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Abstract Chitosan is an exciting alternative for the
development of coating-surfaces due to its large action
spectrum against pathogenic microorganisms. How-
ever, to produce a stable coating with effective
antibacterial action, a compromise between deacetyla-
tion degree (DD) and molecular weight (MW) is
essential. Four chitosan samples were characterized
regarding Mw and DD and correlated with the
minimum and bactericide concentrations against
E. coli, P. aeruginosa, and S. aureus. CHI80MW
(79.7% DD and 7.0 9 105 Da) showed the best
antibacterial effect and was selected to functionalize
polytetrafluoroethylene (PTFE) surfaces by plasma.
CHI80MW was grafted onto the PTFE surfaces using
two different spacer molecules: poly(ethylene glycol)
bis (carboxymethyl) ether (PEG) and poly(ethylene-
alt-maleic anhydride) (PA). PTFE-Plasma-PA-
CHI80MW exhibited a coating with more attached
chitosan and better antibacterial action if compared to

PTFE-Plasma-PEG-CHI80MW: after 8 h, PTFE-Plas-
ma-PEG-CHI80MW presented a bacterial reduction of
25-30% for the three bacterial strains, and PTFE-
Plasma-PA-CHI80MW reduced them to 77-90%.
Moreover, cytotoxicity tests showed that PTFE-Plas-
ma-PA-CHI80MW samples were compatible with hu-
man fibroblasts.
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Introduction

Despite the considerable progress in the treatment of
microbial infections in healthcare environments, bac-
terial contaminations still cause serious concerns.
Nosocomial infections or health-care-associated infec-
tions (HAIs) are usually contracted in hospital envi-
ronments and can lead to severe socio-economic
problems.1–3 HAIs can lead to implant rejection,
disease transmission, and they are the primary cause
of morbidity and mortality, as well as a significant
financial burden.4 This issue is particularly relevant
when considering the surface of a biomedical device
that must be implanted or used in direct contact with
human body tissues, such as cardiovascular stents,
urinary stents, contact lens, pin, and screw for the bone
fixation, etc.1–3 The contamination of biomedical
devices and surgical tools is considered a significant
issue in medical interventions and, consequently, the
healthcare environment. In most cases (about 90%) of
microbial contamination, the microorganisms are bac-
teria that can adapt to different conditions, colonize
the material surface, and form a resistant biofilm.

Different approaches can be employed to overcome
the infection problem, such as altering the surface of
the medical device in a way that bacterial growth on
the surface material and the host tissue is inhibited.
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Three strategies are often used: antibacterial agent
release coatings, antiadhesive surfaces, and contact-
killing surfaces. This goal is achieved, making the
surface unfavorable for bacterial growth, which can
contribute to decreasing both the antimicrobial resis-
tance and contamination in these devices.4

Plasma is a fast and versatile technology that offers
several advantages since the technique allows surface
modification without changing the inherent properties
of the material (bulk properties). Moreover, this
technique is eco-friendly and has an excellent indus-
trial importance in modifying polymer surfaces. It can
perform in many different ways without replacing the
whole plasma system, for example, simple replacing
gas, or allowing different applications because of the
tunable properties of the surfaces.5,6 One of the main
challenges of achieving ‘‘smart’’ materials is increasing
surface adhesion in order to obtain a durable coating.
In order to avoid the short durability of the coating, the
interfacial interactions between the material surface
and the coating could be effectively improved by the
introduction of new chemical groups to the substrate
surface, followed by the grafting.

Chitosan is an exciting alternative for the develop-
ment of new products, bio-product from sea companies
with low-cost, high availability, purity, biocompatibil-
ity, with a weak inflammatory response capable of
interacting with cells and inhibit the action of microor-
ganisms.7–10 The primary mechanism proposed for
antimicrobial activity is based on the interactions
between the microbial cell wall and the cationic groups
present in the polymer’s structure, which increases the
permeability of the negatively charged cell membrane,
causing its disruption and release of intracellular
compounds. In this regard, this study aimed to evaluate
different types of chitosan to develop a nontoxic and
antibacterial chitosan-based coating using a plasma
grafting technique for applications in the medical
devices field. In that sense, four chitosan samples were
initially characterized about their degree of deacetyla-
tion (DD) and molecular weight (MW) and, biologi-
cally, about their minimal inhibitory concentration
(MIC) and minimal bactericidal concentration (MBC).
These results indicated the potential chitosan sample
with the best balance of properties to produce chitosan
coatings. As polytetrafluoroethylene (PTFE) is widely
used as a material for prosthetic devices,6 flat samples
of PTFE were used as substrates. In that sense, plasma
surface treatment was employed to functionalize PTFE
surface with NH2 groups. Moreover, according to our
previous studies,6 the use of the spacer molecules
provides uniform coats to insert new chemical groups
into PTFE substrates. That is why two different anchor
molecules, poly(ethylene glycol) bis (carboxymethyl)
ether (PEG) and poly(ethylene-alt-maleic anhydride)
(PA) were used to produce a chitosan coating which
remains covalently adherent to the PTFE surface,
which has a long-lasting antibacterial action, and which
is not cytotoxic.

