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ARTICLE INFO ABSTRACT
Keywords: Controlling bacterial biofilm formation on silicone-based bloodstream catheters is of great concern to prevent related-
Silicone infections. In this study, rhamnolipids (RLs), glycolipid biosurfactants, specifically a RLs mixture and the purified di-RL
Glycolipid biosurfactants (RhaRhaC10:0C10:0) were covalently bonded to silicone with the intention of reaching long-lasting antibiofilm
Rhamnolipids

surfaces.
Medical devices . . . e X . .
Antibiofilm RLs mixture and di-RL were identified by an UHPLC-MS method that also allowed the confirmation of compound iso-
Staphylococcus aureus lation by automated flash chromatography. Silicone surfaces underwent air-plasma treatment, inducing reactive oxy-
Staphylococcus epidermidis gen radicals able to promote the RLs grafting that was confirmed by contact angle, FTIR-ATR and AFM measurements.

The antibiofilm activity towards different Gram positive strains was evaluated by colony forming units (CFU) count
and confocal laser microscopy. In addition, protein adsorption and biocompatibility were also investigated.

RLs were successfully grafted onto silicone and RLs mixture and RhaRhaC10C10:0 functionalized specimens reduced
the biofilm formation over 2.3 log units against methicillin sensitive Staphylococcus aureus. Additionally, a decrease of
1 log unit was observed against methicillin resistant S. aureus and S. epidermidis. Functionalized samples showed
cytocompatibility towards human dermal fibroblasts, hemocompatibility and no vascular irritation potential. The re-
sults mentioned above revealed a synergy between the antimicrobial and the anti-adhesive properties of RLs, making
these compounds good candidates for the improvement of the medical devices antibiofilm properties.

1. Introduction some of the most frequent showing a predominance of 43.4% [2]. Biofilm

is a complex bacterial structure embedded in a self-produced extracellular

Currently, antimicrobial and antibiofilm surfaces are an emergent need
to overcome bacteria colonization on medical devices and improve patients'
healthcare quality [1]. This worldwide concern raised from the increasing
use of medical devices through years, and hence the escalation of health-
care associated infections (HAIs). HAIs are directly related to the increase
of morbidity, mortality and clinical high costs [2-4]. Among medical de-
vices, bloodstream catheters infections, due to biofilm formation, are
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polymeric substance, which protects pathogens from mechanical/physical
stress and host-immune defenses, making them more resistant to antibiotics
than when in their planktonic form [1,5,6]. Silicone such as polydimethyl-
siloxane (PDMS) has received a great attention in manufacturing medical
stents and catheters due to its moldability, low cost, biocompatibility,
good mechanical properties, topography, optic transparency, chemically in-
ertness and gas permeability [3,7]. However, once inserted in the human
body, PDMS catheters present a surface and environment prone to bacteria
adherence and colonization [6,8-10]. Therefore, there is an urgent need to
prevent biofilm formation on PDMS surfaces in order to avoid subsequent
infections. Different strategies have been used namely antimicrobials re-
lease [11], contact killing and antiadhesive strategies. The most easy and
common approach is surface coating via simple adsorption, through weak
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interactions, allowing a fast release of active compounds [12,13]. Neverthe-
less, if a more long-lasting functionalization is performed via covalent
bonds a more enduring activity may be obtained either acting by contact
killing or antiadhesive effect. Different antimicrobials have been covalently
bonded onto silicone surface and examples are, quaternary ammonium
compounds [14,15], chitosan, antimicrobial peptides, enzymes and antibi-
otics [2,8,16]. Nevertheless, an important feature of active molecules used
to avoid bacteria colonization must be the absence of development of resis-
tance such as the one observed for antibiotics. Biosurfactants such as
rhamnolipids (RLs), have gained the attention as promising molecules
endowed with antiadhesive and antimicrobial activities [5,17-19]. RLs
are extracellular products mainly biosynthesized by Pseudomonas
aeruginosa and Burkholderia strains. They are produced as mixtures com-
posed of one or two rhamnose molecules (hydrophilic moiety) originating
mono and di-RLs respectively linked to one, two or sometimes three f3-
hydroxyalkanoic acids (lipidic moiety). The diversity in the RLs structures
depends closely on the bacteria strain, carbon sources and the culture
conditions [20].

Several studies have reported the antimicrobial properties of RLs [3,18,
20-22]. However, very few studies investigated their antiadhesive activity
and most of them have been performed on PDMS or polypropylene surfaces
coated by adsorption with a RLs mixture showing antibiofilm activity to-
wards Gram positive (e.g. S. aureus, S. epidermidis, Streptococcus salivarius)
and negative bacteria (e.g. Klebsiella pneumonia, Escherichia coli, Vibrio
cholerae and Pseudomonas aeruginosa) as well as yeasts (e.g. Candida
tropicalis) [3,18,20-23]. In some industrial fields like the pharmaceutical
and cosmetic, isolation and purification of compounds is needed. Thus, re-
garding RLs, the isolated di-RL (RhaRhaC10C10:0) that has been investi-
gated for being one of the most abundant congener obtained from
P. aeruginosa [22,24] may be chosen for different applications.

In the current study, a novel antimicrobial/antiadhesive approach em-
bracing irreversible covalent functionalization of medical grade PDMS sur-
face with a RLs mixture and the isolated RhaRhaC10C10:0 was performed.
Air plasma was selected for the surface activation and APTES was used as
anchor (silanization). The physicochemical modifications of the PDMS sur-
faces were investigated through contact angle, Fourier transform infrared-
attenuated total reflectance, atomic force microscopy, as well as the
antibiofilm activity and biocompatibility of obtained surfaces.

2. Materials and methods
2.1. Chemicals, reagents and materials

The following chemicals and solvents were used as received: glucose
and agar from Oxoid (Hampshire, UK); potassium dihydrogen phosphate,
formic acid and 2-(N-morpholino)ethanesulfonic acid (MES) from Merck
(Darmstadt, Germany); sodium chloride from Panreac (Barcelona, Spain);
(3-aminopropyl) triethoxysilane (APTES), N-(3-dimethylaminopropyl)-N’-
ethylcarbodimiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS),
potassium chloride and sodium phosphate dibasic from Sigma-Aldrich
(Saint Louis, USA); acetonitrile (pro analysis and HPLC grade) from
Scharlau (Barcelona, Spain); ethanol (pro analysis) and ethyl acetate (pro
analysis) from Carlo Erba (Val-de-Reuil, France), and purified water by
using a Milli-Q purification system (Millipore). FDA approved medical-
grade silicone (PDMS) from Sove (Portugal).

