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A B S T R A C T

Postoperative infections are the most common complications faced by surgeons after implant surgery. To address
this issue, an emerging and promising approach is to develop antimicrobial coatings using antibiotic substitutes.
We investigated the use of polycationic homopolypeptides in a layer-by-layer coating combined with hyaluronic
acid (HA) to produce an effective antimicrobial shield. The three peptide-based polycations used to make the
coatings, poly(L-arginine) (PAR), poly(L-lysine), and poly(L-ornithine), provided an efficient antibacterial barrier
by a contact-killing mechanism against Gram-positive, Gram-negative, and antibiotic-resistant bacteria. More-
over, this activity was higher for homopolypeptides containing 30 amino-acid residues per polycation chain,
emphasizing the impact of the polycation chain length and its mobility in the coatings to deploy its contact-
killing antimicrobial properties. However, the PAR-containing coating emerged as the best candidate among
the three selected polycations, as it promoted cell adhesion and epithelial monolayer formation. It also stimu-
lated nitric oxide production in endothelial cells, thereby facilitating angiogenesis and subsequent tissue
regeneration. More interestingly, bacteria did not develop a resistance to PAR and (PAR/HA) also inhibited the
proliferation of eukaryotic pathogens, such as yeasts. Furthermore, in vivo investigations on a (PAR/HA)-coated
hernia mesh implanted on a rabbit model confirmed that the coating had antibacterial properties without causing
chronic inflammation. These impressive synergistic activities highlight the strong potential of PAR/HA coatings
as a key tool in combating bacteria, including those resistant to conventional antibiotics and associated to
medical devices.

1. Introduction

Over the past decades, antibiotic resistance has become one of the
major global health challenges [1–3]. The worsening of this phenome-
non in recent years severely threatens our ability to control bacterial
contamination, resulting in higher healthcare costs, prolonging illness
duration, and leading to higher mortality rates. Implant-related in-
terventions often cause critical infections, which reduce treatment
effectiveness and may require additional surgeries [4]. In particular,
Staphylococcus aureus (S. aureus) contamination is considered a primary
cause of hospital-acquired infections, particularly those associated with

implant-related infections [5], or in patients with heart diseases [6,7]. In
this context, it is crucial to identify new drugs and alternative treatments
to combat pathogenic bacteria. Additionally, developing new strategies
to prevent early post-implant infections is of utmost importance. One of
the most promising strategies is a surface-based approach that locally
prevents bacteria proliferation. Moreover, due to the specific regulatory
and safety considerations regarding implants, approaches that do not
resort to conventional drugs or modify implanted materials are
desirable.

The emergence of nanotechnologies promises new perspectives and
possibilities in the pathogens fight throughout the chemodynamic
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therapy, photothermal therapy, starvation therapy [8] and modifica-
tions of the surface using topography, antimicrobial peptide coating,
nanoparticle coating [9]. Using an antiadhesive coating, for instance by
creating a water-repellent barrier with a hydrophobic coating, could
inhibit pathogen adhesion and growth, which was encouraging at first
[10,11]. Different combined strategy are developed to prevent pathogen
adhesion and biofilm formation [12]. Nevertheless, the challenge with
this approach is pathogen survival, which could colonize neighboring
sites, thus maintaining a high infection risk. Another strategy involves
the use of coatings containing antibiotics, representing an emerging and
promising way to limit post-surgery infections. This strategy is currently
implemented with long-term implanted medical devices, such as pace-
makers [13,14]. However, certain disadvantages are also associated
with this coating type, such as antibiotic resistance emergence, difficulty
in controlling the quantity of loaded antibiotics and their release, and
efficiency loss over time.

Our previous study focused on developing coatings enabling a
contact-killing process, which involves a direct physical interaction
between active coating polymers and the bacteria, rapidly destroying
bacteria after contact with the coating. The first promising study was
based on multilayer coatings built by self-assembly of poly(L-arginine)
and hyaluronic acid (PAR/HA) on surfaces, using the layer-by-layer
(LbL) method. These LbL films made with polyaminoacids and poly-
saccharides depict most of the time an exponentially growing regime
mainly due to diffusion of polymer chains in and out the whole film
section [15]. These coatings have demonstrated interesting immuno-
modulatory properties, coupled with antimicrobial properties against
S. aureus [16]. Moreover, another study has provided a deeper under-
standing on the antimicrobial activities of PAR, highlighting the
importance of PAR chain length [17]. More precisely, multilayer films
(PAR/HA) containing PAR with 30 arginine residues (PAR30) presented
a strong antimicrobial activity against a wide range of pathogens, both
Gram-positive and Gram-negative, including S. aureus,
methicillin-resistant S. aureus (MRSA), Micrococcus luteus (M. luteus),
Escherichia coli (E. coli), and Pseudomonas aeruginosa (P. aeruginosa).
Moreover, the contact-killing antimicrobial effect was only possible in a
narrow range of combinations by precisely controlling the self-assembly
of PAR with the polyanion. For films composed of PAR chains containing
residue numbers lower or higher than 30 (PAR10, PAR100, or PAR200),
no antibacterial activity was monitored. The absence of antimicrobial
properties in the (PAR100/HA) or (PAR200/HA) films could be attrib-
uted to the significantly lower PAR chain mobility within these films,
limiting diffusion beyond the film. In contrast, PAR chains in PAR30/HA
films showed nearly 90 % of mobility, leading to an antibacterial ac-
tivity. We also demonstrated that the (PAR/HA) film thickness increased
with the number of arginine residues contained in the PAR chains. As a
consequence, (PAR10/HA) being the thinnest of the films tested, the
amount of PAR10 was not sufficient to induce antimicrobial activity due
to a lack of adequate PAR10 amounts to induce antimicrobial activity.
Finally, (PAR30/HA) films met the physicochemical conditions
mentioned to deploy a strong antimicrobial property through a
contact-killing process.

The next study compared different polyanions interacting with
PAR30 polycations during multilayer film construction [18]. This
approach highlighted the role of polyanions in the final antimicrobial
properties of multilayer films composed of (PAR30/polyanions).
Different polyanion types were tested in combination with HA. The first
group was represented by the same family as the HA molecule, i.e.,
anionic polysaccharides such as alginate (ALG), heparin (HEP), and
chondroitin sulfate A (CSA). In addition to polyanions, a homo-
polypeptide, poly(L-glutamic acid) (PGA) and a synthetic poly-
electrolyte, poly(sodium 4-styrene sulfonate) (PSS), were also used.
Unsurprisingly, only PAR as a polycation possessed strong antimicrobial
activity by itself, as polyanions were not active against S. aureus. Sec-
ondly, HA surprisingly remained the only polyanion providing an anti-
microbial activity in the coating when associated with PAR30.

(PAR30/ALG), (PAR30/HEP), (PAR30/CSA), (PAR30/PGA), or
(PAR30/PSS), with the same number of (polycation/polyanion) bi-
layers, formed multilayer films with approximately the same thickness
but did not show any antibacterial activity [18]. The major role of HA in
this context was related to its ability to only establish weak interactions
with PAR30, thus facilitating the PAR30 chain diffusion within the
(PAR30/HA) multilayer films compared with the other PAR30/polyan-
ion coatings [18]. PAR30 interaction with the other polyanions was
probably too strong, preventing PAR30 diffusion in the film, and thus
any activity against bacteria.

After establishing the polyanion contribution, the next challenge was
to determine whether the coatings’ antimicrobial activity could be
achieved using other cationic homopolypeptides associated with HA.
Moreover, we sought to establish whether there was a similarity among
these homopolypeptides in terms of effectiveness of a specific chain
length, similar to what was observed with polyarginine. Lysine and
ornithine, two other natural cationic amino acids with intrinsic anti-
microbial properties and an ability to be assembled as LbL films, were
potentially of major interest. Hence, in the present study, we investi-
gated films based on i) poly(L-lysine) (PLL) and poly(L-ornithine) (PLO)
as polycations with various residue numbers (30, 100, and 250) and ii)
on HA as polyanion. We compared them with PAR-based films (Table 1).
By varying the residue number of all polycations, we determined if the
selection of 30 residues for optimal activity, as demonstrated for PAR,
was a “golden number”.

Although the antimicrobial effect of PLL and PLO polymers in their
free state has been previously established [19–22], their antimicrobial
activity when incorporated into an LbL film, particularly in combination
with HA, has not yet been thoroughly evaluated. Thus, a deep analysis in
terms of physicochemical properties, biocompatibility, and biological
activities of these homopolypeptide/HA coatings was performed.
Furthermore, their efficiency was evaluated in vivo using an animal
model. Recent studies have highlighted a clinical issue with viscer-
al/parietal implants in hernia repair [23,24]. Relatively low infection
rates have been reported (between 1 % and 4 %) [25]. However, 20
million hernia repair meshes are implanted worldwide and it is esti-
mated that about 60 000 repairs are infected annually in the USA,
highlighting the urgent need to address this issue [26]. One potential
solution to prevent these hernia mesh infections is the local adminis-
tration of anti-infective agents. Our LbL coatings could offer such suit-
able approach.

This new study was divided into three parts. First, results highlighted
the antimicrobial activity of the newly-developed coatings and opened
new perspectives in the strategies against resistant pathogens and
ESKAPEE pathogens (Enterococcus faecium, Staphylococcus aureus, Kleb-
siella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
Enterobacter spp., and E. coli) [27,28]. Second, we explored their in-
teractions with eukaryotic cells by assessing biocompatibility, cell
adhesion to the coating, epithelium formation, and NO (nitric oxide)
production by endothelial cells cultured on the coating. Finally, an in
vivo study was performed on a rabbit model of parietal mesh infections
to evaluate bacteria adhesion on the meshes, assess tissue state, and
monitor the inflammatory response. This last part complemented the in
vitro results and helped us select the best homopolypeptide/HA candi-
date for the coating of implants involved in hospital-related infections.

