen gas
(99.999%) at a flow rate of 80 slm. The plates were mounted
on an X‐Y table that moved under the plasma jet with a
scanning movement, at a linear speed of 100mm/s, keeping

FIGURE 2 Scheme of the coating process. APTES,
(3‐aminopropyl)triethoxysilane
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a gap of 20.9mm between the exit of the plasma and the
bottom of the wells. The track pitch of the scanning move-
ment was equal to the spacing between consecutive columns
of wells (8.9mm) so that the plasma jet passed over the
center of the wells.

The coating process consisted of two phases. In the first
phase, the plates were subjected to surface activation by
exposing them to one pass of the plasma jet without pre-
cursor addition. In the second phase, the plates were coated
by plasma polymerization of APTES in two passes. The
liquid precursor was carried by a 1.5 slm flow of nitrogen gas
(99.999%), nebulized by passing through an atomizer (model
3076; TSI), and added to the afterglow. Three different set-
tings of power at the generator (360, 440, and 500W) were
used, and each studied sample type was designated as
Table 1 shows. The bottoms of several wells were extracted
from the plates using a circular cutting tool to use them for
the morphological and chemical characterizations of the
samples, as well as for the measurement of their WCAs.

2.3 | Morphological characterization

The surface morphologies of the uncoated and the coated PS
samples were determined by three‐dimensional atomic force
microscopy (AFM). Images of 40× 40 µm areas of the bot-
tom of the wells were acquired through a Multimode AFM
(Bruker Corporation) with NanoScope V controller, working
in tapping mode. The average roughness (Ra) of each sample
was calculated as the average of three independent mea-
surements using the software NanoScope Analysis 1.40
(Bruker Corporation). In addition, a HITACHI S‐2400
scanning electron microscope (SEM) operating at 18 kV
was used for the morphological characterization. The sam-
ples used for the SEM analysis were previously subjected to
gold–palladium sputtering to make them conductive.

2.4 | Chemical characterization

The surface chemical compositions of the uncoated and the
coated PS samples were studied by X‐ray photoelectron
spectroscopy (XPS) using a Kratos AXIS Supra spectrometer
that was equipped with a monochromatic Al‐Kα X‐ray
source operating at 225W (15mA/15 kV). The pressure in
the chamber was maintained below 10−9 Torr. The spectro-
meter was set to the hybrid lens mode and the slot mode,
which gave an analysis area of approximately 700× 300 µm.
The acquisition of the XPS spectra was performed at three
different locations per sample. The survey spectra for the
identification of the chemical elements present in the sam-
ples were acquired at a pass energy of 160 eV. The high‐
resolution spectra of the regions that corresponded to specific

elements were acquired at a pass energy of 20 eV. The
binding energy of all the spectra was corrected by setting the
highest peak of the C1s component at 285 eV. The CasaXPS
2.3.19 software was used for the correction of the binding
energy and for the quantification of the atomic percentages
of the elements found on the samples. The atomic percen-
tages of the elements were calculated according to the areas
under their corresponding photoelectron peaks after sub-
traction of a Shirley background. Deconvolution of the C1s
region was carried out using the PeakFit 4.12 (SPSS Inc.)
software, fitting the peaks of the deconvolution with
Gaussian–Lorentzian sum functions and allowing variable
widths for the peaks.

2.5 | Wettability

The wettability of the samples was studied by measuring
their static WCA using the sessile drop method. Three
water drops (3 µl/drop) were deposited on each sample
type and their contact angles were measured by digital
image analysis in the ImageJ free software[27] with the
low‐bond axisymmetric drop shape analysis plugin.[28]

The WCA of each sample was calculated as the average
value of its three respective measurements.

2.6 | Biofilm quantification

The total biofilm biomass generated by P. aeruginosa
PAO1 strain on the different studied samples was
quantified by crystal violet (CV) staining.[29] This ubi-
quitous bacterium is a model microorganism for the
study and control of bacterial biofilms, and for that rea-
son, it was chosen as the target pathogen to test the
coatings of this study.