2.2. Biosurfactants

P. aeruginosa rhamnolipids were purchased from Sigma (90% purity,
AGAE Technologies, Corvallis Oregon, USA).

2.3. Rhamnolipids mixture characterization and purification
Rhamnolipids mixture characterization was performed by ultra-high

performanc liquid cromatography coupled to tandem mass spectrometry
(UHPLC-MS/MS) according to a previously described method [25,26].
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For RhaRhaC10:C10:0 isolation a flash chromatography (Teledyne Isco)
automated method was performed with a reverse-phase C18 column
(redisep RF 43g, Teledyne Isco) coupled to a prepacked cartridge prepared
by adsorbing RLs to LiChroprep RP-18 prior to introducing into the auto-
matic system. A gradient elution program was carried out with formic
acid 0.05% aqueous solution (eluent A) and acetonitrile (eluent B). Elution
started at 10% of eluent B at isocratic mode for 5 min. Successive incre-
ments of 5% of eluent B were performed respecting 5 min gradient and
5 min at isocratic until 85% of eluent B was reached. After that, 10 min of
gradient to reach 100% of eluent B followed by another 10 min at isocratic
100% of eluent B. The flow rate was kept at 5 mL min ' and the fractions
volume at 6 mL. After identification by UHPLC-MS/MS [25], the isolated
compounds were collected by mobile phase evaporation using a rotary
evaporator (Buchi R-200) followed by further dryness under vacuum.

2.4. PDMS surface functionalization

2.4.1. Plasma-PDMS surface activation

Plasma technique was used in order to introduce reactive groups into
PDMS surface and enhance its reactivity and wettability. The surface oxida-
tion of PDMS samples was carried out using a plasma cleaner device
(Harrick plasma, PDC-002, New York, USA) with a frequency = 50 Hz,
Max power = 200 W and Max RF power = 30 W. PDMS samples were
cleaned three time with distilled water for 30 min each, dried under vac-
uum, conducted on a glass support placed inside a chamber of 6” Dia x
6.5” L and submitted under high power gas-plasma for 5 min. Different
gas-plasma were tested: argon (Ar), air and nitrogen (N5) plasma.

2.4.2. RLs functionalization

2.4.2.1. 3-Aminopropyltriethoxysilane (APTES) binding. A hydrolyzed APTES
solution was obtained by adding APTES to an ethanol 4% aqueous solution
(V/V) adjusted to pH = 4.5 with glacial acetic acid. Plasma-treated PDMS
samples were immerged directly in the APTES solution 10% (V/V) for
30 min at 50 °C and after that PDMS-APTES samples were washed 3
times with MQ water.

2.4.2.2. RLs bonding. Wet PDMS-APTES samples were directly immerged in
a 0.1 M MES buffer (pH 6.0) solution containing RLs, EDC and NHS
(1:3:1.5 M ratio) solution freshly prepared. The activation of the carboxylic
acid end of the RLs by succinimide ester was ensured by sequential addition
of EDC and NHS. EDC was allowed to react for 15 min before adding the
NHS. After 60 min of reaction, a RLs solution (final concentration 1.66 or
5 mg mL~ ') was added and the solution remained under agitation (240
rpm, IKA® MS 3 digital) for 20 h at 25 °C. After finishing the reaction,
RLs functionalized samples (PDMS-RLs) were washed 3 times with sterile
MQ water and dried under vacuum atmosphere.

2.5. Surface characterization

2.5.1. Wettability

Surface wettability was conducted by contact angle measurements
using a Digital Microscope (RoHS USB, China), equipped with a camera
monitor and (AMCAP) software. A Milli-Q water droplet (2 pL) was depos-
ited on the surface of vacuum-dried functionalized/non-functionalized
samples at ambient humidity and temperature. The resultant angles at the
droplets and substrates interface were measured using the sessile drop tech-
nique (tangent) with the Image J software (ImageJ 1.52p, National Insti-
tutes of Health, Bethesda, MD). At least four individual droplets were
analyzed for each sample at 0 and 10 min after deposition. Average was ob-
tained from at least eight independent measurements.

2.5.2. Fourier-transform infrared spectroscopy (FTIR)

Fourier Transform Infrared (FTIR) type Bruker Alpha II was used to
identify the different functional groups existing on the PDMS surfaces be-
fore and after functionalization. The samples were examined in ATR
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(attenuated total reflectance) mode in the range between 4000 and 800
cm ™! with a resolution of 4 cm ™. Data acquisition and treatment were
performed using OPUS 7.8 Software.

2.5.3. Atomic force microscopy

The roughness of the functionalized /non-functionalized PDMS surfaces
was determined using Atomic Force Microscopy (AFM). A NanoWizard IV
atomic force microscope (JPK Instruments, Berlin, Germany) mounted on
the top of an Axiovert 200 inverted optical microscope (Carl Zeiss, Jena,
Germany) was used for performing the scanning images of surfaces. The
AFM head is equipped with a 15 pm z-range linearized piezoelectric scan-
ner and an infrared laser. Imaging of the PDMS surfaces was performed,
in air, in contact mode. Oxidized sharpened silicon pyramidal tips with a
tip radius of approximately 6 nm, resonant frequency of about 190 kHz
and spring constant of 58 N/m were used for the imaging. Imaging param-
eters were adjusted to minimize the force applied on the scanning of the to-
pography of the PDMS surfaces. Scanning speed was optimized to 0.3 Hz
and acquisition points were 512 X 512. Imaging data were analyzed with
the JPK image processing v. 6.0.55 (JPK Instruments, Berlin, Germany).
The average roughness (R,) and the root mean square (RMS) roughness
(Ry) of each imaged PDMS surface were quantified using same software
[27-29].