2. Materials and methods

2.1. Polyelectrolytes

The following polyelectrolytes were used to build the multilayer
films. Polycations: poly(L-arginine hydrochloride), poly(L-lysine hydro-
chloride), and poly(L-ornithine hydrobromide) were purchased from
Alamanda Polymers, USA. Different PAR polymers were studied ac-
cording to the number of arginines (R) per chain: PAR30 (30R, Mw
[molecular weight] = 6.4 kDa), PAR100 (100R, Mw = 20.6 kDa), and
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PAR200 (200R, Mw = 40.8 kDa). Different PLL polymers were studied
according to the number of lysines (K) per chain: PLL10 (10K, Mw = 1.6
kDa), PLL30 (30K, Mw = 5.4 kDa), PLL100 (100K, Mw = 17.3 kDa), and
PLL250 (250K, Mw = 39.5 kDa). Different PLO polymers were studied
according to the number of ornithines per chain: PLO30 (30 ornithine
residues, Mw = 5.9 kDa), PLO100 (100 ornithine residues, Mw = 18.5
kDa), and PLO 250 (250 ornithine residues, Mw = 50.3 kDa). The pol-
yanion was HA (Mw = 150 kDa) and purchased from Lifecore Biomed,
USA.

2.2. Construction of (polycations/HA)n films

For multilayer construction, 24 and 48 bilayers of (polycations/HA)
were built by using an automated dipping robot (Riegler & Kirstein
GmbH, Berlin, Germany). Glass slides were previously washed with
Hellmanex® II solution at 2 %, H2O, pure ethanol, and dried with
compressed air. PAR30, PLL30, PLO30, and HA were dissolved in a
sterilized buffer containing 150 mM NaCl and 10 mM of tris
(hydroxymethyl)-aminomethane (TRIS, Merck) at pH 7.4 (“NaCl-Tris
buffer”). The concentration for each polyelectrolyte was 0.5 mg.mL− 1.
Glass slides were consecutively dipped in polycation, rinsing solution,
and polyanion baths. After construction, films were dried, immersed in
NaCl-Tris buffer and stored at 4 ◦C before use.

2.3. Film construction characterization (quartz crystal microbalance)

Film production was followed in situ using a quartz crystal micro-
balance with dissipation monitoring (QCM-D, E1, Q-Sense, Sweden).
Quartz crystals coated with a titanium dioxide (TiO2) or a polypropylene
layer (Q-Sense) were excited at their fundamental frequency (about 5
MHz), as well as at the third, fifth, and seventh overtones (noted ν = 3, 5,
and 7, corresponding respectively to 15, 25, and 35 MHz). Changes in
the resonance frequencies (Δfν) and dissipation values (ΔD) were
measured at these three frequencies. As an approximation, an increase of
the normalized frequency variation (-Δfv/ν) is associated to a propor-
tional mass increase coupled with the quartz (Sauerbrey’s approxima-
tion). However, when normalized frequency shifts for the various

overtones are unequal, it is recommended to apply the model proposed
by Voinova et al., in which both measured frequency shifts and dissi-
pations for several overtones are used to derive the thickness [29]. This
model is based on the hypothesis that the film deposited on the quartz
crystal is homogeneous, isotropic, and a non-sliding viscoelastic stra-
tum. Nanofilm thicknesses presented in this study were estimated using
data corresponding to the overtones ν = 3, 5, and 7.

For in situ film construction, a peristaltic pump was used at a flow
rate of 250 μL min− 1 to inject 400 μL of each solution in the QCM-D fluid
liquid cell (cell volume was about 40 μL). The bottom of the cell was
formed by the quartz crystal sensor itself. During the whole experiment,
the QCM sensor was maintained at 25 ◦C. PAR30, PLL30, PLO30, and HA
were dissolved at 0.5 mg.mL− 1 in NaCl-Tris buffer. These poly-
electrolytes were successively injected into the cell containing the quartz
crystal, starting with the polycation solution. They were left to adsorb
for 8min and after each deposition, a rinsing step of 5min with NaCl-Tris
buffer was performed.

2.4. Fluorescent labeling of polycations

For polycation chain labeling, PAR, PLL, and PLO (dissolved at 1 mg.
mL− 1 in 100 mM NaHCO3 buffer, pH 8.3) were incubated with fluo-
rescein isothiocyanate (FITC, Sigma-Aldrich, France) at a 1:2 M ratio of
polycations/FITC at room temperature for 3 h. This solution was dia-
lyzed with a Slide-A-Lyzer Dialysis Cassette (ThermoFischer Scientific
Inc., USA) with a cut-off of 3500 molecular weight cut-off (MWCO),
against 1 L of water at 4 ◦C for 24 h, then 1 L of NaCl-Tris buffer for 24 h.
The resulting polycation-FITC was stored at 0.5 mg.mL− 1 in NaCl-Tris
buffer at − 20 ◦C. Following the same process, PAR30 (dissolved at 1
mg.mL− 1 in 100 mM NaHCO3 buffer, pH 8.3) was incubated with tet-
ramethylrhodamine (TRITC, Sigma-Aldrich, France) at a 1:2 M ratio of
polycation/TRITC at room temperature for 3 h. This solution was dia-
lyzed with a Slide-A-Lyzer Dialysis Cassette (ThermoFischer Scientific
Inc., USA), with a cut-off of 3500 MWCO, against 1 L of water at 4 ◦C for
24 h, then 1 L of NaCl-Tris buffer for 24 h. PAR30-TRITC was then
produced and stored in 2 mL aliquots (0.5 mg.mL− 1 in NaCl-Tris buffer).

Table 1
Chemical structures of the polycations poly(L-arginine) (PAR), poly(L-lysine) (PLL), poly(L-ornithine) (PLO) and the associated polyanion hyaluronic acid (HA).

Name of products Chemical structure Notation Molecular weight (Da)

Poly(L-arginine) PAR10 2100
PAR30 6400
PAR100 20 600
PAR200 40 800

Poly(L-lysine) PLL10 1600
PLL30 5400
PLL100 17 300
PLL250 39 500

Poly(L-ornithine) PLO30 5900
PLO100 18 500
PLO250 50 300

Hyaluronic acid HA 150 000
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2.5. Film characterization

Multilayer thickness was measured by deposition of 100 μL of
polypeptide (PAR, PLL or PLO), conjugated with FITC at 0.5 mg.mL− 1 in
NaCl-Tris buffer on the multilayer films for 5min. After diffusion of
polypeptide-FITC, films were washed and observed with a Zeiss LSM 710
confocal laser scanning microscope (Heidelberg, Germany) using a 20 ×

objective (Zeiss, Plan Apochromat).

2.6. Antibacterial assay of (polycation/HA)n films

A S. aureus (ATCC 25923) strain was used to assess the antibacterial
properties of the test samples. The bacterial strain was cultured aero-
bically at 37 ◦C in a Mueller Hinton Broth (MHB) medium (Merck,
Germany) at pH 7.4. A colony was transferred to 10 mL of MHB medium
and incubated at 37 ◦C for 20 h, to provide a final density of 106 colony
forming unit (CFU).mL− 1. To obtain bacteria in the mid-logarithmic
growth phase, the absorbance (or optical density [OD]) of overnight
culture at 620 nm was adjusted to 0.001.

Glass slides coated with (polycation/HA)24 films were sterilized by
using ultraviolet light for 15min, then washed with NaCl-Tris buffer.
After washing, each glass slide was deposited in a 24-well plate with 300
μL of S. aureus, OD620 = 0.001, and incubated for 24 h at 37 ◦C under
agitation.

For negative control, uncoated glass slides were incubated with
S. aureus solution. For positive control, tetracycline (10 μg.mL− 1) and
cefotaxime (0.1 μg.mL− 1) were added to the S. aureus solution in contact
with uncoated glass slides. After 24 h, the supernatant was removed and
OD at 620 nm was measured. MRSA, M. luteus (ATCC 9341), E. coli
(ATCC 25922), and P. aeruginosa (ATCC 27853) were also tested with
(polycation/HA)24 and cultured in MHB in the same conditions as pre-
viously described [17].

To evaluate the health of bacteria present on the surface, the Bac-
Light™ RedoxSensor™ CTC Vitality Kit (Thermo Fischer Scientific Inc.,
USA) was used. This kit provides effective reagents for evaluating bac-
terial health and vitality. The kit contains 5-cyano-2,3-ditolyl tetrazo-
lium chloride (CTC), allowing us to evaluate the respiratory activity of
S. aureus. Indeed, healthy cells will absorb and reduce CTC into an
insoluble, red, and fluorescent formazan product. Cells not respiring or
respiring at slower rates than healthy cells will reduce less CTC, and
consequently produce less fluorescent product, giving a semi-
quantitative estimate of healthy vs. unhealthy bacteria. SYTO® 24
green-fluorescent nucleic acid stain is used for counterstaining all bac-
teria. For the test, a solution of 50 mM CTC and 0.001 mM Syto 24 in
distilled water was prepared. Each glass slide was washed with
phosphate-buffered saline (PBS) at pH 7.4. Then, 270 μL of PBS and 30
μL of CTC/SYTO 24 solution were added per slide. The plates were
incubated for 30min at 37 ◦C, away from light. Each surface was then
studied using confocal microscopy (Zeiss LSM 710 microscope, Heidel-
berg, Germany) with a 63 × objective, immersed in oil. Excitation/
emission wavelengths of the dyes were 450/630 nm for CTC and 490/
515 nm for SYTO 24.

2.7. Fluorescent recovery after photobleaching

To determine the difference between the mobility of the homo-
polycations, the diffusion coefficient (D) and the proportion of mobile
molecules (p) were measured for PAR30, PLL30, and PLO30 coupled
with FITC in (polycation30-FITC/HA)24 multilayers by photobleaching
experiments (FRAP, fluorescence recovery after photobleaching).

A slide coated with the multilayer was introduced in a home-made
sample holder and immersed in 200 μL of NaCl-Tris buffer, to prevent
the multilayer from drying during the experiments. Two circular regions
R4 (4.4 μm in radius in a 35μm × 35 μm image) and R10 (10.6 μm in
radius in a 85μm × 85 μm image) were exposed to an intense laser pulse
at the absorbing wavelength of the FITC (λ = 488 nm). Then,

fluorescence recovery in the bleached area, which is due to the mobility
of the labeled molecules in the non-bleached area, was monitored over
time. Observations were made using a Zeiss LSM 710 microscope (Hei-
delberg, Germany) with a 20 × objective (Zeiss, Plan Apochromat).
Three samples per condition were analyzed.