Eight wells of each coated and uncoated 96‐well cell
culture plate (Table 1) were inoculated with 200 µl of an
initial 106 CFU/ml bacterial inoculum prepared in 3ml of
Mueller–Hinton (MH) broth (Pronadisa; Conda). To
analyze the biofilm production during 1 week, the plates

TABLE 1 Plasma power and designation of the studied
samples

Sample Power (W)

Uncoated PS ‐

S360 360

S440 440

S500 500

Abbreviation: PS, polystyrene.
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were incubated at 37°C for the period from 1 to 7 days. At
the end of each incubation period, the planktonic cells
were removed by a quick inversion of the plate, and the
biofilm was washed with phosphate‐buffered saline
(PBS) (200 µl/well). Subsequently, the biofilm was fixed
using methanol for 15min at room temperature. After
removing the methanol, the plates were dried for 20min
at room temperature. The biofilm fixed in each well was
stained with 200 µl of CV solution (10% in PBS; Sigma‐
Aldrich) and incubated for 10 min at room temperature.
The excess CV solution was removed under running
water. Finally, the CV fixed to the biofilm biomass was
solubilized with 200 µl of acetic acid solution (66%, in
water) and incubated at room temperature for 1 h.
Absorbance was measured at 570 nm using a plate
reader (POLARstar Omega microplate reader; BMG
LABTECH).

3 | RESULTS AND DISCUSSION

3.1 | Morphological characterization

The surface morphology and roughness of the coatings
were studied by AFM and SEM.

Figure 3 shows the average roughness values (Ra) that
were obtained by AFM analysis.

The coated sample S360 showed very similar roughness
values to those obtained for the uncoated PS
(5.75± 1.13 nm), and lower than those obtained for the
samples that were coated at higher powers (S440 and S500).
The AFM images (Figure 4) revealed differences among the
surface morphologies of the analyzed samples. On one side,
the coating of sample S360 (Figure 4b) showed a smooth
surface with no remarkable features. On the other hand, the
samples S440 (Figure 4c) and S500 (Figure 4d) showed the
formation of rougher textures, with peaks and valleys uni-
formly distributed all over the surface. These observations on
the general morphology of the coatings were consistent with
their SEM images (Figure 5). White dots were detected in
SEM images, which reveal the presence of some particulates
at the surface of the coated samples. The higher the plasma
power, the greater the amount of particulates. As the authors
reported in previous work about atmospheric pressure
plasma polymerization of APTES on smooth substrates,[25]

the excess gas‐phase reactions that occur at high plasma
powers may lead to the generation of more particulates in
the coatings, and this fact would be the main cause of the
roughness increase. Those particulates act as nucleation sites
around which the deposited material tends to accumu-
late,[30,31] leading to the growth of the peaks that form the
textures of samples S440 and S500. The lower plasma power
used in this study for sample S360 resulted in the generation

of a low amount of particulates, which caused its coating to
grow more evenly and have a smoother surface. It is known
that surface topography is one of the multiple factors that
can influence how bacteria interact with surfaces. As dis-
cussed in our previous work where antibiofilm coatings with
Ra in the ranges of 373–503 nm[16] and 398–560 nm[17] were
produced, the generation of different topographies has dif-
ferent effects. For instance, rough surfaces can magnify
surface hydrophilicity to the point that bacterial cells are
repelled by surface hydration, and they can reduce the
contact area between the bacteria and the surfaces. Never-
theless, it is worth considering the fact that the surface
features of samples S440 and S500, as well as the Ra values of
all the studied samples of the present work, were much
smaller than the reported size of P. aeruginosa bacteria
(rods of 0.5–0.8 µm in width and 1.5–3 µm in length).[32]

Furthermore, the samples that were studied in this work
were much smoother than those of our previous work, as
their smaller Ra values show, which are in a much narrower
range (5.75–10.47 nm). Therefore, an influence of the
observed morphological differences on the interaction of
these surfaces with bacterial cells, and on biofilm formation,
seems unlikely.

3.2 | Chemical characterization

XPS analysis was carried out to identify the differences
between the surface chemistries of the uncoated and the
coated PS plates, as well as to determine if the plasma
power influenced those chemistries.

