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a  b  s  t  r  a  c  t

Biofilm  Formation  is  a  survival  strategy  for  microorganisms  to  adapt  to their  environment.  Microbial  cells
in biofilm  become  tolerant  and  resistant  to antibiotics  and  immune  responses,  increasing  the difficulties
for  the  clinical  treatment  of microbial  infections.  The  surface  chemistry  and  the  micro/nano-topography
of solid  interfaces  play  a major  role  in mediating  microorganism  activity  and  adhesion.  The  effect  of the
surface chemical  composition  and  topography  on  the adhesion  and viability  of Pseudomonas  aeruginosa
was  studied.  Polymeric  (polyethylene  terephthalate)  surfaces  were  covered  with  a  conducting  polymer
(polyaniline,  PANI)  film  by  in-situ  polymerization  and  microstructured  by  Direct  Laser  Interference  Pat-
terning  (DLIP).  The  viability  of Pseudomonas  aeruginosa  on the  different  surfaces  was  investigated.  The
physicochemical  properties  of  the  surfaces  were  characterized  by  water  contact  angle  measurements,
scanning  electron  microscopy  and  atomic  force  microscopy.  Bacterial  biofilms  were  imaged  by  atomic
force  and scanning  electron  microscopies.  The  bacterial  viability  decreased  on  PANI  compared  with  the

substrate  (polyethylene  terephthalate)  and  it decreased  even  more  upon  micro-structuring  the  PANI
films.  In addition,  the  biofilm  reduction  could  be improved  using  polymers  with  different  chemical  com-
position  and/or  the  same  polymer  with  different  topographies.  Both  methods  presented  diminish  the
bacterial  attachment  and  biofilm  formation.  These  findings  present  a high  impact  related  to  materials  for
biomedical  engineer  applications  regarding  medical  devices,  as  prostheses  or  catheters.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The colonization by Pseudomonas aeruginosa on medical foreign
odies or indwelling devices is one of the main hospital-acquired
ssociated infections [1]. Moreover, this ubiquitous organism
auses nosocomial infections in immunocompromised patients [2].
t is accepted that microbial populations use cell attachment to
olid substrates to survive, forming structured communities called
iofilms. Biofilms are defined as a coherent cluster of bacterial cells
mbedded in a biopolymer matrix [3]. Biofilms of P. aeruginosa are
ormed from individual planktonic cells in a complex and highly
egulated developmental process. The process of infection caused
y bacteria on the biomaterials includes several steps: bacteria

dhesion, growth and multiplication, and then biofilm formation by

 thick layer of exopolysaccharide matrix secreted by the bacterial
ells. The bacteria living in biofilms persist and resist adverse envi-
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927-7765/© 2016 Elsevier B.V. All rights reserved.
ronmental conditions developing antimicrobials resistance. For this
reason, microbial biofilms on medical devices are extremely dif-
ficult to treat. Furthermore, bacterial infections are probably the
most common and challenging post-surgical complications affect-
ing biomedical implants [4]. In that sense, biofilm formation on
implanted surfaces is one of the major causes of implant failure
[5]. This microbe often causes persistent and chronic infections
in human patients who  have catheters, prostheses or other sim-
ilar devices and those with compromised immune systems [6,7].
The prevention of bacterial adhesion and biofilm formation on the
material surfaces is a major clinical importance topic. One crucial
step in biofilm development is the initial bacteria interaction with
the surfaces that can ultimately lead to colonization and infection
by pathogenic bacteria [8]. The surfaces bacterial attachment pre-
vention is critical for the reduction of infections associated with
indwelling biomedical devices. Nowadays, it is extremely impor-
tant to develop advanced multifunctional materials with improved

biocompatibility. While antibiotics and local biocides (e.g. silver
ions) can be used, those soluble agents could cause unwanted
effects in other organs of the patient. Therefore, it is important to
develop bioactive material surfaces, which inhibit not only bac-