2.5.4. Protein adsorption

The Bradford reagent (Biorad) protocol with bovine serum albumin
(BSA, Sigma) was used for protein adsorption evaluation [30]. Each sample
(functionalized and non-functionalized) was placed in a well of a 24-well
microtiter plate (MTP) and added of 500 pL of BSA (1 mg mL™~ 1 in NaCl
0.9% aqueous solution. After agitation at 240 rpm (IKA® MS 3 digital)
and incubation at 37 °C (Revco Ultima) for 1 h, test solutions were diluted
(1:2) and 10 pL of each were added to 200 pL of Bradford reagent diluted
with sterilized MiliQ water (1:4) in a 96-well MTP. The microtiter plate
was then incubated at room temperature for 10 min, under agitation (120
rpm, IKA® MS 3 digital) and absorbance was measured at 595 nm in a Mi-
croplate Multimode Reader (Anthos, Zenyth 3100). A calibration curve
with different BSA solutions (concentrations ranging from 0.05 to 0.6 mg
mL~ ") was performed in order to quantify the BSA adsorbed onto the sam-
ples surfaces.

2.6. Antibiofilm activity

2.6.1. Microorganisms

Staphylococcus aureus 25923™ and S. epidermidis 28319™ were obtained
from the American Type Culture Collection (ATCC). The clinically isolated
methicillin-resistant S. aureus (MRSA) was kindly donated by Dr. Luisa
Jorddo (Instituto Nacional de Satide Doutor Ricardo Jorge, Portugal). Ali-
quots from frozen stocks at —80 °C were used to culture microorganisms
on Tryptic Soy Agar (TSA, Biokar Diagnostics) plates for 24 h at 37 °C.

2.6.2. Biofilm inhibition assessment

Antibiofilm activity of PDMS-RLs samples was assessed according to
Pontes et al. [31]. Briefly, few colonies from a 24 h bacteria culture were
suspended in Brain Heart Infusion (BHI, Biokar Diagnostics) medium sup-
plemented with glucose 1% (w/V) and adjusted to 0.5 McFarland units.
Plain PDMS and PDMS-RLs functionalized samples (1 X 1 cm?) were
fixed in separated wells of a 24-well MTP and added of the final inoculum
toreach 1 x 10° colony forming units (CFU) mL ™" in a final volume of 1
mL in each well. MTPs were incubated for two time points, 3 h and 24 h
at 37 °C. After incubation, samples were washed twice with sterile
phosphate-buffered saline solution (PBS) in order to remove loosely and
non-adhered bacteria. At this point some samples proceeded for biofilm
CFU counts assay while others were stained for Confocal Laser Scanning Mi-
croscopy (CLSM).

2.6.2.1. Biofilm CFUs. After washing with PBS, PDMS samples were trans-
ferred into tubes containing 1 mL of sterile NaCl 0.9% aqueous solution.
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Then, sonication and vigorous shaking for 4 min each was executed to re-
move the adhered bacteria on the PDMS surfaces. Suitable dilutions were
performed and an aliquot was spread in TSA plates for viability quantifica-
tion. Bacteria colonies were counted after incubation for 24 h at 37 °C and
results were reported as CFU cm ™~ 2. Assays were carried out at least in three
independent experiments.

2.6.2.2. CLSM biofilm imaging. Observation of bacteria on biofilms was eval-
uated using the live/dead staining assay (Invitrogen) according to [32].
After washing, samples and controls were stained with a propidium iodide
(PD) (Invitrogen, Thermo Fisher Scientific) and Syto9 (Invitrogen, Thermo
Fisher Scientific) combined solution. After 15 min, the dye solution was re-
moved, samples were washed again (0.03 M sodium citrate in NaCl 0.3
M) and fixed with 4% paraformaldehyde in PBS (pH 7.4). After washing,
all samples were prepared with Prolong Gold (Invitrogen) in a glass slide
and observed by confocal laser scanning microscopy (CLSM, Leica TCS
SP8) and using LAS X software.

2.7. Biocompatibility assays

2.7.1. Cytocompatibility assessment — direct and indirect assays

Cytocompatibility of the developed non and functionalized-PDMS sam-
ples was assessed using human dermal fibroblasts (AG22719, Coriell Insti-
tute for Medical Research) from the 8th passage. Established cultures were
expanded in a-Minimal Essential Medium (a-MEM), containing 10% fetal
bovine serum (FBS), 100 IU mL ™! penicillin, 100 ug mL ™! streptomycin
and 2.5 pg mL~ ! amphotericin B (all Gibco). Cells were incubated at 37
°C, and 5% CO- in air. After reaching approximately 70% confluence,
cells were trypsinized and sub-cultured at 10* cells.cm ~ 2 within two exper-
imental settings: a direct and an indirect assay for the assessment of the bi-
ological response. Within the direct assay, cells were cultured directly over
the non and functionalized-PDMS samples, placed on the bottom of tissue
culture plates. Within the indirect assay, cells were cultured on the bottom
of tissue culture plates, and a permeable insert (Transwell 6.5 mm insert,
0.4 pm permeable membrane, Costar) containing the non and
functionalized-PDMS samples, was placed into the wells, allowing the mi-
croenvironmental contact with the cells, without the direct cell-material
contact. Cultures were maintained for 1 and 5 days. Material samples incu-
bated in the same experimental conditions but in the absence of cells were
used as blank controls, and cells cultured in the absence of the material
samples were used as positive controls.

2.7.1.1. Metabolic activity/cell proliferation. The evaluation of the metabolic
activity of the cultures established within the direct assay was determined
by the MTT assay, set on the reduction of the tetrazolium dye (MTT), by
the nicotinamide adenine dinucleotide phosphate (NADPH)-dependent cel-
lular oxidoreductase of the cells. At day-1 and day-5 time-points, a 10%
MTT solution (5 mg mL™}, Sigma-Aldrich) was added to cultured cells
and incubated for 3 h. After, the supernatant was removed and the formed
crystals were dissolved with dimethyl sulfoxide. The absorbance of the so-
lution was determined at 550 nm using a microplate reader (Synergy HT;
BioTek). Assays were conducted in quintuplicates.