As shown in Table 2, the main elements that were de-
tected on the uncoated PS surface were carbon and oxygen,
as well as a small amount of nitrogen that may be due to the
treatment applied to the cell culture plates by the manu-
facturer. These results are consistent with previously

FIGURE 3 Average roughness (Ra) of the uncoated and coated
samples. PS, polystyrene
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reported chemical characterization of PS culture plates sub-
jected to nitrogen plasma treatment.[33]

The elements detected at the surface of the coatings were
those provided by the APTES molecule (Figure 6), that is,
carbon, oxygen, silicon, and nitrogen. The surfaces of the
coated samples showed lower carbon percentages and higher
oxygen, silicon, and nitrogen percentages than the uncoated

PS ones. In the coated samples, the carbon abundance de-
creased and the oxygen abundance increased when the
plasma power increased. This behavior can be caused by an
increase in the chain‐scission of the precursor and the for-
mation of gases, such as CO and CO2.

[25,34]

Oxygenated carbon groups induce oxidative stress,[35]

which affects the bacterial response and may lead to

FIGURE 4 Atomic force microscopy images of the uncoated and coated samples. PS, polystyrene

FIGURE 5 Scanning electron microscopy images of the uncoated and coated samples at a magnification of ×5000. PS, polystyrene
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antibacterial effects. Deconvolution of the C1s signal was
carried out to identify and quantify its oxygen‐containing
functional groups. Table 3 shows the chemical groups that
were considered in the deconvolution and their respective
binding energies. The C1s signal of the uncoated PS sample
(Figure 7a) contained the following components: (i) C–C and
C–H bonds of aromatic carbon, (ii) C–C and C–H bonds of
aliphatic carbon, (iii) C–O and C–N bonds, (iv) C═O bonds
from ketones and amides, (v) COO groups, and the (vi) π–π*
shake‐up that is associated with the aromatic rings of PS.[33]

The C1s signal of the coated samples (Figure 7b,c) contained
the components (ii), (iii), (iv), and (v), as well as (vii) C–Si
bonds that were provided by the plasma polymerization of
APTES.

The presence of oxygen‐containing functional groups on
each sample was quantified as the addition of the detected
abundance linked to peaks (iii), (iv), and (v). As Figure 8
shows, the coated samples showed an increase in the
abundance of oxygen‐containing groups in comparison with
the uncoated PS samples. Furthermore, in the coated sam-
ples, the percentage of oxygen‐containing groups slightly
decreased when the plasma power increased. This is prob-
ably related to the aforementioned chain‐scission that caused
a decrease in the carbon content of the coatings.

3.3 | WCA measurements

The wettability of a surface is one of the factors that
influence bacterial adhesion. Hydrophobic (WCA> 90°)
and superhydrophobic (WCA> 150°) characters are

favorable to achieve antibacterial effects because the
adhesion of bacteria to the surface and the biofilm pro-
duction weakens.[12] Also, as discussed in our previous
publications, strong hydrophilic surfaces (WCA< 20°)
can reduce biofilm formation through the generation of a
hydration layer that acts as a barrier against the attach-
ment of bacterial cells and proteins.[16–18]

The static WCA was measured to determine the
wetting characters of the samples. As Figure 9 shows, the
uncoated PS samples had a WCA of 36.2 ± 8.3°, which is
unexpectedly low considering that PS surfaces are
usually hydrophobic. This low WCA value is explained
by the fact that the cell culture plates had been plasma‐
treated by their manufacturer. Furthermore, this is
consistent with previously published work in which
untreated PS culture plates had a WCA of ~71° and, after
being subjected to plasma treatments, their WCA was
≤44°.[33] On the contrary, all coated PS samples of the
present work showed similar WCA values (ranging from
53.6 ± 7.6° to 58.5 ± 4.73°) that were higher than that of
the uncoated PS. Although all the studied samples ex-
hibited a hydrophilic character (i.e., WCA< 90°), this
was not as strong as in our previous work (WCA< 20°).
For that reason, in the present work, there were no sig-
nificant differences in the wettability of the samples to
explain possible variations in their interaction with bac-
teria and in the generation of biofilm.