dx.doi.org/10.1016/j.colsurfb.2016.11.014
http://www.sciencedirect.com/science/journal/09277765
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erial adhesion but also biofilm formation. PANI is a well-known
nherently conducting polymer which is insoluble in water. Recent
eports have been exploring the antimicrobial properties of PANI
n solution [9–12]. However, to the best of our knowledge, there
re not previous reports regarding the inhibitory capacity of PANI
lms. Another strategy to combat bacterial biofouling is to mod-

fy the surface topography limiting the ability of individual cells
o attach, colonize, and form biofilms [13]. The microtopography
nd architecture surface are important factors that could control
he bacterial attachment. It has been confirmed that the topog-
aphy modulates cellular functions at the cell-substrate interface
14]. Multiple research groups have demonstrated that micro and
ano-topographies significantly reduce bacterial biofilms [15,16].
his study proposes to evaluate the effect of the chemically differ-
nt substrates (PANI and PET) and the influence of the topography
odification on PANI surface related to the biofilms formation and

ell adhesion of P. aeruginosa.
In order to modify the topography of PANI, a laser ablation

echnique known as Direct Laser Interference Patterning (DLIP)
as employed [17]. DLIP is useful to fabricate surface periodic

tructures with the advantage that neither molds nor masks are
ecessary to obtain the final structure [18,19]. In DLIP, an interfer-
nce pattern is created by overlaying two or more coherent laser
eams, which can be transferred directly onto the material surface.
ue to the laser intensity at the interference maxima positions,
olymers, metals, ceramics, and coatings can be patterned [20]. The
tructuring procedure is made in air and is compatible with sterile
onditions.

In summary, the purpose of the present study is to investigate
he antimicrobial effects of polyethylene terephthalate films mod-
fied with polyaniline and micro-structured PANI by DLIP against
seudomonas aeruginosa. Based on the results, it is possible to con-
lude that bacterial adhesion was reduced on PANI films and it was
ven more reduced on micro-structured PANI films compared with
olyethylene terephthalate films. As a consequence, the new sur-

ace could be extremely useful to keep bacteria off medical devices.

. Materials and methods

.1. Synthesis of polyaniline films

Polyaniline (PANI) films were obtained by in-situ polymerization
f aniline onto polyethylene terephthalate (PET) [21]. Commercial
lms of PET were submerged in an aqueous solution containing
0 mM aniline. To initiate the polymerization, ammonium persul-
ate (APS) as an oxidant (50 mM)  was added. Film pieces were left to
eact 2 h at room temperature. The polymerized films were rinsed
horoughly with a solution 1 M of hydrochloric acid. Then, the films
ere washed with deionized water (DI), dried with air and stored

t room temperature. Finally, these films were sterilized overnight
nder UV light and using laminar flow.

.2. Direct laser interference patterning experiments (DLIP)

A high-power pulsed Nd:YAG (Brilliant B 10, Quantel) with a
avelength of 355 nm,  frequency of 10 Hz, and pulse duration of

0 ns was used for all interference experiments. A scheme of the
xperimental set-up was described in a preceding study [22]. The
aser beams are guided to overlap on the samples surface by using

ifferent optical elements including mirrors, beam splitters, and

enses. For all the experiments the sample was irradiated with only
ne laser pulse. Line-like patterns with c.a. 1 �m were fabricated
n all samples.
s B: Biointerfaces 150 (2017) 1–7

2.3. Contact angle measurements

The sessile drop method was employed to measure the static
contact angles with DI water on different films. The measurements
were carried out at 25 ◦C, using 2 �l of DI water deposited onto the
surface. A digital microscope (Intel Play QX3) with a 60 X objective
was used for photographing the drop image from the side while illu-
minated by a white LED light [23]. The images were analyzed using
Drop Analysis add-in from ImageJ® image processing software.

The snake based approach was  used to determinate the contact
angle value [24]. This method is suitable for a very wide range of
applications (e.g. non-axisymmetric drops, tilted drops, projected
drops). It is based on a cubic B-spline snake whose minimum-
curvature property allows a good description of drop contours with
a limited number of control points. At least five readings (n = 5) were
made on random parts of the films and the results informed are the
average of these measurements.