2.8. Cell culture

The Balb/3T3 (ATCC CCL163) mouse embryonic fibroblast cell line
was cultured at 37 ◦C in DMEM (Dulbecco’s Modified Eagle Medium,
Invitrogen) with 10 % of FBS (fetal bovine serum, Invitrogen), 100 μg.
mL− 1 penicillin, and 100 μg.mL− 1 streptomycin (Invitrogen). Madin-
Darby canine kidney (MDCK) strain II was cultured in low-glucose
DMEM supplemented with 100 μg.mL− 1 penicillin, 100 μg.mL− 1 strep-
tomycin (Invitrogen), and 10 % FBS (Invitrogen). HUVECs (human
umbilical vein endothelial cells) were cultured in human endothelial
medium (Invitrogen) completed with 100 μg.mL− 1 penicillin, 100 μg.
mL− 1 streptomycin (Invitrogen), and 10 % FBS (Invitrogen).

2.9. Cytotoxicity assays

Cytotoxicity assays were conducted following the ISO 10993-5
guidelines (Biological Evaluation of Medical Devices, Part 5: Tests for
in vitro cytotoxicity using Balb/3T3 cells).

A coating built on glass slides was incubated in complete cell culture
medium at 37 ◦C for 72 h. Then, the supernatant (“extract 100 %“) was
diluted in complete cell culture medium to obtain concentrations of 50
%, 25 % and 12.5 % (volume per volume [v/v]).

Balb/3T3 cells were seeded in 96-well plates, treated with the 100 %
extracts and diluted extracts, and incubated at 37 ◦C with 5 % CO2 for
24 h. Following incubation, treatment was removed, 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution was
distributed in each well, and incubated at 37 ◦C with 5 % CO2 for 2 h.
The MTT solution was then removed, dimethyl sulfoxide was added, and
the resulting solution was quantified by absorbance measurement at
556 nm. The cytotoxicity for different concentration of arginine and
chlorhexidine solutions (Sigma-Aldrich) was evaluated in the same
culture conditions.

2.10. Cell adhesion characterization by atomic force microscopy

Samples for atomic force microscopy (AFM) were prepared with
MDCK cells seeded on glass substrate, (PAR30/HA)24, (PLL30/HA)24,
and (PLO30/HA)24 films. After 24 h of culture, cells were fixed with
paraformaldehyde (PFA) 4 % in PBS, and samples were dehydrated in
ethanol solutions increasing successively from 50 % to 70 %, 90 %, and
100 %.

AFM images were obtained using “contact” mode in air with the
Multimode Nanoscope VI from Bruker (Santa Barbara, CA). Cantilevers
with a spring constant of 0.03N.m− 1 and silicon nitride tips were used
(model ScanAsyst-Air-HR, Bruker). Several scans over a given surface
area were performed. The scans led to reproducible images to confirm
that no sample damage was induced by the tip and that observations
were valid over large surface areas. Image size was 150μm × 150 μm.

2.11. Cell adhesion characterization by scanning electron microscopy

Samples for observation with scanning electron microscopy (SEM)
were prepared with MDCK cells seeded on glass substrate or (PAR30/
HA)24 films. After 24 h of culture, cells were fixed with a solution
composed of 4 % PFA and 1 % glutaraldehyde in 200 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer at pH
7.4. Then, samples were dehydrated in ethanol solutions increasing
successively from 50 % to 70 %, 90 %, and 100 %. After another
desiccation step at critical point and metallization, samples were ready
for the observation using Quanta 250 FEG SEM (FEI Company,
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Eindhoven, Netherlands).

2.12. Immunofluorescence microscopy

Cells were seeded at a density of 2 × 105 cells.cm− 2 on all the studied
substrates and cultured for 24 h. Cells were then fixed and permeabilized
for 15 min in 3.7 % (w/v) PFA and 0.1 % (v/v) Triton X-100 in PBS. After
fixation, cells were incubated for 1 h in 10 % (v/v) FBS in PBS. Actin and
DNA staining were realized by incubating the cells with Alexa Fluor 568
phalloidin (1 μg/mL, Invitrogen, A12380) and Hoechst 33258 (5 μg.
mL− 1) respectively. For this study, the following mouse anti-human
antibodies were used with a dilution of 1:100: anti-vinculin (clone
hVin-1, Sigma-Aldrich, V9131), in combination with the corresponding
Alexa Fluor 488-conjugated secondary goat anti-mouse antibody (1:500;
Invitrogen, A-11001). Fluorescence images were acquired using a Zeiss
LSM710 confocal microscope (Heidelberg, Germany).

2.13. NO generation

To assess the effect of PAR on NO secretion by endothelial cells, as
NO secretion is crucial for capillary ingrowth induction towards the
implant sites, NO levels were quantified via nitrite detection in the su-
pernatant in cell experiments with HUVECs. The nitrate/nitrite fluoro-
metric assay kit from Cayman chemical (USA) was used, and the test was
performed according to manufacturer’s instruction. This experiment
was performed with HUVECs seeded on the film surfaces (direct) and
with HUVECs seeded on the standard plastic tissue culture inserts put in
contact with the medium where films were immersed (indirect). Super-
natants were analyzed after 1, 3, and 7 days of culture.

2.14. Resistance acquisition assay

To test whether bacteria can develop resistance against homo-
polycations, the minimal inhibitory concentrations (MICs) of S. aureus to
PAR30 and tetracycline were determined by microdilution in MHB ac-
cording to Clinical and Laboratory Standards Institute guidelines.
S. aureus, at 106 CFU.mL− 1, were seeded at twofold serial dilutions in 96-
well plates in the presence of PAR30 or tetracycline. S. aureus growth
was evaluated after incubation at 37 ◦C after 24 h by measuring OD at
620 nm. MIC was defined as the lowest concentration of PAR30 or
tetracycline preventing visible growth.

S. aureus were grown in MHB in continuous presence of PAR30 or
tetracycline concentration corresponding to half of the MIC. MIC was
evaluated every 3–4 days, then concentrations of PAR30 and tetracy-
cline in S. aureus culture were adjusted to conform to the new half MIC
assessment. Daily passages of S. aureus at 106 CFU.mL− 1 were performed
for 30 days.

2.15. Antibacterial assay of (PAR30/HA)24 and (PAR30/HA)48 films
following the antibacterial ISO 22196 method

E. coli (ATCC 8739), P. aeuroginosa (ATCC 9027), Staphylococcus
epidermidis (S. epidermidis, ATCC 35983), S. aureus (ATCC 6538), MRSA,
Enterococcus faecalis (E. faecalis, ATCC 29212), and Candida albicans
(C. albicans, ATCC 10231) were tested following the antibacterial ISO
22196 method for (PAR30/HA)24 and (PAR30/HA)48 films. Two sub-
cultures were grown at 35 ◦C during 16 h on nutrient medium for each
strain, and microorganism suspensions were prepared and adjusted to
106 CFU.mL− 1 in MHB. These suspensions served as inocula for in vitro
antibacterial activity assay on the tested surfaces at 35 ◦C. After 24 h of
incubation of the corresponding pathogens, antibacterial activity was
neutralized by adding Letheen broth and inoculated on tryptone soy
agar yeast (TSYEA) plates (Sigma Aldrich). After incubation at 35 ◦C for
24 h, colonies grown on plates were counted and microorganism counts
were calculated as log CFU/sample.

2.16. Super resolution microscopy assay

E. coli (ATCC 2146), resistant to ampicillin and kanamycin, and
producing the green fluorescent protein (GFP), were cultured on glass
dishes (IBIDI) at 37 ◦C in MHB. PAR30-TRITC at 0.02 mg.mL− 1 was
added to the medium for 30 min and rinsed with PBS, then fixed with 4
% PFA. The sample was imaged with the Nikon A1 N-SIM using a high-
magnification objective (100 × ).

2.17. In vivo assay

A clinically relevant approach for assessing antimicrobial mesh
prototypes was developed using a preclinical rabbit model described by
Fernández-Gutiérrez et al. in 2013 [30]. This model has also been suc-
cessfully used for the comparative evaluation of other antimicrobial
mesh materials such as DualMesh Plus or polypropylene meshes soaked
in different antiseptic solutions [31,32]. The in vivo assay in the present
study was performed in collaboration with the University of Alcalá
(Madrid, Spain).

2.17.1. Experimental animals and ethics
The experimental animals used were specific pathogen-free male

New Zealand white rabbits weighing approximately 3,000 g. A total of
21 animals were utilized. The study was carried out in strict accordance
with the Guide for the Care and Use of Laboratory Animals of the Na-
tional and European Institutes of Health (Spanish Law 6/2013, Spanish
Royal Decree 53/2013, European Directive 2010/63/UE and European
Convention of the Council of Europe ETS123). All procedures were
performed at the University of Alcalá’s animal research center. The
protocol was approved by the local Ethics Committee on Animal Ex-
periments (reference PROEX160/16).

2.17.2. Mesh implants and study groups
The hernia repair material used was Optilene Mesh Elastic (B. Braun,

Melsungen, Germany), which is a lightweight (48 g m− 2), reticular, and
monofilament polypropylene mesh (Fig. S1a), with a pore size of 7.64 ±

0.32 mm2. This material was cut into of 5 × 2cm fragments, which were
divided into the following study groups (n = 7 each):

- Group #1: Meshes without any coating (control group)
- Group #2: Meshes coated with (PAR30/HA)24 consisting in 24 bi-

layers of PAR/HA layers
- Group #3: Meshes soaked in aqueous 0.05 % chlorhexidine (CHX).

This is a conventional protocol often used by surgeons.

Given that the number of animals included in the study was high (n
= 21), the surgical procedure was carried out in four steps, to ensure
adequate animal housing and proper handling. Meshes included in each
step were randomly selected. These surgeries were scheduled in accor-
dance with the animal research center housing availability, so that the
time lapse from one surgical intervention to another was minimized.