Materials and methods

Materials

Chemicals

Four chitosan samples (CHI80LW–80% DD and low
molecular weight, CHI75IW–75% DD and intermedi-
ate molecular weight, CHI85I–85% DD and interme-
diate molecular weight and, CHI80MW–80% DD and
medium molecular weight) and fluorescein isothio-
cyanate isomer I (FIT) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Acetic acid, poly(-
ethylene glycol) bis (carboxymethyl) ether (PEG; Mw

= 600 Da), poly(ethylene-alt-maleic anhydride) (PA;
Mw = 100-500 kDa), buffer 2-(N-morpholino)ethane-
sulfonic acid hydrate (MES), and N-(3-dimethyl
aminopropyl)-N’-ethyl carboidiimide hydrochloride
(EDAC) were obtained from Sigma-Aldrich (Oakville,
ON, Canada). All reagents were analytical grade and
were used without further purification and solutions
were prepared using Milli-Q� water. Polytetrafluo-
roethylene (PTFE) films (Goodfellow, Mississauga,
ON, Canada) with a thickness of 250 lm were used as
substrate.

Biologicals

MICROORGANISMS: For the bacterial tests, the
microorganisms Escherichia coli (ATCC 11229),
Pseudomonas aeruginosa (ATCC 27853), and
Staphylococcus aureus (ATCC 25923) were purchased
from the Collection of Cultures of Laboratório de
Microbiologia Ambiental (LAMAB) at the Federal
University of Ceara (Fortaleza, Brazil). Broth and agar
Mueller-Hinton (MH) medium were purchased from
Medix (Chicago, IL, USA).

CELLS: Human Dermal Fibroblasts (HDF) such as
primary neonatal fibroblasts from human skin (ATCC,
Manassas, VA, USA) were selected for a cytotoxicity
screening. Fetal bovine serum (FBS), penicillin/
streptomycin, glucose, NaHCO3, and HEPES used in
Dulbecco’s modified Eagle’s (DMEM) medium, were
purchased from Sigma-Aldrich (St. Louis, MO, USA)
and, 4’,6-diamidino-2-phenylindole DAPI was
purchased from Molecular Probes (Eugene, OR,
USA).

Methods

Physicochemical and microbiological characterization:
chitosan powder samples

DEACETYLATION DEGREE (DD): Nuclear magnetic
resonance spectroscopy (1H NMR) was employed to
determine the chitosan DDs. Chitosan solutions
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(CHI80LW, CHI75IW, CHI85IW, and CHI80MW)
with a concentration of 25 mg/mL were prepared in
D2O/DCl (0.96:0.04; v/v). NMR spectra were recorded
on a Bruker AC 300/P spectrometer (Bremen,
Germany) at 70�C. The peaks were integrated using
the Topspin software (Bruker Inc. Bremen, Germany)
and equation (1) was used to obtain the relative
percentage of DD for each sample, according to the
procedure described by Lavertu and co-workers.11

DD %ð Þ ¼ H1D

H1Dþ HAc
3

" #
� 100 ð1Þ

where H1D is deacetylated monomer and HAc is
acetyl groups.

MOLECULAR WEIGHT (MW): The molecular weight of
chitosan samples was determined by size exclusion
chromatography (SEC) employing a Viscotek
Chromatographic System (Houston, TX, USA)
containing a column SB806M HQ (Shodex Pak,
Milford, MA, USA), with refractometer and RALS
detectors. The mobile phase used was acetic acid 0.33
mol/L set up at pH = 3.9 ± 0.2 with NaOH 0.1 mol/L
and at a flow rate of 0.8 mL/min at 40ºC. For analysis,
chitosan samples were dissolved in the mobile phase (2
mg/mL) with subsequent filtration of the mixture
through a syringe filter with a pore diameter of 0.22
lm (Merck Millipore, Burlington, MA, USA). The
calibration of the column was done indirectly using
Dextran (Malvern PANanalytical Products,
Westborough, MA, USA) standards with a molecular
weight between 103–106 Da.