2.4. Bacterial culture

P. aeruginosa (strain ATCC 15692/PAO1) was  used as strain mod-
els in this study. The bacterial strains were streaked and grown
overnight under aerobic conditions (16 h) at 37 ◦C in Luria Broth
(LB) agar plates from frozen stock. One colony of each strain was
inoculated in 20 mL LB medium overnight at 37 ◦C with shaking.
This culture was  used as source for the experiments and it was
statically incubated and reduced to a final density of 1 × 106 CFU/mL
determined by comparing the OD600 of the sample with a standard
curve relating OD600 to cell number.

2.5. Quantification of biofilm formation by crystal violet staining

Biofilms were assayed by crystal violet staining [25]. Samples
were sterilized under UV light overnight. The control film (PET), the
PET film functionalized with polyaniline (PET-PANI) and the micro-
structured PET film functionalized with polyaniline (PET-PANI-M)
were put into 96 well plates, and 100 �l of 1 × 106 CFU/mL floating
bacterial suspension was  added to each well as previous authors
had employed [26–29]. The microtiter-plate tests were incubated
aerobically for 24 h at 37 ◦C. After that, the bacterial biofilms were
evaluated by crystal violet staining. For this purpose, the floating
bacterial suspension in the wells was  removed. Then, the suspen-
sion was rinsed gently several times with PBS (phosphate buffer
solution) to remove the non-adherent bacteria. The samples were
stained with crystal violet dye (0.1% w/v), incubated at room tem-
perature for 10–15 min, and rinsed repeatedly again with water.
The wells were air-dried and the crystal violet retained in each
well was solubilized by adding 33% acetic acid. The solutions in
acetic acid were transferred to new 96-well plates. The crystal vio-
let absorption (optical density at 595 nm,  OD 595) was monitored
using a microtiter plate reader (Bio-Rad), These OD 595 values were
considered as an index of bacteria adhering to the surface and
forming biofilms. Five independent experiments were performed
in triplicatesand the data was  then averaged and the standard devi-
ation was  calculated.

2.6. Determination of the number of viable adhered cells

The three tested surfaces (PET, PET-PANI, and PET-PANI-M films)
were gently rinsed with 1 mL  of physiological saline solution (0.85 g
of NaCl in 100 mL  of DI water) to remove any non-adherent P.
aeruginosa cells. The samples were vigorously rinsed with 1 mL of

the same solution to remove all the adhered bacteria and were vor-
texed for 10 min. After preparation of serial dilutions, the bacterial
counts were determined by plating on LB agar incubated at 37 ◦C
for 24 h. Five independent experiments were carried out in tripli-
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Table 1
Water contact angle values (WCA) of PANI, PET-PANI and PET-PANI-M.

Surface WCA

PET 72◦ ± 1.1
PET-PANI 84◦ ± 3.0
PET-PANI-M 101◦ ± 1.0

Fig. 1. Quantification of Biofilm formation on PET, PET-PANI and PET-PANI-M films
L.A. Gallarato et al. / Colloids and S

ate. A total viable count was performed for each surface and the
otal CFUs average determined using LB agar plates.

.7. Determination of the dead and live cells

The live/dead bacteria was evaluated using a Live/Dead®

aclightTM bacterial viability kit (Life Technologies, Carlsbad, CA,
SA). Bacteria viability tests for PET, PET-PANI, and PET-PANI-M
lms were performed. The films were incubated with Pseudomonas
eruginosa cells (1 × 106) in physiological saline solution for 48 h
t 37 ◦C to study the possible effect of the re-colonization. The
ncubation time employed was 48 h at the same mentioned tem-
erature. Then, the samples were washed three times with 0.9%
aCl to remove any non-adherent P. aeruginosa cells, and stain-

ng according to the manufacturer specifications. Cells were finally
xamined under fluorescence microscopy (Nikon Eclipse 50i). The
ight microscopy system was additionally equipped with filters to
cquire epifluorescence images of the live (green fluorescent) and
ead (red fluorescent) cells. The viability of the bacteria was  deter-
ined as the ratio between the viable and the total number of

acteria. The informed percentage of live and dead cells was  cal-
ulated based on the average of three independent experiments
sing ImageJ® software, employing at least five microscope fields

or every sample.