2.17.3. Analgesia and anesthesia
Prior to surgery, analgesics were administered to the animals:

- Meloxicam (Meloxidyl®, 0.23 mg kg− 1) the day before the surgery
(per os)

- Meloxicam (0.06 mg kg− 1) 30–60min before the surgery (subcu-
taneous [sc])

- Buprenorphine (Buprecare®, 0.012 mg kg− 1) 30–60min before the
surgery (sc)

Fifteen minutes before the surgery, animals were anesthetized
(intramuscular [im]) using a mixture of ketamine hydrochloride
(Ketolar®, 70 mg kg), diazepam (Valium, Roche, Spain, 1.5 mg kg− 1),
and chlorpromazine (Largatil®, 1.5 mg kg− 1).
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2.17.4. Bacterial inocula
The S. aureus bacterial strain ATCC25923 from the Spanish Type

Culture Collection (CECT, Valencia, Spain) was used, with a target load
of 106 CFU.mL− 1.

To prepare the inoculum, bacteria were plated on lysogeny broth
(LB) agar plates and incubated for 24 h at 37 ◦C. Then, a single colony
was inoculated into 25 mL of LB broth and incubated overnight at 37 ◦C.
Absorbance (OD600) was read and adjusted with sterile 0.9 % saline to
an OD600 equivalent of approximately 5 × 108 CFU.mL− 1. This was
considered as the “mother suspension”. To obtain the target bacterial
load of 106 CFU.mL− 1, two tenfold serial dilutions were prepared in
sterile saline solution. These inocula were prepared immediately before
surgery and stored in cool conditions during the whole proceeding (iced
box, ~4 ◦C).

The number of viable CFU in the inoculation suspensions were
determined by the spot plaque method in triplicate. Using the 106 CFU.
mL− 1 inoculum, five tenfold serial dilutions were prepared and 100 μL of
each dilution plated on LB agar plates. After 24 h of incubation at 37 ◦C,
CFU.mL− 1 were determined for each plate and viable CFUs were
calculated using the following equation:

CFU.mL− 1 = number of CFU x dilution factor (10x)/volume plated
(0.1 mL).

2.17.5. Surgical technique
Using a sterile technique, a partial thickness defect (5 × 2cm) was

created on the lateral right side of the abdominal wall, removing the
external and internal oblique muscles, keeping the transverse muscles,
transversal fascia, and parietal peritoneum to avoid contact between
microorganisms and the visceral peritoneum (Fig. S1b). In all specimens,
the surgical defect was inoculated with 0.25 mL of the bacterial sus-
pension (containing approximatively 1 to 1.5 × 106 CFU) and immedi-
ately fixed with the corresponding mesh concept, which was secured to
the edges of the defect using a 4/0 polypropylene suture. Skin tissue was
closed by simple interrupted stitches with a 3/0 silk suture (Fig. S1b).

During the study period and before euthanasia, rabbits were visually
monitored for signs of surgical incision dehiscence, seroma formation,
surgical site infection, or any other complications. Animals were
weighed weekly. Before visual monitoring, staff was trained to observe
behavioral and morphological characteristics associated with distress,
which may specifically include for rabbits: weight loss, reluctance to
move, reduced appetite/fluid intake, depression, tachypnea, and
tachycardia.

Meloxicam (0.1 mg/kg) was administered per os mixed with water
for 4 postoperative days. If pain symptoms persisted for several hours,
buprenorphine (0.015 mg/kg) was also administered sc. If symptoms
had persisted for more than 48 h, animals would have been euthanized.
Animals with evident clinical signs of septicemia would also have been
euthanized.

At 14 days after surgery, animals were sedated with up to 20 mg/kg
xylazine (im) and then euthanized in a CO2 chamber following approved
protocols for experimental animal euthanasia.

2.17.6. Macroscopic observations
During necropsy, tissue reaction at implantation site in all groups

was visually inspected to collect the most relevant infection-related
findings, such as skin necrosis/fistula, edema or seroma formation,
presence and distribution of purulent material, and degree of vascular-
ization and tissue integration. To evaluate these findings, a scoring table
previously designed for other studies was used [31].

2.17.7. Sample collection
Tissue explants were collected after skin flap creation over the

intramuscular surgical site. They included the mesh itself with under-
lying and overlying attached tissues and surrounding tissues. They were
cut into different tissue blocks, in the same way for all explants ac-
cording to a patron, for morphological analysis, immunolabeling

protocols, and bacterial count on meshes, according to a precise diagram
(Fig. S1c).

Blood aspirates were collected in heparinized tubes at two different
time-points: surgical intervention (day 0) and euthanasia (day 14).
Blood was centrifuged (10min, 1,500 g, 4 ◦C) to obtain plasma samples,
which were aliquoted in 1.5 mL Eppendorf tubes and stored at − 80 ◦C
until cytokine assays.

2.17.8. Quantification of bacterial adhesion to the implant
Tissue blocks dedicated to bacterial adhesion analysis represented

about 2/5 of the original mesh surface (two blocks: “lateral” and “cen-
tral”). Samples were immersed in sterile glass tubes containing 20 mL of
neutralizing pharmacopoeia diluent (NPD, 8.5 g NaCl, 2.5 mL Tween-
80, 0.35 g soya lecithin, 997.5 mL distilled water). Under sterile con-
ditions, bacteria extraction was facilitated by removal of surrounding
tissues from the mesh explant and by scraping both sides of the mesh
explant with a scalpel blade. The whole was subjected to a 10min son-
ication pulse at 40 kHz using a Bransonic 2510-DHT ultrasonic cleaning
bath (Branson Ultrasonics, CT, USA). After sonication, glass tubes con-
taining the NPD, mesh, removed tissues, and scalpel blade were thor-
oughly vortexed for 1min. Scalpel blades and surrounding tissues were
carefully discarded, and the supernatant was used to perform five 1/10
serial dilutions. A volume of 100 μL of each dilution was seeded onto LB
plates. Plates were counted at 24 h post-seeding. Viable CFU numbers
were calculated, and results were expressed as viable CFU numbers per
mesh explant.

2.17.9. Morphological studies
Fragments of the different implants were analyzed by light micro-

scopy (LM) and SEM.
For LM, tissue blocks were fixed in F13 solution, embedded in

paraffin, cut into 5 μm sections, and stained with hematoxylin eosin and
Masson’s trichrome (Goldner-Gabe). These specimens were examined
under a Zeiss light microscope (Carl Zeiss, Oberkochen, Germany).

For SEM, tissue blocks were fixed in glutaraldehyde 3 %, placed in
Millonig buffer (pH 7.3) and dehydrated in a graded ethanol series.
Critical point was reached in an E− 3000 Polaron instrument (Polaron
Ltd., England) for tissue desiccation and subsequent samples were
metalized with gold palladium. These specimens were examined under a
Zeiss scanning electron microscope (DSM-950).

2.17.10. Immunohistochemical study
The immunohistochemical technique involved a specific monoclonal

antibody to label any remaining bacteria in the implant. Paraffin-
embedded tissue slides were deparaffinized, hydrated, and subse-
quently equilibrated in tris-buffered saline (TBS, pH 7.4). Non-specific
protein interactions were blocked with 3 % bovine serum albumin
(BSA). Sections were incubated with a specific mouse monoclonal anti
S. aureus antibody (ab37644, Abcam, Cambridge, UK) in the alkaline
phosphatase-labeled avidin-biotin procedure. The method included the
following steps: incubation with the primary antibody (1:500 in TBS) for
60min, incubation with immunoglobulin G and biotin (1:1000 in TBS)
for 45min, and labeling with streptavidin alkaline phosphatase (1:200 in
TBS) for 60min. These steps were conducted at room temperature.
Negative controls were subjected to 3 % BSA instead of the primary
antibody. Images were revealed using a chromogenic substrate con-
taining naphthol phosphate and fast red. Cell nuclei were counterstained
for 1min with acid hematoxylin. Immunostaining was qualitatively
evaluated.

2.17.11. Cytokine detection at plasmatic levels
Fresh plasma was aliquoted and stored frozen (− 80 ◦C) until sample

collection completion. At least 1.5 mL of plasma was required for each
sample, ensuring enough volume to develop the enzyme-linked immu-
nosorbent assay (ELISA) plasmatic levels of several cytokines at days
0 and 14. Interferon-γ (IFN-γ), interleukin-6 (IL-6), interleukin-10 (IL-
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10), and tumor necrosis factor-α (TNF-α) were quantified via ELISA,
using rabbit-specific kits, and following the manufacturer’s instructions
(Cusabio Technology LLC, Houston, TX, USA). For every kit used,
absorbance was read at 450 nm using an iMark microplate reader (Bio-
Rad Laboratories Inc, Hercules, CA, USA).

2.17.12. Statistical analysis
All macroscopic and morphological studies were qualitatively eval-

uated. Quantification of bacterial yields collected via sonication was
expressed as mean, median, maximum, and minimum values. Data were
compared among the implant groups using the Mann-Whitney U test. All
statistical analyses were performed using the GraphPad Prism 5 software
for Windows. Level of significance was set at p < 0.05.

3. Results and discussion

3.1. Physicochemical properties of homopolypeptide/HA films

As a first step, we targeted two new cationic homopolypeptides, PLL
and PLO, and evaluated their assembly with HA into (polycations/HA)
films. They were compared to the previously studied antimicrobial PAR/
HA films. The first objective was to analyze the physicochemical prop-
erties of the (PLL/HA) and (PLO/HA) films, and in particular to monitor
their construction regime during the LbL deposition. We first charac-
terized the growth of the (polycation30/HA) multilayer films using
QCM-D. The normalized frequency variation (-Δfν/ν) was reported as a
function of the number of deposition steps of the polycation and HA.
Growth evolution of the corresponding films studied for seven bilayers
exhibited an exponential regime with a similar growth regime for
(PAR30/HA) and (PLL30/HA), whereas the (PLO30/HA) film showed a
growth rate 50 % lower (Fig. 1a). From raw dissipation QCM data (data
not shown), it appears that normalized dissipations values (-ΔDν/ν) are
higher in the case of PLL30/HA (between 100.10− 6 to 130.10− 6)
compared to PAR30/HA (between 30.10− 6 to 70.10− 6) or PLO30/HA
(between 40.10− 6 to 50.10− 6). This indicates that PLL30/HA film is the
softer and the most hydrated one which can explain its highest
thickness.