DETERMINATION OF MINIMAL INHIBITORY CONCENTRATION

(MIC) AND MINIMAL BACTERICIDAL CONCENTRATION

(MBC) FOR CHITOSAN POWDERS IN AQUEOUS

SOLUTION: Minimal inhibitory concentrations (MICs)
and minimum bactericidal concentrations (MBCs)
were performed by the broth microdilution method
in Mueller-Hinton broth (MHB), following the
guidelines of the Clinical and Laboratory Standards
Institute CLSI.12 Standard inocula of Escherichia coli,
Pseudomonas aeruginosa, and Staphylococcus aureus
were prepared in Mueller-Hinton (MH) broth and
cultivated until the log phase with a concentration of
19108 colony-forming unit (CFU)/mL (0.5
McFarland). Serial dilutions were performed to
obtain bacterial solutions with different
concentrations (starting from 2,048 lg/mL).
Microdilutions were performed using £ 10 lL of
inocula in 0.1 mL of antibacterial agent solution
[chitosan aqueous solution with different
concentrations (w/w), were prepared in acetic acid
1% (v/v). These solutions were stirred at room
temperature for 24 h]. Acetic acid 1 % (v/v) was
used as a negative control and MH broth as a positive
control. The plates were incubated at 37±2ºC for 24 h.

Functionalization and coating of PTFE substrates
with chitosan

PREPARATION AND FUNCTIONALIZATION OF PTFE

SUBSTRATES: PTFE films were cut with a dimension
of 3 cm 9 3 cm. Samples were cleaned in acetone
(‡99.5%), water (100%), and methanol (‡99.5%) in
ultrasonic baths for 10 min in each solution, then dried
with particle-free compressed air before use. PTFE was
used in this study because it is a wide polymer used in
the biomedical field.

PLASMA TREATMENT AND GRAFTING OF SPACER

MOLECULES: An atmospheric plasma equipped with a
conventional parallel-plate dielectric barrier discharge
(DBD) reactor on the grounded electrode was used.
Gas flow (95% N2 + 5% H2) at 5 L/min was introduced
directly between the electrodes through a diffuser. The
frequency, applied voltage, gas gap, and treatment time
were kept constant (3 kHz, 10 kV, 1 mm, and 45 s).
After plasma treatment, the grafting process of spacer
molecules (PA and PEG) was performed according to
Vaz et al.6 PTFE films were immersed in acetone and
0.3 g/mL of PA was added three times at 0, 20, and 40
min. After 1 h of reaction, the films were washed three
times with acetone (‡99.5%), air-dried, and stored
under vacuum before use. For PEG grafting, PTFE
films treated by plasma were immersed in 0.1 g/mL
PEG solution (pH 4.75, MES buffer), previously
activated with EDAC (3 mg/mL every 10 min for
three times, the reaction was complete after 30 min).
After 1 h of reaction, the films were washed three times
with MES buffer, five times with deionized water, and
then dried and stored under vacuum before use.

PREPARATION OF CHITOSAN SOLUTIONS AND GRAFTING ON

PTFE SURFACES:

• Chitosan (CHI80MW) solution: 2% (w/w) chitosan
solution was prepared by dissolving 2 g of chitosan
in 97 mL of distilled water, followed by addition of
3 mL of acetic acid (‡99%), and stirred at room
temperature for 24 h.

• Chitosan marker (FITCHI80MW) solution: to eval-
uate the homogeneity of chitosan coating on the
PTFE surfaces obtained by grafting with different
spacers (PEG and PA), chitosan sample was syn-
thesized with a fluorescein isothiocyanate isomer I
(FIT) marker as described.13 Briefly, 100 mL of a 1
g/L FIT in methanol solution (‡99.5%), was added
to 100 mL of chitosan (1% w/v) dissolved in 0.1
acetic acid solution. The reaction was carried out
for 3 h protected from light at 25�C. The pH of the
solution was gradually increased to 10 to cause the
precipitation of the modified chitosan. The unat-
tached FIT and methanol residues were washed
with water and separated (10000 rpm) until no
fluorescence traces were detected in the super-
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natant. The chitosan pellet was then frozen and
lyophilized for 48 h. The lyophilized FITCHI80MW
was dissolved in an aqueous acetic acid solution
(1% v/v) to reach a final polymer concentration of
2% (w/w) and covalently grafted on PTFE surfaces
pre-functionalized by plasma and containing PEG
or PA spacers.