3.4 | Biofilm measurements

The total biofilm biomass generated by P. aeruginosa on
the uncoated and coated PS surfaces was quantified daily
for a week. Figure 10 shows the relative biofilm pro-
duction of P. aeruginosa PAO1 strain for each coated
sample in comparison to the uncoated PS samples
(considered as the reference with 100% biofilm

TABLE 2 Atomic percentage of C, O, Si, and N on the surfaces
of the analyzed samples

Sample Elemental composition (at%)

C1s O1s Si2p N1s

Uncoated PS 86 ± 0.4 12.9 ± 0.3 ‐ 1.1 ± 0.1

S360 59.1 ± 5.7 27.5 ± 4.4 9.2 ± 1.5 4.2 ± 1.1

S440 55 ± 3.6 29.8 ± 2.3 9.1 ± 1.9 6.1 ± 0.6

S500 47.8 ± 0.3 35.1 ± 0.4 12.3 ± 0.2 4.8 ± 0.2

Abbreviation: PS, polystyrene.

FIGURE 6 Chemical structure of (3‐aminopropyl)
triethoxysilane (APTES)

TABLE 3 Components of the deconvolution of the C1s signal
and their binding energies

Groups
Binding
energy (eV) References

(i) C–C, C–H (aromatic) ∼284.6 [33]

(ii) C–C, C–H (aliphatic) ∼285 [23,33]

(iii) C–O, C–N ∼286.6 [23,33]

(iv) C═O ∼288 [23,33]

(v) COO ∼289.3 [33]

(vi) π–π* shake‐up ∼291.2 [33]

(vii) C–Si ∼284.3 [23]
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production). High biofilm biomass (>200%) was pro-
duced on the coated samples during the first days of in-
cubation, reaching their maximum values after 2 days of
incubation. Then, the biofilm production decreased to
values under the reference samples. At the end of the
week, all the coated samples showed a relative biofilm
production <100%.

As the chemical characterization revealed, the coated
samples showed a higher abundance of oxygenated carbon
functional groups than the uncoated PS samples (Figure 8),
which have been reported as oxidative stress inductors.[35] In
this way, some authors identified that P. aeruginosa can
overproduce EPS when it is exposed to oxygen radicals, as a
protection mechanism against oxidative stress.[36,37] There-
fore, the increased biofilm production observed during the
first 2 days could be caused by higher production of EPS in
response to higher levels of oxidative stress produced by
bacterial contact with the coatings.

Additionally, as previously reported,[38] amine groups
(–NH2) are basic groups that, in the presence of adsorbed

water molecules, accept a proton and generate positively
charged sites. P. aeruginosa bacteria are negatively
charged, thus, an electrostatic attraction occurs between
bacteria and the positively charged sites of the coatings,
favoring bacterial attachment. Therefore, another possi-
ble reason for the higher initial biofilm production on the
coated samples of the present work can be the amine
groups of the APTES molecule (Figure 6). This is con-
sistent with the higher atomic percentages of nitrogen
(Table 2) detected on the coated samples (ranging from
4.2 ± 1.1% to 6.1 ± 0.6%) than on the uncoated PS sam-
ples (1.1 ± 0.1%). Electrostatic attraction between amine
groups and the first planktonic bacteria attached could
have increased the adhesion (Figure 11a) and the sub-
sequent biofilm formation during the first days of in-
cubation. On the contrary, it has been argued in the
bibliography that amine groups are usually released from
amine‐containing coatings as a result of aging in ambient
air and dissolution in water; and that these amines
can have toxic effects, thus being deleterious for cell

FIGURE 7 Deconvolution of the C1s signal of the following samples: (a) uncoated PS, (b) S360, and (c) S500. PS, polystyrene

FIGURE 8 Total percentages of oxygen‐containing groups on
the uncoated and the coated polystyrene (PS) samples, obtained by
deconvolution of the C1s signal

FIGURE 9 Water contact angle of the uncoated and coated
samples. PS, polystyrene
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growth.[39] The possibility that the aforementioned
occurs with the coatings of the present work cannot be
denied at the current state of our research. Nevertheless,
considering the importance of nontoxicity for biomedical
and food‐related applications, an in‐depth safety study is
planned for future work to identify and evaluate any
possible toxic effects of the coatings.