The exponential growth regime observed in this study is typically
related to diffusion processes of the chains in the film, as demonstrated
in previous studies [33–36]. Estimation of the corresponding thicknesses

using the Voinova model, as previously described, depicted that the
PLL30/HA film was thicker than the two others. When comparing film
thickness with the same number of deposited layers (i.e., (poly-
cation/HA)7 films), (PLO30/HA) was about 88 nm thick, (PAR30/HA)
was about 104 nm thick, and (PLL/HA) had a thickness greater than 193
nm (Fig. 1b).

Thicknesses were also roughly estimated with confocal microscopy
after 24 deposited bilayers (i.e., (polycation30/HA)24) using
fluorescently-labeled polycations (with FITC). All thicknesses were
about 1 μm for (PAR30FITC/HA)24 and (PLO30FITC/HA)24 films, and 2
μm for (PLL30FITC/HA) (Fig. S2). However, it is important to note that
the confocal microscope z-resolution was about 500 nm. More inter-
estingly, these images showed a uniform distribution of the fluorescent
dye over the surface for all films, indicating homogenous film formation
at the micrometer scale.

3.2. Homopolypeptide antimicrobial and antifungal properties

We investigated the antimicrobial activity of the selected polycations
in solution as a function of their chain length and concentration to
determine the MICs against S. aureus, a Gram-positive bacterium. MIC is
defined as the lowest concentration of antimicrobial compounds inhib-
iting the visible growth of a microorganism after 24 h of incubation,
indicating a bacteriostatic effect. As underlined in a previous study [17],
for concentrations greater than 0.025 mg.mL− 1, all tested PARs dis-
played strong antimicrobial activities against S. aureus, regardless of the
residue number (30, 100, or 200) (Fig. 2a). More precisely, PAR30 MIC
was about 0.01 mg.mL− 1, whereas it was about 0.025 mg.mL− 1 for
PAR100 and PAR200 (Fig. 2a). For PLL and PLO polycations, we
observed an antimicrobial activity with a high effectiveness, preventing
almost 100 % of pathogen growth at 0.01 mg.mL− 1 (Fig. 2b and c),
regardless of residue numbers in the chains.

To evaluate the effect of PAR, PLL, and PLO polycations against a
eukaryotic pathogen, C. albicans was selected as a yeast model and
similar MIC assays were performed. We observed growth inhibition of
C. albicans only in presence of higher concentrations (0.5 mg.mL− 1) of
polycations for all tested chain lengths (PAR with 30, 100, and 200
residues; PLL and PLO with 30, 100, and 250 residues) (Figure S3, S4
and S5).

In short, PAR, PLL, and PLO polycations effectively prevented

Fig. 1. Construction of (polycation/HA)7 multilayer films on SiO2-coated crystal monitored by QCM-D with PAR30 (red), PLL (green), and PLO (blue) as polycations.
a. Evolution of the normalized frequency -Δfν/ν (for ν = 3) as a function of the number of adsorbed layers is shown. b. Evolution of the estimated thickness as a
function of adsorbed layers is shown. HA: hyaluronic acid; PAR: poly(L-arginine), PLL: poly(L-lysine), PLO: poly(L-ornithine). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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S. aureus growth, whereas this effect was lower against a yeast like
C. albicans. However, these results suggest that these homopolypeptides
might be considered as new interesting candidates to efficiently prevent
the growth of bacterial pathogens such as S. aureus, which is one the

most important bacterium involved in nosocomial infections [5].
We implemented these MIC assays with E. coli, M. luteus,

P. aeruginosa, S. epidermidis, andMRSA. They are involved in nosocomial
infections and belong to the ESKAPE pathogens, which are particularly

Fig. 2. Normalized pathogen growth of S. aureus as a function of polycation concentration (in mg.mL− 1) measured in solution with PAR containing 30, 100, and 200
arginine residues (a), with PLL containing 30, 100, and 250 residues (b) and with PLO containing 30, 100, and 250 residues (c). Minimal inhibitory concentration
(MIC, in mg.mL− 1) of E. coli, M. luteus, P. aeruginosa, S. aureus and MRSA for polycations, measured in solution for PAR with 30, 100, and 200 residues (d), for PLL
with 30, 100, and 250 residues (e) and or PLO with 30, 100, and 250 residues (f). Comparisons of MIC values with PAR, PLL, and PLO containing 30 residues (g).
Each polycation was incubated for 24 h at 37 ◦C in 300 μL of bacterial culture medium with an initial bacterial concentration corrresponding to OD620 = 0.001. Each
value corresponds to the mean value of three individual experiments (three samples per experiment and condition). All error bars represent standard deviations. PAR:
poly(L-arginine), PLL: poly(L-lysine), PLO: poly(L-ornithine).

Fig. 3. Localization of PAR30-TRITC in E. coli-GFP. High resolution image of E. coli-GFP (green channel on the left) and PAR30-TRITC (red channel on the right) with
super resolution confocal microscopy. White arrows point a PAR30-TRITC accumulation at membrane of E. coli-GFP. GFP: green fluorescent protein, TRITC: tet-
ramethylrhodamine, PAR: poly(L-arginine), GFP: green fluorescent protein. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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resistant to multidrug treatments [27,37,38]. The results indicated that
MICs were less than 0.08 mg.mL− 1 for PAR, PLL, and PLO for chains
having 30 residues or more, suggesting a strong killing activity against
all tested pathogens (Fig. 2 d, e, f, g).

3.3. Understanding the mechanism with super resolution microscopy

In order to confirm the antibacterial property of (PAR/HA) coatings
via a contact-killing mechanism, we performed super-resolution
confocal microscopy with green fluorescent E. coli (E. coli-GFP) incu-
bated with PAR30 (Fig. 3). These images demonstrated that PAR30
chains, labeled with a red fluorescent dye (TRITC), strongly interacted
with the bacteria and were concentrated on bacterial membrane. The
accumulation of positively-charged PAR chains (white arrows, Fig. 3)
probably destabilized the negatively-charged membrane and caused
bacteria lysis. The absence of the PAR30 inside the bacteria demon-
strates that the lysis happened faster than PAR30 internalization, and
thus presumably avoided any downstream biological effects on DNA for
example. This provides for the first time a local view of the antimicrobial
mechanism of PAR30 through high-resolution images.

3.4. Antimicrobial activity of homopolypeptide/HA films

After successfully demonstrating the proper assembly of PLL and PLO
with HA, as well as confirming their intrinsic antimicrobial properties
and the contact killing mechanism of PAR30, the next step evaluated the
antimicrobial activity of the polycations within an LbL nanocoating

system. S. aureus growth in contact with films composed of 24 bilayers of
polycations/HA (with 30, 100, and 200, or 250 residues for poly-
cations). While the films containing polycations with 30 residues, i.e.,
(PAR30/HA)24 and (PLL30/HA)24, prevented S. aureus growth (Fig. 4a
and b), the films composed of PAR or PLL chains having 100 or 200
residues (i.e., (PAR100/HA)24 and (PAR200/HA)24 or (PLL100/HA)24
and (PLL200/HA)24) did not efficiently inhibit S. aureus growth. As a
visual confirmation, (PLL/HA)24 surfaces were observed by confocal
microscopy after 24 h of S. aureus incubation (Fig. S6). The images
revealed an absence of S. aureus bacteria on (PLL30/HA)24 films,
whereas bacteria were present on glass or films made with PLL100 and
PLL250. Additionally, (PLO/HA) films displayed antimicrobial activity
with PLO having 30 residues, but also with 100 residues, whereas
(PLO250/HA)24 did not prevent pathogen growth (Fig. 4c).

To evaluate the broad antimicrobial potential of the investigated
nanocoating systems, several pathogens were tested using polycations
with coating based on homopolypeptides with 30 residues. Normalized
pathogen growth for S. aureus 25923, MRSA, E. coli, M. luteus, and
P. aeruginosa confirmed the antimicrobial activity for the multilayer
films built with cationic homopolypeptides PAR, PLL, and PLO con-
taining 30 residues (Fig. 4d). The (polycation30/HA)24 films specifically
prevented the growth of a broad prokaryotic target (Fig. 4d). However,
the coating did not prevent C. albicans growth, a eukaryotic pathogen
(Fig. S7), which is in line with the absence of activity against C. albicans
previously observed with polycations in solution (Fig. S3).

The number of layers constituting the coating is probably also a key
parameter and series of experiments with 6, 12 and 24 bilayers were

Fig. 4. Normalized S. aureus growth in supernatant after 24 h in contact with (polycation/HA)24 multilayer films PAR (a), PLL (b), and PLO (c) with a variable
number of residues per chain. Normalized pathogen growth (S. aureus, MRSA, E. coli, P. aeruginosa) in supernatant after 24 h in contact with (polycation30/HA)24 (d).
Each (polycation/HA)24 multilayer films was incubated for 24 h at 37 ◦C in 300 μL of bacterial culture medium with an initial bacterial concentration correspondinf
to OD620 = 0.001. PAR: poly(L-arginine), HA: hyaluronic acid, PLL: poly(L-lysine), PLO: poly(L-ornithine), MRSA: methicillin-resistant Staphylococcus aureus.
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performed to determine the influence of this parameter on the activity
(Fig. S8).

3.5. Mobility of homopolypeptide chains in the films

In our previous study, the antimicrobial activity of PAR30 in the
multilayer film (PAR30/HA)24 was related to the high PAR mobility in
the film [17]. To confirm the hypothesis that the mechanism was the
same for films built with PLL and PLO chains with 30 residues, fluo-
rescence recovery after photobleaching (FRAP) experiments were per-
formed on (polycation30/HA)24 films (Fig. 5a and b). As expected, a
high normalized fluorescence recovery after photobleaching was ob-
tained with films built with PLL30 and PLO30 polycations, close to the
recovery of PAR30 chains (Fig. 5a). Based on three independent ex-
periments, the mobile PAR30, PLL30, and PLO30 proportions in the
films were evaluated. In all conditions, about 90 % of chains were mo-
bile (Fig. 5b). These results suggest a contact-killing mechanism for
PLL30 and PLO30, similar to that previously described for
(PAR30/HA)24 [18].