• Grafting of chitosan solutions on pre-treated PTFE
surfaces: plasma-treated PTFE films grafted with
PEG and PA were immersed in CHI80MW and
FTICHI80MW chitosan solutions, as previously
described, at room temperature for 3 h and under
stirring in a rotary device. The samples were then
washed five times with ultrapure water and then
dried and kept under a vacuum.

Surface characterization

EVALUATION OF THE CHITOSAN COATINGS GRAFTED WITH

PEG AND PA SPACERS ON THE PTFE SURFACES: To
evaluate the chitosan coating covalently linked with
PEG and PA, the photoluminescence of chitosan
marker (FTIC) samples was performed. It was
excited by the focused 488 nm (2.54 eV) line of an
Ar+ laser at 5 mW. The emitted light was collected
with f/1 optics, filtered, dispersed in a 0.25 m
spectrograph, and detected in a cooled thinned back-
illuminated 1340 9 100 pixels Si CCD.
Photoluminescence was measured in triplicate for
each spacer with the samples at room temperature.14

Biological assays

ANTIBACTERIAL TESTS: BACTERIAL ADHESION: Bacterial
adhesion assays were performed based on the work of
Hernandez-Montelongo and coworkers.13 PTFE
samples (nontreated and coated with chitosan) were
incubated in triplicate in an oven with air circulation at
37�C. After 4 h and 8 h, the culture medium was
removed to stop growth. The samples were washed
extensively with water to remove traces of the culture
medium as well as poorly adhered bacteria on the
surface of the sample. To count the microorganisms,
present on the surface of the PTFE film, the samples
were sonicated in phosphate-buffered saline (PBS) for
10 min to enable the bacteria to detach from the
substrate to the buffer solution. From 0.1 mL of this
solution, serial dilutions were made in 1:9 (v/v) PBS.
Aliquots of 0.1 mL at dilutions were plated on agar
Muller Hinton. After 24 h of incubation at 37�C in a
forced circulation air oven, the number of bacterial
colonies was counted, and the result, after
multiplication by dilution factor, was expressed in
colony-forming units per cm2 of the sample (CFU/
cm2).

CELL BEHAVIOR: Primary neonatal fibroblasts from
human skin were selected for a cytotoxicity screening.
Cells were cultured with Dulbecco’s modified Eagle’s
(DMEM) medium, containing 10% fetal bovine serum
(FBS), 1% penicillin/streptomycin, 4500 mg/L glucose,
3.7 g/L NaHCO3, and 15 mM HEPES. The cultures
were kept at a temperature of 37�C in a humidified 5%
CO2 atmosphere and were routinely passaged at
preconfluency using 0.25% trypsin and 0.01% EDTA
(Invitrogen, Waltham, USA). Samples were sterilized
through exposure to UV-C light for 15 min per side.15

VIABILITY ASSAY: The indirect in vitro toxicity was
assessed by exposing human dermal fibroblasts (HDFs)
to degradation products of the films and subsequently
determining their cell metabolic function by using 3-
(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazo-lium
bromide (MTT) tetrazolium salt. An extract media was
obtained by immersing each film in a culture medium
(24 h, 37ºC, 5% CO2) at a ratio of 1 mL per 6 cm2 area
of dry material, as preconized by EN ISO 10993:12.
Concomitantly, HDFs were seeded into a 96-well plate
with a density of 69103 cells/cm2 and cultured for 24 h
to attain cell adhesion. After this, cells were washed
once with PBS and covered with 100% extract
solutions for 24 h, remaining under an appropriate
atmosphere. Cultures exposed to the standard culture
medium were used as a negative control, and those
exposed to 1% (v/v) Triton-X100 (Sigma-Aldrich) in
PBS for 5 min were used as a positive control of
toxicity. Posteriori, the cells were washed twice with
PBS, and then an MTT (Sigma-Aldrich) solution (0.5
mg/mL in standard medium) was added and remained
in contact for 4 h (37�C and 5% CO2). After this, the
medium was carefully removed and the formazan
crystals were dissolved in dimethyl sulfoxide. The
absorbance was read at 570 nm using a
spectrophotometer SpectraMax Microplate Reader
(Molecular Devices, San Jose, USA). Absorbance of
the negative control was used as 100% viability. As a
complement, both optical and fluorescence
microscopies were performed. After 24 h of
treatment, the cells were washed once with PBS and
were fixed with 4% paraformaldehyde in PBS (2-8ºC,
10 min). The cells then received 0.1% Triton-X100
(Sigma-Aldrich) in PBS for 30 min, working as a
permeabilization buffer. The cytoskeleton (F-actin)
marking was performed using Phalloidin-FITC
fluorescein isothiocyanate (Invitrogen) for 40 min, at
2-8ºC, in a light-free environment. Fluorescence
micrographs (9200 magnification) were captured
using a BX-50 (Olympus, Tokyo, Japan) microscope
coupled with a 460-490 nm band-pass excitation filter.16