For the indirect characterization, the metabolic activity of the cultures
was assessed using the Resazurin assay, based on the reduction of resazurin
salt (7-hydroxy-3H-phenoxazine-3-one-10-oxide) to the fluorescent
byproduct, resorufin, by metabolically active cells. Briefly, at the referred
time-points, the inserts were removed from the wells and the medium of
each well was replaced by a mixture of fresh culture medium with 10%
Resazurin solution (100 pg mL~ 1 Sigma-Aldrich) for 3 h, at 37 °C.
Resorufin fluorescence was then determined using a microplate reader
(Synergy HT; BioTek - excitation: 540 nm, emission: 590 nm). Assays
were conducted in quintuplicates.

2.7.1.2. Cell morphology. Cell morphology was evaluated by fluorescence
imaging relying on filamentous actin (F-actin) staining and nucleus
counterstaining, prior to microscopic observation, in both direct and
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indirect assays. Briefly, cells grown at day 1 were fixed with paraformalde-
hyde 3.7%, permeabilized with 0.1% Triton-X (Sigma-Aldrich) and incu-
bated with bovine serum albumin (Sigma-Aldrich), at room temperature.
F-actin was stained with phalloidin-conjugated Alexa Fluor 488 (Molecular
Probes), while the nuclear counterstaining was accomplished using
Hoechst 33342 (Enzo). Stained cells were imaged in a Celena S digital im-
aging system (Logos Biosystems). Images were treated using the ImageJ
software v.1.52a.

2.7.2. Hemocompatibility assessment

The hemocompatibility evaluation of the developed non and
functionalized-PDMS samples was performed through hemolysis and plate-
let adhesion assays. Regarding hemolysis assessment, heparinized human
blood was diluted with PBS (pH 7.4) and centrifuged at 2500g, for 5 min,
at 4 °C. After, the pellet was re-suspended in PBS to obtain an erythrocyte
suspension. Then, 500 pL of the obtained suspension was added to the de-
veloped non and functionalized-PDMS samples, as well as to controls
(i.e., 500 pL of distilled water, as a positive control; and 500 pL of 0.9% so-
dium chloride solution, as a negative control). All samples were incubated
for 1 h, at 37 °C, under constant shaking. Finally, samples were centrifuged
at 2500g, for 5 min, and the supernatants' absorbance was read using a mi-
croplate reader (Synergy HT; BioTek) at 540 nm. The experiments were
performed in triplicate.

The hemolysis rate was calculated using the obtained optical density
(OD) values of the samples and controls, according to the equation:

(ODsample — ODnegative control)

Hemolysis Rate% = x 100

(ODpositive control — ODnegative control)

The platelet adhesion assay was conducted from collected
anticoagulated blood. Briefly, the blood was centrifuged (225g, 15 min,
RT) to obtain platelet rich plasma. A platelet rich fraction was pooled and
the platelet concentration was adjusted to 10° platelets mL~* in PBS, fur-
ther supplemented with CaCl, (2.5 mM) and MgCl, (1.0 mM). The platelet
suspension was added to the non and functionalized-PDMS samples for 1 h,
at 37 °C. A glass lamella was used as a negative control. Following, non-
adhered platelets were rinsed from samples and the morphological charac-
terization of the adhered platelets was conducted by scanning electron mi-
croscopy (SEM) upon fixation in 3% glutaraldehyde, dehydration in an
ascending series of ethanol: water mixtures, and treatment with
hexamethyldisilazane. Micrographs were acquired in a Quanta 400 FEG
ESEM/EDAX Genesis X4M scanning electron microscope. 15 representative
images of each group were acquired and analyzed.

2.7.3. Irritation assessment

The vascular irritation potential of the non and functionalized-PDMS
samples was assessed using the HET-CAM (hen's egg-chorioallantoic mem-
brane) test, as previously detailed [33]. Briefly, fresh fertilized White Leg-
horn hen's eggs were incubated at 37 °C, within a rotating egg incubator
(Octagon Advance, Brinsea). Subsequently, at day 9, the incubation was
interrupted and the air sac position was determined, prior to the removal
of the eggshells. Subsequently, the outer membrane of the egg was carefully
detached, exposing the CAM. The developed non and functionalized-PDMS
samples were placed over the CAM and the irritation reaction was observed
over a period of 5 min, characterizing for vascular endpoints (i.e., vessel
lysis, hemorrhage and coagulation) suggestive of irritation potential. Inter-
nal controls were established in according to ICCVAM guidelines (ICCVAM,
2010), using a NaCl 0.9% solution as negative control and 1 N NaOH solu-
tion as positive control, enclosed by a silicone ring. Images were captured
during the assay using a Zeiss Stemis 305 stereo microscope, coupled
with an Axiocam 5 Color Camera. Assays were conducted in quintuplicates.

2.8. Statistical analysis

For the contact angle evaluation and for the biofilm activity assays, the
statistical analysis between the different samples was performed by
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applying the unpaired Student's t-test. Regarding AFM, the obtained results
for PDMS-RLs surface roughness (R, and R,;) were compared with the re-
spective values for PDMS-APTES samples. This analysis was performed by
applying paired Student's t-test. The statistical significance was set at p
values <0.05 with a 95% confidence interval. Statistical analysis was per-
formed using GraphPad Prism 5 software v.5.03 (GraphPad Software, San
Diego, California, USA).

In biocompatibility assessment normality of the data was determined by
the Shapiro-Wilk test. In which regards to normally-distributed datasets,
one-way analysis of variance (ANOVA) was performed, followed by
Tukey post hoc test. Regarding non-normally distributed datasets,
Kruskal-Wallis test followed by multiple comparisons using Dunn's test,
was performed. p values <0.05 were considered significant. Statistical anal-
ysis was performed in the IBM SPSS statistics 26.0 software.

3. Results and discussion
3.1. Characterization and purification of RLs mixture

The different components of the RLs mixture identified by UHPLC-MS/
MS are shown in the Table 1. The mixture presented mono and di-
rhamnolipids integrating different combinations of (unsaturated or satu-
rated) fatty acids. Only RLs mixture and the isolated RhaRhaC10:0C10:0
were used in further experiments due to their abundance as well
as for their antimicrobial and antibiofilm properties previously reported
[24,34,35].

3.2. Optimization of functionalization conditions

Three main steps defined the PDMS functionalization process in this
work: i) gas-plasma activation of the PDMS surface; ii) APTES PDMS surface
modification and iii) RLs functionalization. Two different parameters were
tested for a protocol optimization: the gas used for plasma and the RLs con-
centration.

