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ABSTRACT

In clinic there is a demand to solve the drawback of medical devices multispecies related infections. Conse-
quently, different biomaterial surfaces, such as vascular catheters, urgently need improvement regarding their
antifouling/antimicrobial properties. In this work, we covalently functionalized medical grade poly-
dimethylsiloxane (PDMS) with antimicrobial rhamnolipids to investigate the biomaterial surface activity towards
mono and dual species biofilms. Preparation of surfaces with “piranha” oxidation, followed by APTES bonding
and carbodiimide reaction with rhamnolipids effectively bonded these compounds to PDMS surface as confirmed
by FTIR-ATR and XPS analysis. Generated surfaces were active towards S. aureus biofilm formation showing a
4.2 log reduction while with S. epidermidis and C. albicans biofilms a reduction of 1.2 and 1.0 log reduction,
respectively, was observed. Regarding dual-species testing the higher biofilm log reduction observed was 1.9.
Additionally, biocompatibility was assessed by cytocompatibility towards human fibroblastic cells, low platelet

activation and absence of vascular irritation.
Our work not only sheds light on using covalently bonded rhamnolipids towards dual species biofilms but also
highlights the biocompatibility of the obtained PDMS surfaces.

1. Introduction

For decades, many polymeric materials have been elected for med-
ical use [1-3]. Among those polydimethylsiloxane (PDMS) is a prom-
ising elastomer for numerous applications including for catheters
fabrication due to its high flexibility, low cost, biocompatibility,
chemical inertness and transparency [4,5]. However, hydrophobicity
has been defined as the major obstacle of the use of this biomaterial as it
can lead to proteins and microorganism adsorption as well as biofilm
development [6]. Similarly, to other materials, microbial PDMS surface
contamination is of serious concern, and very challenging to treat

specially when caused by a combination of microorganisms (e.g.
S. aureus, S. epidermidis and C. albicans [7-9]) often leading to
biofilm-associated mixed infections [7].

Thus, there is a demand to solve this pressing problem by changing
PDMS surface properties and increasing its antimicrobial properties.
This has guided many research groups towards the development of new
strategies to render the PDMS surface hydrophilic and resistant to pro-
tein adsorption and microbial contamination. These strategies include
the coating of PDMS surface with antifouling polymers (e.g., poly(styr-
enesulfonate), polyethylene glycol, polyvinyl alcohol [10,11]) or anti-
microbials such as quaternary ammonium compounds [12,13],
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Fig. 1. A. Mono (A;) and di-RLs (Ay) present in RLs mixture. B. Representation of PDMS surface functionalization with antimicrobial RLs through carbodii-

mide reaction.

antibiotics (e.g. minocycline, rifampicin [14-16]), antimicrobial pep-
tides [3,17] or different nanoparticles (e.g. silver). The active molecules
have been attached to the surface either by weak and short-lasting in-
teractions (e.g. physisorption or chemisorption) [18] or long-lasting
approaches like covalent bonding (e.g. plasma induced
covalent-immobilization; chemical vapor deposition, polymer grafting)
[13,19,20]. While these approaches have successfully evidenced the
improvement of surface hydrophilicity, their broader use for PDMS
anti-biofilm properties is often limited by chemical stability, the need for
special equipment (in the case of plasma-induced), the antibiotic resis-
tance crisis [21,22] and lack of reports on mixed infections testing.
These issues emphasize the need for evaluating new approaches.

In this paper we focused on an alternative, practical and simple
strategy to create a more PDMS hydrophilic surface, with lower protein
adsorption profile and antimicrobial properties including against mixed
infections based on chemical etching using “piranha reaction”, silani-
zation and rhamnolipids incorporation into the surface. Chemical
etching aimed a long-lasting modification starting with the oxidation of
the surface using “piranha solution” pointed as a compatible, low-cost
and robust procedure [23]. The oxidation of the surface enables the
process of silanization, that is the covering of the surface with an
organofunctional alkoxysilane molecule (3-aminopropyltriethoxysilane,
APTES) [24,25], owning active functional groups to the PDMS surface
such as amine. The amine anchoring groups promoted the binding of
rhamnolipids (RLs), natural glycolipid biosurfactant compounds with
antibacterial and antifungal properties [25-28]. Additionally, in
contrast to antibiotics, RLs have little impact on the environment and do
not favor microorganism resistance [22,26].

The hypothesis of this study is that rhamnolipids covalently bonded
to polydimethylsiloxane (PDMS) surface have activity towards mono
and dual species biofilms. Additionally, functionalized-PDMS surfaces
properties were evaluated and wettability, FTIR-ATR and XPS analysis
were performed. Further, the potential interest of the proposed strategy
was confirmed by protein adsorption evaluation, antibiofilm and
biocompatibility studies.