CELL ADHESION: A direct contact assay was used to
evaluate the cell adhesion potential of the HDFs to
chitosan films. Glass coverslips were used as a control
to compare films with a known adhesion model.
Briefly, 69103 HDFs/cm2 were seeded on film
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samples and maintained under incubation for 1 h.
Next, the cells were washed twice with PBS, then fixed
and permeabilized, as previously described. The
remaining cells were stained using 300 nM 4’,6-
diamidino-2-phenylindole DAPI (Molecular Probes,
Eugene, USA) in PBS, at 2-8ºC, for 30 min, in a dark
environment. Fluorescence micrographs of cell nuclei
(9 40) were captured using a BX-50 device equipped
with 358/461 nm filters. The quantification of DAPI-
stained nuclei was performed using the ImageJ
software (NIH, Bethesda, USA) after imputing the
required spatial calibrations.17

STATISTICAL ANALYSIS: The data were analyzed
through the one-way or two-way ANOVA followed
by Bonferroni’s or Tukey’s multiple comparisons test,
using the Graph Pad Prism 6 software (La Jolla, CA,
USA). The results are expressed as mean value ±
standard deviation. The differences were considered
significant when the p-value was 0.05 or less.

Results and discussion

Characterization: chitosan powder samples

As the properties of chitosan are related to its chemical
structure, four chitosan samples were characterized by
deacetylation degree (DD) and molecular weight
(MW).

Deacetylation degree (DD) and molecular weight (Mw)

The determination of chitosan samples by 1H NMR is
direct, using the integrals of the peaks.11 Four chitosan
samples exhibited similar NMR spectra, with very
close chemical shifts of the D-glucosamine (proton
H1 of deacetylated monomer—H1D) and of the peak of
the N-acetyl-D-glucosamine (three protons of acetyl
group—HAc). Results of the deacetylation degree
(DD) for chitosan samples are presented in Table 1
and they agree with the results presented in various
works.6,7,14,18,19 CHI85IW presents a higher DD when
compared to the other chitosan samples, 85% of DD.
CHI75IW presents the lower DD of 75% and

CHI80LW and CHI80MW showed a similar DD,
80%, respectively.

Another critical parameter regarding the chitosan
structure and properties is molecular weight (MW).
The values acquired for the molecular weight for the
four types of chitosan were in a range of 19105 Da to
7x105 Da, increasing from CHI80LW to CHI80MW
(Table 1). According to the literature, CHI80LW can
be classified as low molecular weight chitosan (in the
range of 100,000 Da); CHI80MW is chitosan with
medium molecular weight (in the range of 500,000 Da),
and CHI75IW and CHI85IW as chitosan with inter-
mediated molecular weight.17

Determination of minimal inhibitory concentration
(MIC) and minimal bactericidal concentration (MBC)
for chitosan powders in aqueous solution

The minimal inhibitory concentration (MIC) can be
defined as the lowest concentration of an antimicrobial
agent necessary to inhibit the visible growth of the
microorganism after 24 h of incubation. MIC has been
useful as an indicator of the activity of drugs and
natural extracts, for instance, against a selected
pathogenic micro-growth.20 In this study, the MICs of
CHI80LW, CHI75IW, CHI85IW, and CHI80MW were
determined in acetic acid 1% (v/v) against two Gram-
negative bacteria (E. coli and P. aeruginosa), and one
Gram-positive (S. aureus); they ranged from 256–128
lg/mL. These results are presented in Fig. 1.