3.2.1. Gas-plasma optimization

PDMS substrates were subjected to Ar, air and N, plasma at fixed expo-
sure time of 5 min and fixed RLs concentration (10 mg mL ™). Contact
angle, FTIR-ATR spectra and the antibiofilm activity of the plain PDMS
and Ar/air/N,-PDMS-RLs samples were evaluated. PDMS hydrophobicity
was confirmed as a contact angle of 108.4° at t = O min and 91.3° at t =
10 min (after surface achieved equilibrium) was observed. Additionally,
contact angles of 83.0°, 85.0°, 89.0° were obtained after APTES modifica-
tion following Ar, air, No-plasma exposure, respectively. The contact
angle measurements of RLs-functionalized samples are shown in Fig. 1A.
A pronounced decrease in the contact angle (below 14°) for all surfaces
was observed after RLs functionalization (Fig. 1A). The decrease in the con-
tact angle measurements promoted the change from the hydrophobic to the
hydrophilic character of the surface confirming the PDMS surface modifica-
tion established in each functionalization step.

Moreover, Fig. 1B shows the FTIR-ATR spectra of PDMS, RLs and Ar/
air/N,-PDMS-RLs. The FTIR-ATR spectra of Ar/air/N,-PDMS-RLs sub-
strates retained specific bands of PDMS such as: the vibration bands at
1010 and 1100 cm ™! attributed to the stretching vibration of Si-O-Si
bonds; the 1265 cm ™! band that is due to the various vibration of the CH
bonds coming from the PDMS methyl groups Si-(CH3),; and finally, the
band at 2965 cm ™~ that is characteristic of CH stretching vibrations of
-CHs; [9,35].

Two additional bands were detected at 1665 cm ™! and 1573 cm ™~
which can be attributed to the stretching vibration of the amide carbonyl
group and the amide I groups, respectively [9,36-38]. These two bands
are related to the amide group that is formed by the covalent bond of RLs
carboxylic end with the APTES amine group. Thus, these results confirm
the chemical bonding of the RLs to APTES previously covalently bonded
to the PDMS surfaces. In addition, all the Ar/air/N,-PDMS-RLs showed
the characteristic bands of the RLs structure such as: i) the broad band

1
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Table 1
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UHPLC-MS identification, molecular weight and structure of the main RLs congeners detected with H*,
Na* and K* adducts. ’Rhamnolipids isomers may be present.

Rhamnolipids MW  Adduct m/z Rhamnolipids structure
RhaRhaC8:0C10:0 622 [M+H]* Mono-rhamnolipids n;, no= [1-9]
: : 623
] o [M+H]*
RhaC8:0C10:0 476 477
RhaRhaC8:0C12:0% gso (M .
o~
RhaRhaC10:0c10:10 g4 M*KI 7,
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observed at ~3380 cm ™! attributed to the stretching vibration of OH group
from the RLs skeleton; ii) the sharp bands detected at 2931 cm ~* and 2860
cm ™! assigned, respectively, to the symmetric and asymmetric stretching
vibration of the CH group [9,36,38]; iii) the carbonyl (C =O) stretching vi-
bration band of the ester groups of the free RLs revealed at 1740 cm ™.
After the covalent linkage of the RLs to the PDMS surface a shift on the car-
bonyl vibrational band to 1709 cm ™' and 1700 cm ™ in the air-PDMS-RLs
and N,-PDMS-RLs spectra, respectively, was observed. Additionally, the
bands detected at 1468 and 1408 cm ~ ! are assigned to the OH and CH, de-
formation vibrations, respectively [38]. The bands observed at 1131 cm ™~ 1
and 1055 cm ™! can be attributed to the C-O-C stretching vibrations in the
rhamnose ring [38,39].

The intensity of all bands from the RLs chemical skeleton increases con-
siderably when using the air and N, gas plasma for the PDMS surface acti-
vation which suggest that the chemical bonding of the RLs to the PDMS
surfaces is dependent on the gases used and more effective for these two
(air and N, gas plasma) gases when compared with Ar.

Additionally, antimicrobial assays were performed on the PDMS and
Ar/air/N,-PDMS-RLs. Log (CFU cm ™ 2) values of 4.61 + 0.11; 4.36 +
0.05 and 4.86 + 0.11 were achieved for Ar, air and N>-PDMS-RLs, respec-
tively. The use of different activation gases led to a significantly different
Log (CFU) results when comparing between them (Fig. 1A). Therefore,
plasma subsequent experiments were performed with air since it generated
the lowest Log (CFU) values and also for to its availability, low cost and
safety.

3.2.2. Optimization of the RLs concentration

Two RLs concentrations, 1.66 (RLs; ¢6) and 5 mg mL ~ ! (RLss) were in-
vestigated for the functionalization of PDMS surface while maintaining
fixed all the other parameters (i.e., air-plasma, 5 min exposure time).
Fig. 2 exhibits the antibiofilm activity of plain PDMS (Control), PDMS func-
tionalized with APTES (APTES), PDMS functionalized with RLs; ¢ (RLS1 66)
and RLss (RLss) against S. aureus ATCC 25923. PDMS-RLss showed higher
anti-biofilm activity than RLs; ¢ at both end points. The Log reduction
after 3 h of incubation was 0.75 and 1.62 and after 24 h was 1.47 and 2.4
for RLs; ¢¢ and RLss, respectively. Therefore, and according to the statistical
results, the RLs concentration selected for further experiments was fixed at
5mgmL ™~ ! since there was no considerable difference in the biofilm forma-
tion when using a concentration of 10 mg mL ™! under the same experimen-
tal conditions (Log = 4.36 + 0.05 = 4.37 * 0.08, Figs. 1A and 2A).