To sum up, PLL30 and PLO30 self-assembled with HA in nanocoating
systems presented a similar behavior to that of PAR30 in terms of the
physical properties, suggesting some general rules emphasizing the
importance of the mobility of the polycation inside the multilayer films.

3.6. Biocompatibility of homopolypetide/HA films and NO release from
PAR30/HA films

To minimize complications associated with implants (for instance
chronic inflammation or tissue necrosis) and guarantee long-term
durability, the biocompatibility of implant coatings is one of the main
parameters to evaluate. Here, we investigated the biocompatibility of
our nanocoating systems by evaluating cell viability, adhesion, and
proliferation on different cell lines: fibroblasts, epithelial and endothe-
lial cells.

First, cytotoxicity tests were performed using fibroblast cells (Balb/
3T3), as they are one of the recommended cell lines in the ISO 10993:5
norm for initial evaluation of material toxicity. The extraction medium,
composed of the culture medium in contact for 24 h with the (poly-
cation30/HA)24 films, was diluted at 12.5 %, 25 %, 50 %, and 100 % in
fresh culture medium and added to fibroblast monolayers. After 24 h of

seeding, cell metabolic activity was evaluated (Fig. 6a). For the extrac-
tion media originating from (PAR30/HA)24 and (PLL30/HA)24, meta-
bolic activity was more than 70 % (violet line, Fig. 6a) for all conditions
(diluted medium of 12.5 %, 25 %, 50 %, and 100 %) compared with the
metabolic activity obtained with fresh medium (100 %, prior incubation
with any coating), indicating the absence of cytotoxicity of these coat-
ings according to the ISO 10993:5 standard. For cells cultured with
diluted medium extracted from (PLO30/HA)24, a high metabolic activity
for 12.5 % and 25 % dilutions was observed. However, in the presence of
50 % and 100 % of extraction medium, significant cytotoxicity was
monitored, with a metabolic activity decrease of about 40 % and 80 %,
respectively (Fig. 6a).

Despite the absence of cytotoxicity in fibroblasts exposed to the
extracted medium in contact with (PLL30/HA)24 (Fig. 6a), previous
studies have shown that cells exhibited poor spreading, weak adhesion,
and limited proliferation on the (PLL30/HA)24 coating [39,40]. This
problem related to the coating softness can be resolved by a crosslinking
of the multilayers with EDC/NHS (N-Ethyl-N′-(3-(dimethylamino)pro-
pyl)carbodiimide hydrochloride/N-Hydroxysuccinimide) or other
crosslinking systems [41,42]. However, crosslinking involves a signifi-
cant change in the coating properties. Indeed, when polycationic chains
are crosslinked, their mobility is strongly reduced, which significantly
decreases the antimicrobial activity, as suggested in our former study
with (PAR/HA) coating [17]. Therefore, the next adhesion experiments
were performed without (PLL/HA) coatings, and we focused on
(PLO/HA) and (PAR/HA) coatings without crosslinking, as there were
no previous data on these coatings about cell adhesion. To monitor cell
adhesion at high resolution, we used MDCK epithelial cells as a cell
adhesion model and we evaluated their adhesion using AFM (Fig. 6b).
MDCK cells were well spread and exhibited a healthy cellular monolayer
on (PAR30/HA)24, similar to the monolayer observed on the glass sub-
strate. In contrast, (PLO30/HA)24 coatings displayed only a limited
number of unhealthy cells (Fig. 6b). High resolution images with SEM
were also obtained on the (PAR30/HA)24 coating (Fig. S9). These fine
resolution images confirmed the spreading and adhesion of epithelial
cells on the (PAR30/HA)24 film. Moreover, immunofluorescence images
confirm the adhesion of cells on (PAR30/HA)24 film with formation of
vinculin spots and stress fibers. By comparison, the adhesion on
(PLO30/HA)24 is weak and no vinculin spots and stress fibers were
clearly observed (Fig. S10). In conclusion, epithelial cells successfully

Fig. 5. Characterization of the mobility of polycation inside the multilayer films. a. Normalized fluorescence intensity recovery in a photobleached area as a function
of [t]1/2 for each (polycation-FITC/HA)24 film, with PAR30 (red), PLL30 (green), and PLO30 (blue) as polycations. t = 0 corresponds to the end of the photobleaching
step. A typical experiment per polycation is shown. b. Corresponding proportion of mobile polycation chain derived from data in part. Three independent exper-
iments for each polycation were performed and error bars correspond to standard deviations. PAR: poly(L-arginine), PLL: poly(L-lysine), PLO: poly(L-ornithine). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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formed a physiological monolayer across the entire surface of the
(PAR30/HA)24 coating. This can be particularly interesting in the case of
coatings used for wound healing with medical dressings [43,44].

Furthermore, one of the key challenges in the design of biomaterials
for tissue regeneration (implants, scaffolds) is angiogenesis promotion
[45–47]. This angiogenic capacity can be measured through NO pro-
duction assessment. Indeed, NO release plays a critical role in main-
taining tissue homeostasis and vascular microenvironment [48,49].
Supplementary cell culture assays were carried out, specifically on

HUVECs, to assess their ability to produce NO when exposed to the
(PAR30/HA)24 coating [50]. In our case, the nanocoating system
(PAR30/HA)24, through PAR presence, was potentially able to induce
angiogenesis. Indeed, arginine is involved in the metabolic pathways
and especially in inducible nitric oxide synthase (iNOS) activation,
which promotes NO production [51]. NO production was monitored
with HUVECs seeded either directly on the (PAR30/HA)24 films (direct
method) or in a cell culture insert above the (PAR30/HA)24 coating
deposited at the bottom of the plate (indirect method) (Fig. 6c). We

Fig. 6. Cytotoxicity assays, cell adhesion assays, and NO release quantification. a. Metabolic activity of Balb/3T3 cells incubated for 24 h with supernatant medium
extracts from polyelectrolyte multilayer films in contacts during 24 h. Balb/3T3 cells were cultured in presence of different rates of extraction medium in contact with
(PAR30/HA)24, (PLO30/HA)24, and (PLL30/HA)24. Normalized metabolic activity higher than 70 % (violet line) indicates the absence of cytotoxicity in the cor-
responding solutions. b. Deflection AFM images taken in air of epithelial MDCK cells that were cultured on glass, (PAR30/HA)24 and (PLO30/HA)24 multilayer films.
c. Schematic representation of the experimental condition, with cells directly in contact with the coating (PAR30/HA)24) and cells with no contact with (PAR30/
HA)24 (right). d. NO level quantified through the detection of nitrite in the supernatant in HUVEC. The supernatant was analyzed after 1, 3, and 7 days of culture and
mean NO release was obtained from three independent experiments. Error bars correspond to standard deviations. NO: nitric oxide, DMSO: dimethyl sulfoxide, PAR:
poly(L-arginine), HA: hyaluronic acid, PLL: poly(L-lysine), PLO: poly(L-ornithine); HUVEC: human umbilical vein endothelial cell, AFM: atomic force microscopy,
MDCK: Madin-Darby canine kidney. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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observed a strong NO production by HUVECs directly seeded on
(PAR30/HA)24 at day 3, corresponding to a threefold increase compared
with the control surface (without any coating) (Fig. 6b). Cells in indirect
contact with the coating were stimulated later, during the 7th day
instead of the 3rd day for direct seeding. This result suggests that the
nanocoating system (PAR30/HA)24 stimulated NO production, which, in
the presence of PAR, might be attributed to the fact that arginine is the
main NO synthesis precursor [52–54]. The NO production delay be-
tween direct and indirect methods (Fig. 6a) could be attributed to the
kinetic of PAR absorption by the cells. In the indirect method, PAR
release and diffusion in the cell culture media are required before the NO
synthesis process can be initiated. This diffusion route may contribute to
the observed delay in NO production compared with the direct method
[55].

Finally, the nanocoating system (PAR30/HA) emerged as the best
candidate as an LbL coating because of its ability to fight against pro-
karyotic cells, therefore preventing bacterial infections, while being
biocompatible for eukaryotic cells. Indeed, this coating presented
interesting cumulative biocompatibility properties, such as the mainte-
nance of fibroblast proliferation and epithelial cell adhesion (and
consequently the formation of an epithelial monolayer). Furthermore,
the PAR-based coating promoted NO generation, which contributes to
favor the angiogenesis mechanism [56,57]. These results emphasize the
use of the (PAR/HA) LbL nanocoating in medical applications for the
prevention of nosocomial infections and the improvement of the inte-
gration of coated implants after surgery implantation.

3.7. Evaluation of PAR30/HA coating antibacterial activities through ISO
standard methods

To confirm the activity of the (PAR30/HA) coating against several
pathogens, we quantitatively evaluated bacteria and yeast growth after
24 h in contact with the (PAR30/HA) coating using the ISO 22196
standard method for assessing antibacterial activity of surfaces. This
method is very sensitive and can detect low levels of antimicrobial ac-
tivity of coatings. After 24 h of bacteria inoculation on surfaces, super-
natants were removed from the surfaces and cultured for another 24 h
before CFU.mL− 1 determination. Gram-positive bacteria, S. epidermidis,
S. aureus,MRSA and E. faecaliswere strongly inhibited in the presence of
the (PAR30/HA)24 coating, as compared to non-coated surfaces (bare
glass), with a decrease of about 6 log units in CFU.mL− 1 (Fig. 7). The
Gram-negative bacteria E. coli and P. aeruginosa and the yeast C. albicans
were inhibited in a limited way by (PAR30/HA)24, with a decrease of
1–2 log units in CFU.mL− 1. This could be explained by the amount of
PAR30 inside the nanocoating system, which may be insufficient to
strongly prevent bacterial growth, in particular Gram-negative bacteria.
Thus, we tested a thicker coating built with 48 bilayers instead of 24,

resulting in a (PAR30/HA)48 film (Fig. 7). Interestingly, Gram-negative
bacteria inhibition became very strong with decreases of about 8 log
units for E. coli and P. aeruginosa, and even about 6 log units for the yeast
C. albicans. This offers a great perspective in defense strategies against
specific targets, such as prokaryotes or eukaryotes in the case of yeast,
and shows that coating activity can easily be tuned by adjusting the
number of bilayers forming the film.