Regarding the inhibitory action of CHI80LW and
CHI80MW chitosans against E. coli, it is possible to
remark that MW was the primary factor that influences
the MICs results when chitosan samples have the same
DD. CHI80MW, chitosan with higher MW (7.0±0.3
9105 Da), presented a more effective action when
compared to CHI80LW, chitosan with lower molecular
weight (1.4±0.1 9105 Da). However, for CHI75IW and
CHI85IW, which presented an intermediate MW

(2.1±0.2 9105 and 3.0±0.29105 Da, respectively), it
is possible to note that DD was the principal factor to
contribute to the behavior of these chitosans against
E. coli. CHI85IW with 84.8±0.9 DD presented as more
effective against E. coli when compared to CHI75IW
with 75.4±0.5 DD. A study by Liu and coworkers21

Table 1: Values acquired of degree of deacetylation (DD) and molecular weight (Mw) for chitosans 80% DD, low Mw
(CHI80LW), 75% DD and intermediate Mw (CHI75IW), 85% DD and intermediate Mw (CHI85IW), and 85% DD and
medium Mw (CHI80MW)

Sample Degree of deacetylation (DD) (%) Molecular weight (Mw) (Da)

CHI80LW 80.1± 0.7 (1.4 ± 0.1)9105

CHI75IW 75.4± 0.5 (2.1 ± 0.2)9105

CHI85IW 84.8± 0.9 (3.0 ± 0.2)9105

CHI80MW 79.7± 0.4 (7.0 ± 0.3)9105
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evaluated the antibacterial action of chitosan with
different molecular weights on E. coli. It was observed
that chitosans with higher MW showed better bacteri-
cidal action compared to chitosans with lower molec-
ular weight.

Results for P. aeruginosa bacterium showed that
MW is the primary factor that influences the MICs
results for this microorganism. While for CHI80LW,
CHI75IW and CHI85IW, chitosans with low and
intermediate MW, it was necessary up to 256 lg/mL
to inhibit the growth of this bacterium. However,
for CHI80MW with a higher MW, just 128 lg/mL was
necessary. Analyzing the inhibitory action of chitosans
against S. aureus, it is possible to remark that DD was
the primary factor that influences the MICs results.
CHI80LW, CHI85IW, and CHI80MW, which process a
DD between 80-85%, presented a more effective
action when compared to CHI75IW, chitosan with
lower DD (75%).

The minimal bactericidal concentration (MBC) is a
complementary technique to the MIC; whereas the
MIC test demonstrates the lowest level of antimicro-
bial agent that inhibits growth, the MBC demonstrates
the lowest level of antimicrobial agent that results in
microbial death. The MBC is identified by determining
the lowest concentration of antibacterial agent that
reduces the viability of the initial bacterial inoculum by
‡99.9%. MBCs of CHI80LW, CHI75IW, CHI85IW,
and CHI80MW were determined in aqueous solution
against E. coli and P. aeruginosa (both Gram-nega-
tive), and S. aureus (Gram-positive). These results are
presented in Fig. 2.

In a general way, the MBCs tests presented the same
trend observed in MICs tests. MW was the primary
factor that influenced the MICs results for E. coli when
chitosan samples have the same DD (CHI80LW and
CHI80MW). For CHI75IW and CHI85IW, DD was
the principal factor contributing to the behavior of
these chitosans against E. coli. CHI85IW, with 85%

DD, was more effective against E. coli when compared
to CHI75IW with 75% DD. Results of MBC for P.
aeruginosa bacterium showed that MW of chitosan is
the primary factor that influences the action of chitosan
against this microorganism.

Analyzing the inhibitory action of chitosans against
S. aureus bacterium, it is possible to remark that DD
was the primary factor that influences the MBCs
results. CHI80LW, CHI85IW, and CHI80MW, which
process a DD between 80-85%, presented a more
effective action when compared to CHI75I chitosan,
with a lower DD (75%).

When compared to the action of chitosan against
Gram-negative and Gram-positive bacteria, chitosan
showed more pronounced inhibitory and bactericidal
effects for Gram-positive bacteria than for Gram-
negative bacteria. The antimicrobial activity of chi-
tosan may be influenced by some factors such as
microorganism’s stirps, molecular weight (MW), degree
of deacetylation (DD), concentration, and pH of the
chitosan solution. DD and MW directly influence the
solubility of chitosan in solution, as well as its inter-
action with the cell walls of target microorganisms. In
our case, the combination of both parameters showed
the best antibacterial effect, the CHI80MW chitosan,
with the high values ofMW and DD; it exhibited higher
antimicrobial behavior in both techniques, MIC and
MBC.