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

The following chemicals and solvents were used as received: sodium
chloride from Panreac (Barcelona, Spain); chloroform and ethanol
(100%) from Carlo Erba (Val-de-Reuil, France); acetonitrile and hy-
drochloric acid 37% from Scharlau (Sentmenat, Spain); sulfuric acid
98%, methanol, glacial acetic acid, MES buffer, sodium hydroxide, po-
tassium dihydrogen phosphate and 4-methoxy benzaldehyde(p-
anisaldehyde from Merck (Darmstadt, Germany); N-hydrox-
ysuccinimide (NHS), N-(3-Dimethylaminopropyl)-N'-ethyl carbodii-
mide hydrochloride (EDC), (3-aminopropyl) triethoxysilane (APTES),
and D-(+)-glucose monohydrate from Sigma-Aldrich (Saint Louis, USA);

hydrogen peroxide (H20 30%) from VWR chemicals (Leuven,
Belgium); Orange G from BDH Chemicals Ltd (Poole England, UK); agar,
peptone and yeast extract from Biokar Diagnostics (Beauvais, France).

2.2. Rhamnolipids characterization

P. aeruginosa rhamnolipids were purchased from Sigma (AGAE
Technologies, Corvallis Oregon, USA) with a purity of 90%. Rhamnoli-
pids mixture characterization was performed by UHPLC-MS/MS ac-
cording to a previously described method [29].

2.3. PDMS surface functionalization

2.3.1. Chemical Etching and RLs functionalization

FDA-approved medical grade PDMS (SOVE, Portugal) with 0.5 mm
thickness, was cut into 1 x 1 cm squared pieces and functionalization
was performed according to Fig. 1. To activate the PDMS surface with
hydroxyl groups, a “piranha solution” composed of sulfuric acid and
hydrogen peroxide (7:3, v/v) was used (this solution reacts violently
with organic solvents and should be handled with care). After cooling
for 30 min, the PDMS was immersed in the “piranha solution” for 60 s
and then washed 5 times sequentially in ethanol and in deionized water.
PDMS was then immersed in (3-aminopropyl) triethoxysilane (APTES)
10% solution (prepared in an ethanol 4% (v/v) solution, adjusted to
pH= 4.5 with glacial acetic acid) for 30 min at 50 °C. Then, samples
were washed 3 times with Type I (Milli-Q) water. On the other hand, RLs
(5 mg, 0.008 mmol) were converted into N-hydroxysuccinimide esters
by sequential reaction with N-(3-Dimethylaminopropyl)-N’-ethyl-
carbodiimide hydrochloride (EDC, 4.5 mg, 0.024 mmol) for 15 min and
then N-hydroxysuccinimide (NHS, 1.35 mg, 0.012 mmol) for 60 min in
1 mL of 0.1 M MES buffer (pH 6.0). This solution was added to the
freshly aminated PDMS substrate and left to react for 20 h at RT under
agitation (240 rpm, IKA® MS 3 digital). Finally, samples were washed 3
times with Type I (Milli-Q) water and dried under vacuum until further
use.

2.3.2. Optimization conditions

Before reaching the final functionalization conditions some param-
eters were optimized namely: i) chemical etching treatment time: 45, 60
and 120 s; ii) APTES covalent bonding optimization using direct drying
under Ny atmosphere or thermal post-treatment at 65 °C for 10 min; and
iii) the proportions of RLs: EDC: NHS concentrations mg mL™!: Ry
(1.66:1.51: 0.90), Ry (1.66: 1.51: 0.45) and R3 (5.00: 4.53: 1.36).

2.3.2.1. Oxidation treatment time. Different oxidation times were first
tested. PDMS specimens were soaked in the “piranha solution” for 45,
60, and 120 s, washed with Milli Q water and dried under vacuum.
Surfaces were then checked for visual alterations namely opacity,
smoothness and flatness. Contact angle measurements were also per-
formed to access surface wettability modification.
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2.3.2.2. APTES binding assessment. After the oxidation step for 45 s and
60 s, samples underwent an APTES functionalization and PDMS-APTES
substrates were either dried under N, atmosphere or endure a thermal
post-treatment at 65 ° C for 10 min. In order to quantify the exposed
primary amine groups (APTES bonding) existing on the PDMS-APTES
surfaces the Orange II method previously mentioned by Noel et al.
[30] was used by replacing the orange Orange II solution by an Orange G
(OG, 14 mg mL™Y) solution. A calibration curve of OG ranging from
1.40 x 10~ to 0.14 mg. mL ™! was conducted in order to quantify the
OG adsorbed on the samples’ surfaces.