The decrease in bacterial biofilm production on the
coated samples after the first 2 days (Figure 10) suggests
that the mechanism of biofilm formation on these
samples was different from that on uncoated PS samples.
One of the causes could be the EPS production because it
has been reported that EPS produced by P. aeruginosa
can avoid bacterial adhesion.[40] In the detachment
phase, P. aeruginosa leaves an EPS footprint that covers
the surface and discourages bacterial adhesion after
several cycles of detachment and redeposition.[41]

Furthermore, EPS expression can cover bacteria into a
capsule of polysaccharides, protecting the adhesins and
other bacterial surface features required to interact
with other surfaces,[42–44] and subsequently inhibiting
bacterial attachment, aggregation, and biofilm formation.

Considering all these data, our results could suggest
that the higher biofilm abundance produced on the
coated samples during the first 2 days was linked to
higher concentrations of oxygenated carbon groups,
higher oxidative stress, and subsequently higher EPS
production (Figure 11b). This could in fact cause the
formation of greater footprints at the surface of the
coatings and capsules around the detached bacteria dur-
ing the stage of biofilm dispersal. Then, these footprints
and capsules avoided bacterial attachment and biofilm
formation at subsequent cycles (Figure 11c). As a con-
sequence, the relative biofilm production decreased on

FIGURE 10 Relative biofilm production
for the coated polystyrene (PS) samples
during 7 days in comparison to uncoated PS
samples

FIGURE 11 Evolution of the interaction between the coatings and bacteria during incubation: (a) initial promotion of bacterial
attachment to the coatings through electrostatic attraction, (b) EPS overproduction during early biofilm formation due to the oxidative stress
induced by oxygenated carbon groups, and (c) inhibition of further bacterial attachment and biofilm formation by EPS footprints and
capsules. APTES, (3‐aminopropyl)triethoxysilane; EPS, extracellular polymeric substances; PS, polystyrene
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all coated samples after longer periods of incubation,
being <100% after 7 days.

This reasoning is supported when the biofilm pro-
ductions after 2 and 7 days of incubation are compared. It
seems that the considerably higher biofilm abundances
on samples S360 and S440 after 2 days (281.4 ± 13.8% and
284.1 ± 10.9%, respectively) in comparison with that of
sample S500 (209.1 ± 12.6%), led to lower biofilm abun-
dances after 7 days. Thus, whereas the biofilm abundance
after 7 days on sample S500 was 94.9 ± 10.1%, those on
samples S360 and S440 were reduced to 50.9 ± 12.2% and
65.2 ± 5.6%, respectively.

4 | CONCLUSIONS

PS substrates were coated by atmospheric pressure
plasma polymerization of APTES. Different coatings
were deposited using different plasma powers. The
morphology, roughness, surface chemistry, and wett-
ability of the coatings were analyzed, and their effect on
biofilm formation by P. aeruginosa PAO1 strain was
studied during 7 days of incubation.

A reduction of the P. aeruginosa biofilm formation was
observed on coated samples in long term. It could be sug-
gested that the initial EPS overproduction on the surface of
the coatings caused the inhibition of biofilm formation in
long term. The main cause of this behavior seems to be the
higher concentrations of oxygenated carbon groups on the
coatings, which induced higher levels of oxidative stress on
the bacteria in contact with them. As a response to this
higher oxidative stress, those bacteria produced higher
amounts of EPS during the first days of incubation. After-
ward, this could cause the formation of greater EPS foot-
prints on the surface of the coatings, and EPS capsules
around the detached bacteria, at the biofilm dispersal phase.
Thus, these footprints and capsules avoided further bacterial
attachment and biofilm formation at subsequent cycles.

Sample S360, which was coated with the lowest
plasma power (360W) that was used in this study,
showed the lowest relative biofilm production
(50.9 ± 12.2%) after 7 days of incubation.

APTES was used as the precursor for the coatings of this
study because, as the authors observed in previous work,
siloxanes are suitable for the deposition of resistant and
stable coatings.[23–25] Future research will aim to verify the
suitability of these coatings over other antibacterial ap-
proaches in terms of their adhesion, resistance to abrasion,
and stability in humid environments. Furthermore, to as-
certain the safety of these coatings, an evaluation of their
possible toxicity through lactate dehydrogenase leakage as-
says is planned for the upcoming stages of this research
project.
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