Three models have been proposed for the mecha-
nism of antibacterial action of chitosan, with the most
acceptable interaction between positively charged
chitin/chitosan molecules and membranes of negatively
charged microbial cells. In this model, interaction is
mediated by the electrostatic forces between proto-
nated NH3

+ and negative residue groups, presumably
by competition with Ca2

+ for sites on the electroneg-
ative membrane surface. This electrostatic interaction
results in double interference: i) by promoting changes
in membrane properties, wall permeability thus causes
internal osmotic imbalances and consequently inhibits
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aeruginosa, and S. aureus

600

500

400

300

200

100

0

E. coli P. aeruginosa S. aureus

M
B

C
 (
µg

/m
L)

CHI80LW

CHI80MW

CHI75IW
CHI85IW

Fig. 2: Determination of minimal bactericidal concentration
(MBC) of chitosan samples employing E. coli and P.
aeruginosa, and S. aureus

834

J. Coat. Technol. Res., 19 (3) 829–838, 2022



the growth of microorganisms and ii) by hydrolysis of
the peptidoglycans in the wall of the microorganism,
leading to leakage of intracellular electrolytes such as
potassium and other low molecular weight protein
constituents (e.g., proteins, nucleic acids, glucose, and
lactate dehydrogenase). The third mechanism is metal
chelation, suppression of spore elements and binding
to the essential nutrients for microbial growth. It is well
known that chitosan has excellent metal bonding
capabilities, where amine groups in chitosan molecules
are responsible for the absorption of metal cations by
chelation.6,22

Surface characterization: concentration of chitosan
on the functionalized PTFE surfaces
by plasma-grafting

To verify the ability of the PTFE substrates to bind
chitosan on the surface, PTFE samples were function-
alized by plasma, and PEG and PA spacers were
covalently grafted on the surface of the substrate. As
CHI80MW chitosan exhibited the best antibacterial
effect in MIC and MBC techniques, this one was
chosen to be immobilized. CHI80MW was prepared
with a FIT marker (called FITCHI80MW) and cova-
lently grafted on PTFE-Plasma-PEG and PTFE-
Plasma-PA surfaces and fluorescence images were
taken.

These analyses were performed, aiming to deter-
mine the best linking-arm to be able to covalently graft
a greater quantity of chitosan samples to produce
antibacterial, noncytotoxic PTFE surfaces. Figure 3

shows that PEG and PA linking-arms were able to
anchor chitosan on PTFE surfaces; however, the
fluorescence intensity of PTFE-Plasma-PA-CHI80MW
was higher than control (nontreated PTFE) and PTFE-
Plasma-PEG-CHI80MW. This observation can be
explained due to the higher density of anhydrides
groups of PA when compared to PEG, which contains
only one terminal carboxylic group in its repeating
unit. Since these functional groups act as reactive sites
to graft chitosan chains, PA presents a higher ability to
covalently graft chitosan on the PTFE surface.6,23

Biological assays

Antibacterial action of PTFE surfaces coated
with chitosan

PTFE samples coated with chitosan were tested in
contact with pathogenic human bacteria E. coli and P.
aeruginosa and S. aureus aiming to evaluate their
antibacterial action. For PTFE-Plasma-PEG-
CHI80MW (Figs. 4a and 4b), the bacterial reduction
decreased to 55%, 48%, and 62% for E. coli, P.
aeruginosa, and S. aureus, respectively, after 4 h. These
results are presented in relation to bare PTFE, used as
a control. Results after 8 h of contact corroborate with
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fluorescein isothiocyanate isomer I, 85% DD and medium
Mw (FITCHI80MW) assembled on plasma-treated
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two linking-arms: poly(ethylene glycol) bis
(carboxymethyl) ether (PEG, Mw = 600 Da) and
poly(ethylene-alt-maleic anhydride) (PA, Mw = 100-500 kDa)

100

80

60

40

20

0

B
ac

te
ria

l s
ur

vi
va

l (
%

)

100

80

60

40

20

0

B
ac

te
ria

l s
ur

vi
va

l (
%

)

Control PTFE E. coli P. aeruginosa S. aureus

Control PTFE E. coli P. aeruginosa S. aureus

(b)

(a)

Fig. 4: Percentage of bacterial survival for the plasma-
treated polytetrafluoroethylene anchored by poly(ethylene
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the results previously shown, where a bacterial reduc-
tion of about 25-30% was presented.