.8. Bacterial observation by scanning electron microscopy (SEM)
nd atomic force microscopy (AFM)

The bacterial attachment to PET-PANI and PET-PANI-M was  ana-
yzed using different microscopic techniques including SEM and
FM. Bacteria were harvested and fixed in 2% glutaraldehyde and
putter-coated with gold according to standard procedures [30].
he SEM images were obtained with a Philips XL Feg 30 SEM oper-
ted at 2–5 kV accelerating tension.

The films with adherent bacterial cells were fixed with 2% glu-
araldehyde for 1 h. Then the films were rinsed three times with
ater to remove the residual glutaraldehyde solution before were

bserved by AFM. The atomic force microscopy measurements
ere made with an Agilent 5420 AFM/STM microscope. A commer-

ial Point Probe® Plus Contact/Tapping Mode with a force constant
f 6 N m−1, 156 Hz was used in non-contact mode.

.9. Statistical analysis

All results were expressed as the mean values ± standard devi-
tion (SD). The statistical analysis was carried out on different
amples using one-way analysis of variance (ANOVA) followed by
ost hoc statistical tests, using the Tukey test for each pair of com-
ared groups (p < 0.05 was considered significant).

. Results and discussion

.1. Contact angle measurements

Evaluation of surface hydrophobicity was performed by mea-
uring the contact angle of water with the surfaces. The water
rops contact angle values for the base material (PET), the mate-
ial modified with PANI (PET-PANI) and the microstructured PANI
n PET (PET-PANI-M) are shown in Table 1. The measured contact
ngle for commercial PET film was 72◦ ± 1.1◦ which was simi-
ar to that reported by Inagaki et al. (73◦) [31]. The measured
ontact angle of PANI is 84◦ ± 3.0◦· Stetjal et al. and Shishkanova

t al. have reported a water contact angle for PANI of 82◦ [32,33].
he value indicates that PANI is more hydrophobic than PET. The
ontact angle of microstructured PANI is 101◦ ± 1.0◦. The PET-
ANI-M surface showed and increased apparent hydrophilicity.
after 24 h of growth by OD595. The data are the average of five independent exper-
iments performed in triplicate, and the standard deviation is shown. Error bars
represent mean ± SD,* p < 0.05 and ** p < 0.01.

Previous studies on the wettability of surfaces treated with laser
show variations in the contact angle values [34,35]. Hans et al.
have demonstrated changes in the wetting properties of surfaces
induced by the microstructuring using DLIP [35]. These authors
established that the microstructuring of a polyimide surface by DLIP
could increase the contact angle from 68◦ up to 110◦ [35]. The PET-
PANI-M surface follows the same behavior that polyimide and do
not follow Wenzel model [36]. This law predicts a hydrophilicity
rise (lower contact angle) when the surface roughness increase for
an initially hydrophilic material. The increase of the contact angle
with the rising surface roughness is contemplated by the Cassie
and Baxter wetting model [37]. However, this theory is applied to
surfaces with contact angle < 90◦. In that sense, not only surface
energy and average roughness seem to be the main parameters,
other parameters should be taking into account such as pattern
periodicity, geometrical form of the structures, etc. [35]. The results
obtained for PET-PANI-M clearly demonstrate that the structure
increases the contact angle regardless of its initial hydrophilic char-
acter, suggesting the presence of trapped air pockets according to
Cassie and Baxter model.