3.3. Functionalization of PDMS with RLs mixture and RhaRhaC10C10:0
3.3.1. Surface characterization

3.3.1.1. Contact angle. Considering the importance of knowing the surface
wettability properties of PDMS after APTES, RLs mixture (RLs mix) and
RhaRhaC10C10:0 (di-RL) surface functionalization, contact angle (CA)
measurements were performed (Fig. 3). The PDMS presented a hydropho-
bic surface (CA = 91.3 = 2.2°) after 10 min, when water surface reaches
equilibrium, while after APTES, RLs mix and di-RL functionalization, the
contact angle decreased to 78.2 = 5.0°, 23.9 + 3.3°and 9.82 * 1.0°, re-
spectively. Hence, the enhancement of the hydrophilic character of the an-
alyzed surfaces confirms the PDMS surface functionalization. This can be
due to the presence of polar reactive groups on the PDMS surface such as
-NH, coming from the silanization of the PDMS surface after APTES
functionalization, -OH and ester groups coming from the plasma treatment
and the RLs functionalization [9], suggesting that the plasma-assisted and
chemical functionalization with APTES, RLs mix and di-RL were properly
performed and improved the hydrophilic character of the PDMS surfaces.
Results were in accordance with those of Hajfarajollah et al. [40] which re-
vealed changes on wettability surface properties with a decrease on the
contact angle value from 91.3 + 2.3° to 12.2 + 1.4° after RLs adsorption
onto a polypropylene surface previously treated with air-plasma. Another
important factor that can have a strong impact on the wettability of the sur-
faces is the surface roughness induced by the functionalization [41]. In
order to investigate the effect of functionalization on the PDMS surfaces,
AFM analysis were performed.

3.3.1.2. Atomic force microscopy. Fig. 4 shows the 3-dimensional AFM scan-
ning height images where it is possible to compare the differences between
the PDMS surface after air treatment, functionalization with APTES (only)
and functionalization with RLs (in mixture and isolated).

Air plasma treatment and silanization with APTES turned PDMS surface
slightly smoother (p = 0.0053 for R, and p = 0.010 for R,), as already
shown by other authors [42].

On the contrary, the RLs addition to the PDMS surface either with
the isolated RhaRhaC10C10 (di-RL) or RLs mixture (RLs mix) increased
the roughness of the surface, more significantly for the later one
(Fig. 4A and B). The increase in the roughness of the PDMS in the presence
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Fig. 1. A. Contact angle measurements (t = 10 min) and antibiofilm activity after 3 h
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of incubation (expressed as Log (CFU cm~?)). Data are shown as mean values *

standard deviation (SD). Statistical parameters with respect to antibiofilm results: a = b (p < 0.01), b = ¢ (p < 0.001), a = ¢ (p < 0.05). B. FTIR-ATR spectra of bare

PDMS, functionalized PDMS when using different gas sources (Ar-PDMS-RLs, Air-PDMS

of RLs (isolated or in mixture) confirms that the functionalization with
RLs was successful. The results suggest a surface restructuring
with the bonding of the compounds. In the case of the RLs mixture
distinctive compounds (mono and di-RLs) were linked to the surface
leading to a higher restructuring of the surface and an increase in

S.aureus 25923, 3h

Log CFU cm
i

Control APTES RLse RLSg

-RLs, N»,-PDMS-RLs) and RLs mixture.

surface RMS roughness (p = 0.0326 for the comparison between RLs mix
and di- RL).

Data suggest that the addition of the compounds to the PDMS surface
increased its roughness due to its non-homogenous binding through the
PDMS-APTES surface.

S. aureus 25923, 24 h

[ —

Log CFU cm™
i

N

Control APTES RLs;¢ RLss

Fig. 2. S. aureus ATCC 25923 biofilm inhibition with RLs; ¢ and RLss PDMS functionalized samples after 3 h (A) and 24 h (B) of incubation. (*p < 0.05, ***0.001).
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functionalized with APTES, RLs mixture (RLs mix) and RhaRhaC10C10:0 (di-RL).
(**p < 0.01, ***0.001).
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Contrary results were obtained by Hajfarajollah et al [40] but these au-
thors used adsorption instead of chemical functionalization of the PDMS
surface. In the mentioned study the results suggested that valleys may
serve as anchoring or fling sites for the adsorption of other molecules.

3.3.1.3. Protein adsorption. When protein adsorption onto medical devices
surface occurs that originates a layer favorable to bacteria adhesion and
hence biofilm formation. The quantification of the BSA adsorbed on the
PDMS control and RLs' functionalized PDMS surfaces was 0.075 + 0.009
and 0.046 + 0.012 mg cm ™~ 2, respectively. Thus, when comparing to the
medical grade silicone, a reduction of 38.7% in BSA adsorption was ob-
served after RLs functionalization. This reduction might be attributed to
the decrease in the surface hydrophobicity after RLs functionalization
since hydrophobic interactions between the PDMS and proteins such as
BSA have been reported by several authors [9,15].

3.4. Antibiofilm activity

Antibiofilm properties of RLs functionalized medical grade PDMS
substrate was explored against S. aureus ATCC 25923, MRSA and
S. epidermidis ATCC 28319, which are representative bacteria of blood
stream catheter related infections. Both RLs mix and di-RL functionalized
samples, revealed a reduction on biofilm viability, reaching a decrease of
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Fig. 4. A. Atomic force microscopy images of PDMS surfaces without functionalization and functionalized with APTES (APTES), with a mixture of RLs (RLs mix) or with
isolated RL (di-RL). Height AFM images “3D image” (at a fixed scaled of 1 ym) and error signal image (100 pm X 100 pm). B. Analysis of AFM height images: average
roughness (Ra) root and mean square roughness (RMS roughness, Rq) obtained for all the samples tested. Data is shown as mean value + standard deviation (S:D).
Statistical parameters: from Ra: *p = 0.0365 and **p < 0.0095; and from Rq: *p < 0.0328, **p = 0.0071 and ***p < 0.0007.
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2.4 and 2.3 Log (CFU cm ~?), respectively, when tested against S. aureus
25923. These results were significantly different when comparing to the
control, (Fig. 5A and D). Regarding MRSA and S. epidermidis biofilm forma-
tion, 1 Log (CFU em ™~ 2) of reduction was observed and results were also sig-
nificantly different when comparing to the control (Fig. 5B and C).
However, no significant difference was observed when comparing APTES
functionalized samples versus control samples, meaning that APTES func-
tionalized samples did not have a considerable effect on biofilm inhibition
regarding the different bacteria tested.