3.8. Stability of the (PAR30/HA) coating

First of all, it should be borne in mind that the aim of our study was to
apply a coating capable of preventing infections, particularly those
linked to surgery during implantation of medical devices. This requires
to avoid contamination of the medical device during the first hours post-
implantation. Our coatings have been designed with this in mind, i.e.
stability of the coating must be ensured for a short delay (few hours) and
thus biopolymers met these expectations.

The first stability study was performed by incubation of (PAR/
HA30)24 coatings 1, 2 or 7 days in cell culture medium (EMEM, Eagle’s
minimum essential medium from ATCC) (Figs. S11a–c). Then, S. aureus
growth in supernatant after 24 h in contact with these (PAR30/HA)24
multilayer films was monitored. Antibacterial activity of the films was
unchanged, with a total inhibition. Moreover, similar experiments done
with pre-incubation with EMEM and FBS (fetal bovine serum) at 2 %
show similar results, i.e. no loss of antibacterial activity (Fig. S11d).
These results suggest that the coating are stable in cell media with or
without serum. Moreover, confocal microscopy observations show that
in EMEM without FBS, no degradation of the (PAR30FITC/HA)24 coating
was monitored (Figs. S12a and b). Only a partial degradation of the
coating in the presence of serum can be observed, which is probably
related to the presence of proteases in this medium (Figs. S12b and c).
However, the amount of coating remains sufficient after 24 h to assure
an antimicrobial activity.

A second set of experiments to assess the coating stability was per-
formed by using ageing methods (Fig. S13). The (PAR30/HA)24 coatings
were produced and then they were sterilized by steam-sterilized with a
solid cycle at 121 ◦C for 20 min. Then, they were stored at room tem-
perature for 24 months (Fig. S13b) or by accelerated ageing method for
10 years (Fig. S13c) (using ASTM F1980-16 standard, « Standard Guide
for Accelerated Aging of Sterile Barrier Systems for Medical Devices »).
After these storage times, antibacterial activity monitored for 24 h with
S. aureus was maintained, demonstrating the long-term stability of the
coating.

A last test was performed by incubating S. aureus on a (PAR30/HA)24
coatings for 8 days (Fig. S13a). Control experiments with glass surfaces
without any coating show a large number of bacteria to the opposite of
the coated glasses where no bacteria were monitored after 8 days of

Fig. 7. Pathogens growth evaluated by CFU number after 24 h in contact with (PAR30/HA)24 and (PAR30/HA)48 multilayer films following the ISO 22196 method.
The mean of three independent experiments is shown, error bars correspond to standard deviations. CFU: colony forming unit, PAR: poly(L-arginine), HA: hyal-
uronic acid.
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incubation. This impressive result suggest again that the coating is very
stable in growth media.

3.9. Absence of direct induction of bacterial resistance to PAR30
homopolypeptide

From the results obtained above, the (PAR30/HA) coating appeared
as the “hit” system for preventing bacterial infections while maintaining
good biocompatibility and even tissue regeneration. To go deeper into
the characterization and validation of the potential of this coating, we
performed complementary tests. Many bacteria use resistance strategies
to overcome antibiotics, and this is probably the leading cause for the
rise of infections [58,59]. Thus, designing new coatings based on bio-
polymers was certainly a promising strategy, but it was necessary to
verify that the antimicrobial polycation itself did not induce resistance
behavior in bacteria. For this purpose, a resistance acquisition assay
with S. aureus to PAR30 was performed. The S. aureus strain was inoc-
ulated every day during 30 days at a concentration of 106 CFU.mL− 1 and
in the presence of a concentration of half of PAR30’s MIC. MIC values
were evaluated every 3–4 days and PAR30 and tetracycline solutions
were adjusted accordingly. The fold changes of the MIC values
compared with the initial MICs are reported in Fig. 8. A conventional
antibiotic (tetracycline) was used as a reference following the same
protocol [60]. As shown in Fig. 8, no relative PAR30 MIC increase was
observed over the 30 days of the experiment, whereas the relative MIC
for tetracycline increased by more than 50-fold (Fig. 8).

This highlights the strong potential of PAR30 as a privileged tool in
the fight against bacteria, and even more against bacteria developing
resistance to conventional antibiotics like tetracycline. A second resis-
tance assay was performed by maintaining PAR and tetracycline con-
centration constants over time (half of the initial MIC). The results
demonstrated that the relative MIC was strongly stable over the growth
of bacterial generations, whereas the relative MIC for tetracycline
increased by around 3 times (Fig. S14). The resistance increase devel-
oped by S. aureus against tetracycline seemed to be lower when using the
second protocol compared with the previous method described in Fig. 8.
This difference probably originates from the fact that the PAR and

tetracycline solutions were adjusted to half of the MIC throughout the
experiments in the first method (Fig. 8). Although the first method
considered MIC variations after each passage and emphasized the
resistance of the pathogen against tetracycline, both methods go in the
same direction and clearly suggest the absence of bacterial resistance
induction against PAR30.

3.10. In vivo evaluation of the PAR30/HA coating on hernia surgical
meshes

Hernia surgery is the most commonly performed operation over the
world, with more than 20 million hernia repairs each year [26]. Tech-
nique selection for hernia repair is mainly based on prosthetic options
and especially mesh fixation [61]. However, 60 000 repairs fail each
year due to mesh infections [26]. Using meshes containing anti-infective
agents released locally in an effective way is the expected solution. For
this purpose, we conducted an in vivo study to determine whether the
composition of the antimicrobial polymer coatings based on
(PAR30/HA) could prevent bacterial colonization of the mesh applied in
hernia surgery. We achieved this by using a rabbit model infected with
S. aureus following the protocol established by Fernández-Gutiérrez
et al. [30]. The hernia repair material used was Optilene Mesh Elastic
[62] (B. Braun, Melsungen, Germany) made of polypropylene (Fig. S1a).
First of all, we checked that the (PAR30/HA)24 coating can be deposited
on polypropylene surface. QCM experiments were performed with
quartz crystal coated with polypropylene (Fig. S15). This shows that the
step-by-step deposition leads to an increase of frequency after each
deposition step. It suggests that the film is built up layer by layer in the
right way, as on SiO2 coated-crystals. Moreover, the antibacterial ac-
tivity was assessed in vitro on these polypropylene meshes coated with
24 or 48 bilayers of PAR30/HA (Fig. S16) and a total bacterial growth
inhibition was observed.

For in vivo studies, three conditions were studied with seven rabbits
per group: group #1 meshes without any coating as a control group;
group #2 meshes coated with (PAR30/HA)24; and group #3 meshes
soaked in aqueous 0.05 % CHX, a conventional protocol used by some
surgeons.

To test the antimicrobial efficiency of the coated meshes, a 0.25 mL
inoculation of S. aureus (1–1.5 × 106) was injected on the surgical defect
before mesh fixation with polypropylene sutures on the lateral side of
the abdominal wall. Then, the skin tissue was closed by simple inter-
rupted stitches with a 3/0 silk suture (Fig. S1b).

3.10.1. Postoperative follow-up
From the day of the surgery and during the entire study period (14

days), all animals were daily checked to capture any relevant macro-
scopic and behavioral findings related to the bacterial infection and/or
post-surgical complications. No mortality was recorded. Overall, ani-
mals from the different study groups behaved similarly in terms of
movement, physical activity, and food/drink intake. An expected weight
loss was recorded during the first postoperative week (Fig. S17). These
recordings were made under normal parameters (about 1–6%) in all
groups. Most animals gradually regained their original weight at the end
of the study.

3.10.2. Scoring of macroscopic observations and bacterial colonization on
the meshes

At necropsy, all animals were subjected to a complete examination to
score the most relevant macroscopic observations for each specimen, not
only regarding the contaminated meshes, but also in the surrounding
tissues (Fig. 9). Upon physical examination, soft-to-touch bulges were
observed under the skin of some animals. In general, these bulges were
macroscopically evidenced during the second postoperative week. For
group #1 (animals with meshes without coating and treatment), none of
the animals developed skin fistula or necrosis, although edematous areas
were observed in one specimen (Fig. 9a). Meshes were encapsulated in a

Fig. 8. Resistance acquisition assay of S. aureus. S. aureus were cultured in the
presence of half of the MIC of the antibacterial agent (PAR30 and tetracycline, a
conventional antibiotic) for 30 days. The fold changes of MIC values compared
with the initial MICs were evaluated at the indicated days and the PAR30 and
tetracycline solutions were adjusted accordingly. MIC: minimal inhibitory
concentration, PAR: poly(L-arginine).
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moderate to thick fibrous capsule and displayed different amounts of
purulent material distributed along the implant surface. In areas of the
implant exhibiting purulent material, the mesh was partially integrated
into the host tissue. A moderate hypervascularization of the implant
surface was recorded in almost all specimens, and hematoma signs were
observed in one specimen. Group #2 (meshes coated with (PAR30/
HA)24) showed no development of skin fistula, necrosis, or edema
(Fig. 9b). Moreover, meshes were surrounded by a thin fibrous capsule
and presented good tissue integration, which exhibited a large abscess
covering part of the mesh. Presence of purulent material was observed
but associated with mesh anchorage areas (suture line). Hyper-
vascularization was less intense in this group compared with control
implants. In general, implants displayed good tissue integration. In
group #3 (animals with meshes treated with aqueous 0.05 % CHX so-
lution dipping), no animal developed skin fistula, necrosis, or edema.
Macroscopic observations from this group were similar to those
observed in many specimens from group #2. In these implants, meshes
were surrounded by a thin fibrous capsule. Some specimens exhibited
presence of purulent material in association with the suture line.

Hypervascularization was less intense in this group compared with
control implants (Fig. 9c).