Table 1 Water contact angle values (WCA) of PANI, PET-PANI
and PET-PANI-M

3.2. Quantification of biofilm formation by crystal violet staining

The quantification of the biofilm formation by crystal violet
staining is presented in Fig. 1. The P. aeruginosa on PET films show a
strong biofilm formation with an optical density average measured
at 595 nm (OD 595) of 0.380 ± 0.042. When the PET is modified by
PANI the OD 595 value is 0.183 ± 0.022 and the same film topo-
logically modified by DLIP shows fewer biofilms formation with an

OD 595 value of 0.133 ± 0.022. The results show significant reduc-
tions in biofilm formation (c.a. 52%) when PET and PET-PANI films
are compared. Besides, by comparison of biofilms formation of PET
and PET-PANI-M films, it is possible to conclude that the reduction



4 L.A. Gallarato et al. / Colloids and Surface

Table 2
Bacteria viable cells quantity grown for 24 h (CFU/mL), bacterial adhesion reduction
ratio (LAR), adhesion reduction percentage (% Rad), and adhesion percentage (% Ad)
on different films.

Surface CFU/mL Log CFU/mL LAR % Rad % Ad
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PET 1.78 × 10 8.24 0 0 100
PET-PANI 4.54 × 107 7.65 0.59 74.30 25.70
PET-PANI-M 4.45 × 106 6.65 1.59 97.43 2.52

n biofilm formation due to PANI coverage and microstructuring
eaches 64%. This evidence suggests that PANI is the major biofilm
nhibition agent and a synergistic effect is generated by the micro-
tructuration of PANI surface.

.3. Bacterial adhesion and growth

In order to determinate the viable cells quantity; bacteria were
ounted after different dilutions and incubated on LB Agar at 37 ◦C
or 24 h. The developed colonies were counted and converted to
olony forming unit per milliliter (CFU/mL). The informed CFU/mL
alues are the average of five measurements of three independent
xperiments.

In this work, the adhesion reduction between two different films
PET and PET-PANI or PET-PANI-M) is quantified using the bacterial
dhesion reduction ratio (LAR) following Eq. (1) [38].

AR = log

[(
CFU
mL

)
PET(

CFU
mL

)
OF

]
(1)

here (CFU/mL)PET is the bacteria colony forming unit value
er milliliter on PET, (CFU/mL)OF is the bacteria colony form-

ng unit value per milliliter on the modified polymers (PET-PANI
r PET-PANI-M). Also, the adhesion reduction percentage (%Rad)
etween the control film (PET) and the modified films (PET-PANI
r PET-PANI-M) are expressed in percentage logarithm and it was
alculated using Eq. (2).

Rad =
(

1 − 10−LAR) x100 (2)

As it can be seen, after 24 h incubation, P. aeruginosa cells are
ble to colonize all the surfaces exposed, PET, PET-PANI and PET-
ANI-M films. However, the results show that gram-negative P.
eruginosa growth is reduced in a 74.3%; from 8.24 Log CFU/mL
n PET to 7.65 Log CFU/mL on PET-PANI suggesting a chemical-

nduced effect. While a decreases of 23.13%, from 7.65 Log CFU/mL
o 6.65 Log CFU/mL, is observed when PET-PANI are compared with
ET-PANI-M films suggesting, in this case, a topographical-induced
ffect (see Table 2). A synergistic effect can be observed when the
og CFU/mL PET value (8.24) is compared with Log CFU/mL PET-
ANI-M value (6.65). The results demonstrate that the PET surface
odified by covering with a PANI film which is microstructured

y DLIP show a reduction of adhesion of 97.43% due to chemical
nd topographic effects. The percentage of adhesion (% Ad) can
e defined as the percentage of the adhering cells on PET-PANI or
ET-PANI-M related to those adhering on PET control film. It was
stimated using Eq. (3).

Ad = 100 − %Rad (3)

The results show a% Ad is of 25.70% for PET-PANI and only 2.52%
n PET-PANI-M. A clear inhibition of surface bacterial growth is
bserved as can be seen in Table 2. In that sense, on PET-PANI sur-
ace, the adhesion of the living bacteria is diminished by one order
f magnitude (in CFU/mL). On PET-PANI-M this reduction value

eaches 1.59 order of magnitude (in CFU/mL). PET-PANI surface
ignificantly decreases the attachment and growth of the gram-
egative species P. aeruginosa after 1 day of culture compared with
ET surfaces.
s B: Biointerfaces 150 (2017) 1–7

Table 2 Bacteria viable cells quantity grown for 24 hs (CFU/mL),
bacterial adhesion reduction ratio (LAR), adhesion reduction per-
centage (% Rad) and adhesion percentage (% Ad), on different films.