The CLSM biofilm observations allowed to verify the biofilm structure
and the differentiation from live (green fluorescence) and dead (red fluores-
cence) bacteria. A dense and multi-layered biofilm architecture (green fluo-
rescence) was observed on the plain PDMS substrates (used as positive
controls) with all the used strains (Fig. 5A;-D;). These multi-layered struc-
tures disappeared in RLs functionalized samples and dead bacteria could be
observed in some specimens, leading to the observation that besides reduc-
ing adhesion to surfaces bacteria were also killed (Fig. 5A2-D»).

To the best of our knowledge, this was the first time that RLs (i.e. as a
mixture or isolated compounds) were covalently bonded to the PDMS sur-
faces for antibiofilm activity improvement. The results mentioned above re-
vealed a synergy between the antimicrobial and the anti-adhesive
properties of RLs making these compounds good candidates for the im-
provement of the medical devices antibiofilm properties.

Additionally, antibiofilm properties of isolated RLs have rarely been
studied and most of the times were with a RLs-free solution added to a bac-
teria suspension or under a biofilm eradication approach [5]. For instance
Aleksic et al. [24] reported that a Rha-RhaC10:0C10:0 (50 pug mL™ 1) solu-
tion was able to inhibit S. aureus ATCC 25923 and MRSA biofilm formation
up to 63 and 56%, while when under an eradication assay the same solution
eradicated 57 and 58%, respectively. Moreover, most of biofilm studies
have been performed with a rhamnolipids mixture. An example is pre-
sented in Shen et al. [5] studies that when using a RLs mixture solution
(80 pg mL™ 1 observed a S. aureus ATCC 25923 biofilm inhibition of 80%
within 24 h. Under the scope of surface functionalization with these antimi-
crobial glycolipids adsorption approaches have been suggested. Ceresa
et al. [21] found that RLs, produced by P. aeruginosa 89 (2 mg mL™Y),
adsorbed to medical grade silicone, significantly reduced S. aureus ATCC
6538 and S. epidermidis ATCC 35984 biofilm formation by 76% and 63%,
respectively, within 72 h. In addition, previous results from Rodrigues
etal. [23] also exhibited the anti-adhesive capacity of the RLs when coating
silicone rubber. When using a solution of 4 mg mL ™! to promote RLs ad-
sorption, the number of the adhered bacteria (e.g. S. aureus and
S. epidermidis) decreased to 48% after 4 h of incubation [23].

Two phenomena might contribute to the RLs antibiofilm effect, i.e. their
anti-adhesive and antimicrobial properties [21,38]. Their anti-adhesive
properties are closely related to the capacity of RLs to inverse the hydropho-
bic behavior of surfaces into hydrophilic making them unfavorable for hy-
drophobic bacteria adhesion [12]. In addition, the amphiphilic behavior of
RLs molecules acting on cell-to-cell and cell-to-surface interactions may
minimize the adherence capability of bacteria into the surface [43]. The ob-
served decrease in contact angle measurements (Fig. 3) and in the initial
bacteria adhesion (Fig. 2A) with RLs-functionalized samples are in accor-
dance with the antiadhesive effect described for RLs. Moreover, the bio-
cidal property of RLs manifested by their capability to disrupt and
permeabilize the bacterial membrane was observed in surfaces where bac-
teria were stained by propidium iodide (Fig. 5). Findings suggest that RLs
increase pore formation and disintegration of bacterial cell membrane
[20,21,34]. For not presenting a specific antimicrobial molecular targeting
mechanism RLs may be pointed out as antimicrobial molecules not likely to
induce the development of resistance similarly to other membrane
disturbing agents such as some antimicrobial peptides [44]. To conclude,
RLs may stand for a good alternative to antibiotics with the additional ad-
vantage of avoiding the bacterial resistance phenomenon [20,21,34].

The obtained surfaces, for vascular catheters, showed distinctive antimi-
crobial properties against methicillin sensitive S. aureus = 2.4 Log reduc-
tion. Although some authors have mentioned that in urinary catheters
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evidence of antimicrobial activity requires at least 3 log reduction in viabil-
ity when compared to a control [45], currently there is no consensus on
what log reduction is considered a suitable reduction for catheters. Differ-
ent antiadhesive/antimicrobial strategies have been proposed to overcome
catheter microbial colonization and in most cases reductions observed in
the surface colonization range between 50 and 99% meaning that are de-
creases of 1-2 log units [3]. Among those approaches are hydrophilic coat-
ings such as PEG-based, PEGMA brushes or natural polysaccharides
grafting; zwitterionic polymers such as poly(betaines), amphiphilic poly-
mers such as PEG-acrylate copolymers or heparin-mimetic polyurethanes;
and micropatterned surfaces such as perfluorocarbon coatings or sharklet
topography imprinted on PDMS [3].

3.5. Biocompatibility

3.5.1. Invitro cytocompatibility assessment

In order to provide a detailed evaluation of the in vitro biological re-
sponse to the developed non and functionalized-PDMS samples, two differ-
ent approaches were assessed using human dermal fibroblasts cultures: a
direct assay (i.e. cells were seeded and grown directly over the materials)
and an indirect assay (i.e. cells were seeded and grown in the same micro-
environment of the materials, but without direct contact).

Regarding the direct assay, cultures grown over the culture plate pre-
sented a high metabolic activity at day 1, which increased significantly at
day 5 (Fig. 6A). In contrast, cells grown directly over the non-
functionalized-PDMS (control) and functionalized-PDMS (APTES, RLs
mix, di-RL) samples presented a significantly decreased metabolic activity.
At day 5, cultures grown on control conditions presented higher metabolic
activity than those attained at day 1. Cultures grown on the surface of the
distinct materials presented, comparatively, significant lower MTT reduc-
tion values, similar to those attained at day 1. This trend was confirmed
by the fluorescence imaging of the human dermal fibroblasts (Fig. 6B).
Regarding cells grown over the culture plate, a spread and stretched mor-
phology was verified, with well-organized actin fibers distributed over
the cytoplasm. Additionally, evident cytoplasmic extensions (filopodia)
extending into significant intercellular contacts were attained, as well as
a strong nucleus counter-staining. Cells grown over the non and
functionalized-PDMS samples were rarely identified, presenting an altered
and irregular morphology, as well as scattered cellular debris and remnants.