The use of PA spacer allowed to confirm free amino
groups derived from bio-polymers in higher quantities
when compared to PTFE-Plasma-PEG-CHI80MW,
which played a significant role in the antimicrobial
effect. After 4 h, PTFE-Plasma-PA-CHI80MW
(Fig. 5a) sample presented the best antibacterial action
when it was tested against the S. aureus strain, reducing
95%. In the case of the other bacteria, the bacterial
reduction for E. coli and P. aeruginosa was 93% and
90%, respectively. After 8 h, PTFE-Plasma-PA-
CHI80MW (Fig. 5b) reduced 90% of S. aureus, and
the bacterial reduction for E. coli and P. aeruginosa
was 88% and 77%, respectively.

Coatings with CHI80MW had a better antibacterial
response compared to the PTFE surfaces (control) due
to a large quantity of positively charged amino groups
responsible for the inactivation of the bacterium by
rupturing the negatively charged wall of the microbial
cell. It was perceived in these samples a significant
influence of the type of anchor used, with PA, which
has several points of anchorage, allowing the formation
of a more homogeneous coating when compared to
PEG.

Evaluating the type of bacteria, it was possible to
observe that PTFE-Plasma-PA-CHI80MW presented
the best results for S. aureus. This behavior can be

explained due to the difference in bacterial cell wall
composition, which is more straightforward for Gram-
positive bacteria, which is also reported in the litera-
ture:18,19,24 the enhanced resistance of the Gram-
negative bacteria against chitosan can be explained
by the outer cell membrane, which protects the cell
wall from the biocide contact of free ammonium
groups. These results suggest that these coatings are
more useful for Gram-positive bacteria.

Viability and cell adhesion of PTFE surfaces coated
with chitosan

PTFE-Plasma-PA-CHI80MW sample, which pre-
sented the best antibacterial action, was placed in
contact with human cell cultures (human dermal
fibroblasts, HDFs) to evaluate its cytotoxicity and the
influence on the viability of cells (Fig. 6). Evaluating
the human fibroblast morphology, phase-contrast opti-
cal microscopy did not show substantial changes in the
fibroblast morphology after 24 h, nor vacuolization,
detachment, or differences in the cell monolayer
confluence. Discrete intracytoplasmatic granules were
observed after exposure to the different samples,
similar to those only exposed to standard medium
(Fig. 6a). Figure 6b shows the F-actin cytoskeleton
organization of HDFs. Under treatment, these cells
presented dorsal and ventral stress fibers distribution,
similarly to the control. Therefore, none of the extract
samples could modulate the F-actin cytoskeleton of
HDFs that indirectly received their degradation prod-
ucts, showing the viability of cells when in contact with
PTFE-treated films. Cell culture with standard supple-
mented culture medium was used as a negative control
(DMEM supplemented with 10% FBS) and another
with 1% (v/v) Triton-X100 (Sigma-Aldrich) in PBS as
a positive control of toxicity (Fig. 6c). The results
presented no statistical difference when compared to
the negative control (DMEM supplemented with 10%
FBS): HDF cultures exposed for 24 h to the PTFE-
Plasma-PA-CHI80MW extract presented 115 ± 19.4%
viability, followed by the PTFE-Plasma treatment with
92.4 ± 3.3% and, PTFE-plasma-PA with 88.8 ± 14%.
In general, results from biological assays showed the
biocompatibility of the PTFE substrate in every
different step of the cascade process to obtain the final
sample PTFE-Plasma-PA-CHI80MW. This guarantees
the noncytotoxicity of every obtained surface on
PTFE.

Conclusions

It was possible to develop, on PTFE substrates, a
nontoxic and antibacterial chitosan-based coating using
the plasma grafting technique. Based on the MIC and
MBC results, chitosan with high DD and MW pre-
sented the higher Gram-negative antibacterial activity.
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In that sense, the most promising chitosan, CHI80MW
(80% DD, 79105 Da), was employed for the coating
assembly on PTFE. To link CHI80MW on the PTFE
surface, samples were treated with plasma and PEG, or
PA, obtaining PTFE-Plasma-PEG-CHI80MW and
PTFE-Plasma-PA-CHI80MW samples. Based on the
fluorescence results and antibacterial tests against
E. coli and P. aeruginosa, and S. aureus, the sample
with PA functionalization presented the higher fluo-
rescence and antibacterial effect, probably due to its
chemical conformation and higher density of car-

boxylic groups’ terminal. Cytocompatibility assays
using fibroblasts were performed on the final sample.
Results showed the cytocompatibility of the PTFE
substrate in each different step of the cascade process
to obtain PTFE-Plasma-PA-CHI80MW. Based on
these findings, the understating of chitosan properties
in solution leads to better development of plasma-
assisted coating for a wide range of applications,
including the antimicrobial one, as demonstrated
herein.
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