The quantification of the live and dead cells in the samples
was also studied by fluorescent-based cell live/dead test. The live
and dead bacterial cells were subsequently conducted to visually
demonstrate cell integrity disruption on the different surfaces cul-
tivated with P. aeruginosa as model bacteria for 48 h at 37 ◦C, see
Fig. 2.

The number of live cells on PET films, 80 ± 1.5%, is higher than
the dead cells (Fig. 2a–c). The test results for the surface modi-
fied with PANI show that the percentage of the live cells decreases
44 ± 1% compared with PET film. Moreover, the live cells percent-
age (45 ± 2%) is lower that the dead ones (54 ± 2%) in the same
film. The analysis of the PANI-PET-M images, Fig. 2d–f, show that
the live cells adhered percentage is lower than the other surfaces
(35 ± 1%); and the dead cell percentage (63 ± 2%) is higer that on
PET and PET-PANI. The experiments carried out during 48 h present
the same tendency that the adhesion results obtained using violet
crystal and allow to conclude that the bacateria can not re-cololize
the surface. The results of this study are in agreement with the
percentage of the adhered cells, the quantication of the cell in the
images shows an adhesion reduction of 50% and 60% for PET-PANI
and PET-PANI-M. Therefore, it is possible to conclude that bacterial
viability and adhesion are reduced on the PET-PANI and strongly
reduced on PET-PANI-M compared to PET surface.

3.4. Bacterial observation by SEM and AFM

In Fig. 3a is shown the SEM micrograph of a microstructured
PANI film on PET. As it can be seen in the image, the topography
generated using DLIP on PANI is highly uniform. The technique pro-
duces regular patterning lines on the surface with a period of c.a.
1 �m and a height of c.a. 220 nm (Fig. 3b). Lines area easy to pattern-
ing using DLIP with only two beams. Additionally, the presence of
trenches between lines allows to see if 2D anisotropy of the surface
affects the shape of the bacteria and/or bacterial clusters.

The analysis of SEM (Fig. 4a–c) and AFM (Fig. 4d–f) images reveal
different attachment responses of P. aeruginosa grown (for 24 h) on
the tested substrates. P. aeruginosa on a PET (Fig. 4a and d) and
PET-PANI (Fig. 4b and e) surface are random and isotropically dis-
tributed. The images shown in Fig. 4c and f reveal that the majority
of the attached cells to PET-PANI-M are oriented parallel to the
direction of channels. Moreover, it can be seen that the bacteria
are preferably attached inside the channels between the DLIP gen-
erated ridges (Fig. 4c and f). The results presented in this study
suggest that bacterial cells, grown for 24 h, are able to differenti-
ate upper and lower areas in spatially organized microtopographic
surface structures. It is proposed that such preferred cell orienta-
tion reflects the influence of the microscale structure. It is known
that, abundant production of extracellular polymeric substances
(EPS) is generated by bacteria in order to form the biofilm [39].
This behavior is an overall phenomenon that can control natural
biofilm organization at the cellular level. When the bacteria grow in
the topographically modified films there are mostly separated and
it can not generate compact biofilms in the first stage of growth. It
is likely that different cells cannot build an extracellular film trough
the PANI ridges and remain isolated inside the channels. Further, it
is clear that surface topography enhance the effect produced by the
chemical modification on bacterial biofilm inhibition. The results
showed that bacteria attachment on the two kinds of PANI sur-
faces is quite different. In summary, taking into account the results

obtained at 24 h (Fig. 4c and f) it is possible to conclude that the
cells in the first stage of growth are aligned with the patterns but
at longer time of incubation (48 h, Fig. 2g–i), the bacteria do not
present a preferencial orientation on the microstructured surface.
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nterpretation of the references to colour in this figure legend, the reader is referred

his behavior could explain the adhesion and biofilm formation
isminusion related to unmodified PANI film.