Finally, group#1 presented more purulent material, strong hyper-
vascularization, moderate to severe fibrous capsule, and weak tissue
integration. Specimens exposed to meshes coated with (PAR30/HA)24
presented very similar observations to that of specimens with meshes
treated with aqueous 0.05 % CHX, which were less purulent material,
weak hypervascularization, and better tissue integration. Thus, to go
dipper than macroscopic observations, the next approach was based on
the evaluation of bacterial infection on the meshes.

To determine the bacterial load adhered to the meshes, tissue ex-
plants containing a mesh fragment (2 × 1 cm2 each) from each animal
included in the three study groups were used to perform bacterial re-
covery assays. Samples were collected from the cranial border (lateral
and central fragment) after host tissue removal (Fig. S1c). Following
sonication, supernatant plating, and incubation, colonies were counted.
Due to the macroscopic observations concerning purulent material
localization, the hypothesis that the suture line was the source of the
infection was strengthened. Thus, only the central fragments of the

Fig. 9. Macroscopic outcomes of different implants at euthanasia and quantification of bacteria adhesion on the implants. a. Group #1, (A) Evidence of discrete
bulges (arrows) developed under the skin tissue. (B) Implant showing an edematous swelling (dashed line). (C) Implant partially covered by purulent material (*). (D)
Implant with severe vascularization and fully covered by purulent material (*). b. Group #2, (A) Evidence of a subcutaneous abscess (dashed line) containing solid
purulent material. (B) Detail of a thin fibrous capsule (arrowhead) surrounding an implant. (C) Implant surface with no macroscopic evidence of infection. (D)
Implant showing dispersed purulent material (*) restricted to the areas of mesh anchorage. c. Group #3 (A) Evidence of discrete bulges (arrows) developed under the
skin tissue. (B) Implant surface with no macroscopic evidence of infection. (C, D) Implants showing dispersed purulent material (*) restricted to the areas of mesh
anchorage. d. Quantification of bacterial adhesion to the surface of central mesh fragments collected from the different implants for each animal in each group. CFU:
colony forming unit.
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explanted meshes, where suture line infections did not interfere much,
were considered to determine the number of viable bacteria adhered to
the surface (Fig. 9d). In control group #1, all animals presented in-
fections except one. The coating applied in group #2 clearly prevented
infections, as only one animal had bacteria while the six others displayed
no infection signs. CHX solution appeared clearly as the most powerful
treatment as no animals were infected (Fig. 9d).

3.10.3. Histological evaluation and cytotoxicity test
To deeply analyze the state of the tissues surrounding the implant,

we performed histological experiments. Tissue explants were processed
according to the methodology described in the materials and methods
section and observed under optical and electronic microscopes. For
group #1, mesh filaments were surrounded by a dense neoformed
connective tissue which infiltrated the pores in a concentric fashion
(Fig. 10a). The tissue displayed barriers of inflammatory and foreign-
body giant cells in peri-prosthetic areas, as well as tissue exudate
accumulation (see C1858, C1864, and C1865 in Fig. S17) and large
abscesses (C1865, C1877, and C1882). Abscesses were mainly located
close to the implant borders and contained debris, inflammatory cells,
and bacteria (Fig. 10a and S17). Mesh integration was only altered in
areas of the neoformed tissue adjacent to the abscesses. Bacteria pres-
ence on the implant was acute within the abscesses and more discrete
along the neoformed connective tissues (Fig. 10a). Meshes from group
#2 (coated with (PAR30/HA24)) were surrounded by neoformed con-
nective tissues looser than those observed in the uncoated control im-
plants (Fig. 10b). Peri-prosthetic inflammatory cells and tissue exudate
accumulation (C1859 and C1867) were also recorded (Fig. S18). In these
implants, either micro- (C1849, C1862) and macroabscesses (C1859,
C1880) were embedded along the neoformed tissue in a dispersed
fashion (Fig. S18). Overall, these structures were smaller than those
developed in control implants, although the largest ones also disrupted
mesh integration into the host tissue. Bacteria were especially observed
within the abscesses, but with a smaller amount than that observed in
the control group (Fig. 10b and S18). Regarding the last group, histo-
logical observations were similar to those recorded in group #2. Meshes
were surrounded by a loose neoformed connective tissue which infil-
trated the pores, allowing adequate tissue integration of the implants
(Fig. 10c). Tissue exudate accumulation was found in some implants
(C1861 and C1881) and two specimens developed either micro- (C1878)
or macroabscesses (C1881) (Fig. S19). A moderate inflammatory reac-
tion caused by CHX addition was also highlighted (Fig. S19). In the
neoformed connective tissue, bacteria presence was not recorded or
noticeably reduced compared with the other experimental groups
(Fig. 10c).

Histological analyses confirmed the good integration in the tissue of
coated meshes and meshes dipped in CHX solution. Bacteria presence
was noticed mostly for the untreated group, suggesting that using a
(PAR30/HA)24 coating is comparable in terms of infection prevention to
a dipping step of the implant in CHX before implantation. Moreover, no
chronic inflammation was observed for all tested groups. This observa-
tion was confirmed by the evaluation of systemic cytokine levels using
ELISA assays targeting most of the common inflammatory cytokines
(TNF-α, IFN-γ, Il-10, and IL-6). ELISA results for all tested cytokines on
the plasmatic levels did not present any significative difference before
and after surgery of animals (Fig. S20).

While CHX was already known to be cytotoxic [63], we performed
new tests with the same protocol as the one used for (PAR/HA)24
coating, to confirm the unwanted effect of CHX on the cells. Tests were
performed with CHX in solution in the presence of fibroblasts, following
ISO 10993-5 standard which specifies test methods for evaluating the in
vitro cytotoxicity of medical devices (Fig. S21). For CHX concentrations
ranging from 0.02 to 0.5 mg.mL− 1, a high toxicity degree was observed
with cell viability values lower than 30 %, far from the 70 % of viability
required to pass the test (Fig. S21). This confirms that CHX as a biocide,
possesses strong antibacterial properties, is a cytotoxic compound, and

that high doses adsorbed on the mesh can negatively impact healthy
tissues surrounding the implantation site.

4. Conclusion

The design of effective antimicrobial coating systems is one of the
strategies to be developed to combat pathogen infections related to
medical devices, which represent about 50 % of hospital-acquired in-
fections. In this study, we demonstrated the strong antimicrobial activity
of coatings based on 24 bilayers composed of PAR, PLL, and PLO self-
assembled with HA against relevant bacteria involved in nosocomial
infections. System efficacy was tuned with the increase of (polycation/
polyanion) bilayer number, providing an effective nanocoating system
on the device to prevent the growth of prokaryotic pathogens, but also
eukaryotic pathogens like yeast. Finally, the mobility of the selected
polycations in the coating was critical to ensure antimicrobial properties
due to the contact-killing mechanism involved. The mechanism included
the interaction of PAR30 with the pathogen membrane, initiating the
killing process. The (PAR30/HA)24 film provided an optimal antimi-
crobial activity without perturbing host mammalian cell activity and cell
adhesion, allowing different cell types to deploy their original functions.
The nanocoating systems studied in this work showed that we can
personalize coatings not only by adjusting the layer number, but also by
modulating the polycation nature. For example, depending on the needs
(if the device surface needs to be adhesive or not for the cells), PAR or
PLO, respectively, can be selected. This makes our nanocoating system a
highly versatile tool for the prevention and therapy against multiple
pathogens, specially ESKAPE pathogens. Moreover, pathogens present-
ing antibiotic resistance against classical drugs can be eradicated. In vivo
investigations of the nanocoating system with an infected implant
model, polymeric mesh used in hernia, demonstrated the strong po-
tential of the strategy for future applications.
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Abbreviations

AFM Atomic force microscope
ALG Alginate
BSA bovine serum albumin
C. albicans Candida albicans
CHX Chlorhexidine
CFU Colony forming unit
CTC 5-cyano-2-3-ditolyl tetrazolium chloride
CSA Chondroitin sulfate A
DMEM Dulbecco’s modified eagles medium
E. coli Escherichia coli
EDC/NHS N-Ethyl-N′-(3-(dimethylamino)propyl)carbodiimide

hydrochloride/N-Hydroxysuccinimide
E. faecalis Enterococcus faecalis
ELISA enzyme-linked immunosorbent assay
FBS Fetal bovine serum
FITC Fluorescein isothiocyanate
FRAP Fluorescence recovery after photobleaching
HA Hyaluronic acid
HEP Heparin
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HUVEC Human umbilical vein endothelial cell
IFN interferon
IL Interleukin
Im intramuscular
LB Lysogeny broth
LbL Layer-by-layer
LM Light microscopy
MDCK Madin-Darby canine kidney
MRSA Methicilin-resistant S. aureus
MHB Mueller Hinton broth
MIC Minimal inhibitory concentration
M. luteus Micrococcus luteus
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide
NO Nitric oxide
NPD neutralizing pharmacopoeia diluent
OD optical density
P. aeruginosa Pseudomonas aeruginosa
PAR Poly(L-arginine)
PBS Phosphate-buffered saline
PFA Paraformaldehyde
PLL Poly(L-lysine)
PLO Poly(L-ornithine)

PGA Poly(L-glutamic acid)
PSS Poly(Sodium-4 styrene Sulfonate)
QCM-D Quartz crystal microbalance with dissipation monitoring
S. aureus Staphylococcus aureus
Sc subcutaneous
S. epidermidis Staphylococcus epidermidis
SEM Scanning electron microscope
TBS tris-buffered saline
TNF tumor necrosis factor
Tris tris (hydroxymethyl)-aminomethane
TRITC tetramethylrhodamine
TSYEA Tryptone Soya Yeast Extract Agar
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Fig. 10. Histological evaluation of the implants from group#1, 2 and 3 (a, b and c). (A, B) Neoformed connective tissue exhibiting accumulation of tissue exudate (Δ)
and large abscesses (*) (Masson’s trichrome, x50). (C, D) Detail of the inflammatory cells (yellow arrows) surrounding the mesh filaments (f) and the abscesses
(hematoxylin eosin, x100). (E, F) Labeled bacteria (black arrows) were located either in the neoformed tissue and within the abscesses (S. aureus immunolabeling,
x320). (G, H) Visualization by SEM at high magnification c (x 2000) to check the presence or of bacteria (white arrows) throughout the implant. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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