On the indirect assay, a distinct cellular behavior was attained. Controls
presented a high metabolic activity at day 1, as well as the cultures grown in
the presence of the developed materials, that presented high levels, despite
the marginal reduction, as compared to control (Fig. 6). At day 5, the met-
abolic activity of control was found to increase around 2.5 X, a trend also
verified for the cultures grown in the presence of the non and
functionalized-PDMS samples. Comparatively, the APTES and di-RL groups
presented a significant higher metabolic activity in comparison to control
and the other experimental groups. The cellular morphology of human der-
mal fibroblasts grown in the presence of the distinct developed materials
was found to be quite similar to that of control, presenting similar morpho-
logical characteristics and intercellular contacts, of the fibroblastic pheno-
type (Fig. 7).

Overall, the direct assay revealed a trend for a reduced cell adhesion, as
well as a limited metabolic activity and proliferative capability of the cul-
tures grown on non and functionalized-PDMS samples. Contrariwise, the
indirect assay revealed a high cellular adhesion and metabolic activity,
fairly similar to the positive control. This behavior- impaired cell function-
ality in direct assays and adequate cell function in indirect testing- is in line
with previous data of PDMS-based materials [46] and found to be adequate
for the aimed biomedical application - i.e., vascular catheters. In these ma-
terials, cell adhesion and proliferation over the surface is not desirable -
given the possible interference with the flow and/or activation of blood
components, but simultaneously no adverse effects are intended for circu-
lating or neighboring cells and tissues [47,48].

Given the aimed contact with blood, hemocompatibility assays were
further conducted, regarding hemolysis (Fig. 8A) and platelet adhesion
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Fig. 6. Human dermal fibroblastic cell cultures grown directly over the membranes. A. Metabolic activity/Viability assay (MTT assay), at day 1 and 5. Statistical analysis,

ANOVA followed by Tuckey's test, n = 5, *p < 0.05, **0.01; *

0.0001, between culture plate and the remaining conditions. B. Representative fluorescence images of

human dermal fibroblasts, at day 1, stained for actin cytoskeleton in green and counter-stained for the nucleus in blue. Scale bar corresponds to 100 pm. Control: bare PDMS.

(Fig. 8B). Regarding the hemolysis assay, a comparative analysis revealed
no significant differences between PMDS and di-RL samples, which pre-
sented a very low hemolysis rate - lower than 1.5% and 1.6%, respectively.
RLs mix group presented a slightly higher hemolysis rate, of around 3.5%,
being however significantly lower than the critical threshold of 5%, estab-
lished by the ASTM F756 standards, for materials with the potential capac-
ity to induce hemolysis (ASTM, 2017). In addition to the hemolysis
assessment, platelet adhesion assays were conducted by SEM imaging.
Platelets adhered to the negative control presented a broadly round/discoid
morphology, similar to the one attained in those adhered to RLs mix sam-
ples. Platelets adhered to Control and di-RL presented minor spreading
and minimal extension of pseudopodia. Adherent platelet morphology
can be classified into five categories, according to the progressive degree
of activation: round/discoid, with the absence of pseudopodia; dendritic
or early pseudopodial, with minor peusopodia and absence of flattening;
spread dendritic or intermediate pseudopodial, evidencing at least one flat-
tened pseudopodia and the absence of hyaloplasma spreading between
pseudopodia; spreading, with the spreading of hyaloplasma between pseu-
dopodia and fully spread, with a generalized hyaloplasma spreading and in-
distinguishable pseudopodia organization [49]. Overall, a general trend to
limit platelet activation was verified in all PDMS surfaces, by the absence of
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identifiable dendritic or spread morphologic features. Attained data is in ac-
cordance with the reported adequacy of PDMS functionality regarding
platelet function, showcasing the ability of this material to lessen platelet
adhesion and activation, as compared to other reference materials [46,50,
51]. These properties do not seem to be broadly modified by the
functionalization with either the isolated di-RL or RLs mix, with the later
further promoting the maintenance of the round morphology.

3.5.2. Vascular irritation assessment

The vascular irritation potential of the developed membranes was
assessed by the HET-CAM test. As observed in Fig. 9, the positive control
(NaOH) induced fast and progressive vascular alterations, characterized
by lysis, hemorrhage and coagulation, further increasing in intensity with
time. The negative control (NaCl), as well as all experimental groups,
induced no significant vascular alterations throughout the assay period
(5 min), being characterized as non-irritating substrates. In accordance,
PDMS has been established not to induce irritation or sensitization to exper-
imental animals or humans, upon direct exposure [52]. Further, RLs were
found to induce no irritation on comparable ocular and skin irritation as-
says [53,54], supporting the use of the developed PDMS-based materials
in biomedical applications.
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Fig. 8. Hemocompatibility assessment of the developed materials. A. Hemolysis assay: Positive control (distilled water, H,O) was set as 100% of hemolysis, while the negative
control (NaCl 0.9%) was set as 0%. Statistical analysis, ANOVA followed by Tuckey's test, n = 5, *p < 0.05 vs the remaining conditions. *Statistically different from Control
and di-RL. B. Platelet activation assay. Representative SEM images of adhered platelets.
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Fig. 9. Vascular irritation Het-CAM assay. Representative in ovo CAM images of the non and functionalized-PDMS samples, positive control (NaOH) and negative control

(NaCl) up to the 5 min endpoint.

4. Conclusions

In this work we hypothesized that by functionalizing silicone surface
with rhamnolipids biosurfactants the antimicrobial properties of medical
grade PDMS could be improved. Rhamnolipids were successfully grafted
onto PDMS surface by covalent bond after plasma activation and APTES an-
choring. This functionalization allowed a longer lasting approach that en-
hanced PDMS antimicrobial properties being an advantage when
compared to other approaches such as adsorption commonly mentioned
in literature. Surfaces become more hydrophilic and rougher and were
able to reduce Gram-positive bacteria colonization and biofilm formation.
Biocompatibility of functionalized samples was confirmed in different
ways, namely, by cell viability, hemocompatibility and vascular irritation
assessment. Moreover, a purified and single RL (i.e. RhaRhaC10C10:0)
was for the first time covalently bonded to PDMS surface and not only
proved to have antibiofilm activity but also to be biocompatible which
may become an advantage considering medical field applications that use
this biomaterial and want to improve its antimicrobial properties.
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