It has been shown that mouse mammary adenocarcinoma cells
row aligned to the direction of the patterns [40]. Here, the size of
he bacterial cells allows for the formation of aligned rows of cells

nside the trenches made by DLIP in the PANI film in the first stage
f growth. In that sense, the findings regarding the surface archi-
ecture impact on the bacteria attachment are noteworthy. The

Fig. 3. a) Scanning electron microscopy micrographs of the PET-PANI-M 
scent) cells grown for 48 h on a–c) PET, d–f) PET-PANI and g–i) PET-PANI-M. (For
e web version of this article.)

present results confirm that it is possible to control the cell attach-
ment not only for eukaryotic but also prokaryotic cells by tuning
the surface topography and morphology through microstructure.

It has been found that PANI shows antibacterial properties
[41,42]. The inhibition of bacterial growth obtained in the presen

study also suggests that PANI has antibacterial properties through
the inhibition on P. aeruginosa attachment and growth. Many
strategies have been proposed to develop antibacterial surfaces

film; b) Profile of the PET-PANI-M surface extracted by AFM image.
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ased on the physicochemical parameters of the surface, modify-
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r hydrophobic [3,43–45]. Some of them are based on physical
roprieties surface topography modification, generating micro or
ano-structured surfaces [46–48]. The outcomes of this study are in
greement with these reports, thus confirming the hypothesis that
urface morphology and topography strongly influence the bac-
erial attachment degree to surfaces. As it can be seen in Fig. 4 c
nd f, the appearance of the P. aeruginosa bacteria grown on PET-
ANI-M shows a spherical shape. This behavior has been observed

n other studies [49–51]. The authors showed that the change in
. fluorescens morphology was expressed when the microorganism
re cultivated on structured surface [49]. The researchers demon-
trate that the bacteria acts in response to the topography since
hey chose a preferential direction, changed their morphology and

odified the production of exopolysaccharide under these condi-
ions [50]. Moreover, Monahan et al. attributed the behavior to a
trategy of the cell to survive when the microorganism is exposed
o stress conditions [51].

In conclusion, the described results suggest that PANI inhibits
he adhesion and growth of P. aeruginosa on surfaces, diminishing
he biofilm formation. It was also shown that topographic changes
ynergically increase the inhibition of bacterial adhesion producing
n overall antibacterial effect.

. Conclusions

Bacterial adhesion and biofilm formation are remarkable con-
epts in medicine. It has been established that the main problem
ith infections caused by biofilms is the increased antibiotic resis-

ance. In this work, it is demonstrated a simple method to change
he chemical composition of PET surfaces (or other polymers) using
n-situ polymerization of aniline. In that sense, the surfaces chem-
cal modification with PANI produces strongly inhibition of the
acterial adhesion (more than 70%) and biofilms formation (more

han 50%). Moreover, it is shown that microstructuring PANI by
n easy to use technique (DLIP) synergically increases the PANI
urface antimicrobial ability, decreasing the bacterial adhesion by
.a. 97.5% and the biofilm formation by c.a. 65%. A synergistic
 for 24 h) on a) PET, b) PET-PANI film; c) PET-PANI-M scale bar 10 �m;  and Atomic
I and f) PET-PANI-M.

effect it is certainly demonstrated due to chemical and topological
effects made onto PET control film; confirming that cellular inter-
actions with surfaces are governed by multiple factors (chemistry,
charge, mechanical properties, and topography). Also, it is shown
that prokaryotic cells selectively grow inside PANI surface channels
made by DLIP of PANI films in the first stage of growth. Finally, it
is possible to conclude that the reduction biofilm-forming bacteria
could be improved using polymers with different chemical compo-
sition and/or the same polymer with different topographies. These
findings could be applied in biomedical engineering for the inhibi-
tion of bacterial infection due to medical devices, like prostheses
or catheters.
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