2.3.2.3. Proportion of RLs, EDC, NHS. Three RLs’ solution with different
reagents’ proportions (MR;, MRy, MR3g) were used. The different
experimental conditions corresponded respectively to different pro-
portions of RLs, EDC, NHS concentrations mg mL ! named as different
reactions (R): Ry (1.66: 1.51: 0.90), R, (1.66: 1.51: 0.45) and R3 (5.00:
4.53: 1.36). Thus, the optimized PDMS-APTES substrates were directly
immersed in the R;, Ry and R3 RLs’ solutions. After 20 h of reaction.
Samples were washed three time with Milli-Q water and dried under
vacuum. FTIR, contact angle and biofilm assays were conducted in order
to evaluate the different conditions.

2.4. Surface characterization

2.4.1. Wettability

The wettability of the functionalized/unfunctionalized PDMS sur-
faces was performed using the sessile drop technique. At ambient hu-
midity and temperature, digital images of the MilliQ water droplets
(2 pL) placed on the substrates’ surfaces was captured by a digital mi-
croscope (Rohs USB Digital Microscope) and (AMCAP) software. The
resultant angles at the droplets and substrates interface were measured
using the sessile drop technique with the Image J software (Image J
1.52p, National Institutes of Health, Bethesda, MD). Five individual
droplets were analyzed for each sample at 0 and 10 min after deposition.
Average was obtained from at least 8 independent measurements.

2.4.2. Fourier-transform infrared spectroscopy (FTIR)

Identification of the functional groups situated on the samples’ sur-
faces was performed using Attenuated Total Reflectance Fourier
Transform Infrared spectroscopy (ATR-FTIR), type Thermo Scientific,
Class 1 Laser Product Nicolet 6700. All samples were placed on the ATR
diamond crystal and the spectra measurements ranged between
[4000-800 cm’l] resulting from an average of 128 scans collected with
a resolution of 8 cm L.

2.4.3. XPS

It is known that in XPS analysis with non-conductive materials, a
charge compensation technique must be applied, so that the peaks
detected in the spectrum cannot be questioned. Carbon is often used for
calibration because the carbon peak is found in all samples exposed to
the environment. In our study it was adjust the Cls binding energy of
PDMS to 284.8 eV as described in the literature [31]. The chemical
composition changes on the surface of the functionalized/unfunction-
alized samples were investigated by X-ray photoelectron spectroscopy
(XPS) using a Kratos AXIS Supra equipped with a monochromatic Al Ka
radiation. The pass energy of survey scans was 160 eV and 10 eV for
detail scans. Data analysis was done with CasaXPS 2.3.19PR1.0.

2.4.4. Protein adsorption

The Bradford reagent (Biorad, California USA) protocol with bovine
serum albumin (BSA, Sigma, Saint Louis, USA) was used for protein
adsorption evaluation [32]. Each sample (functionalized and
non-functionalized) was placed in a well of a 24-well microtiter plate
(MTP) and added of 500 uL of BSA (1 mg mL 1) in NaCl 0.9% aqueous
solution. After agitation at 240 rpm (IKA® MS 3 digital) and incubation
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at 37 °C (Revco Ultima) for 1 h, test solutions were diluted (1:2) and
10 pL of each was added to 200 pL of Bradford reagent diluted in ster-
ilized 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 the absorbance was measured at 595 nm in a
Microplate 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 samples’ surfaces.

2.5. Antibiofilm activity

2.5.1. Microorganisms

Staphylococcus aureus ATCC 25923™, S. epidermidis ATCC 28319™
and Candida albicans ATCC 10231™ were obtained from the American
Type Culture Collection (ATCC). Aliquots from frozen stocks at — 80°C
were used to culture bacteria on tryptic soy agar (TSA, Biokar Di-
agnostics, Beauvais, France) plates for 24 h and the yeast on Glucose-
Peptone-Yeast Extract-Agar (GPYA) plates composed by glucose (2%),
peptone (0.5%) yeast extract (0.5%) and agar (1.5%), for 48 h at 37°C.

2.5.2. Planktonic cells susceptibility

Antimicrobial susceptibility of selected strains to RLs mixture was
obtained by the Broth Microdilution Method described in CLSI (2017)
and Pontes et al. [33,34]. All assayed samples were two-fold diluted in
Miieller-Hinton broth (Biokar Diagnostics, France) or RPMI-MOPS
(Gibco) for bacteria and yeast respectively, with a final RLs concentra-
tion ranging from 1.7 pg mL™! to 800 pg mL™l. The 0.5 McFarland
turbidity inoculum prepared in appropriate broth was further diluted to
obtain ~5 x 10° CFU mL™! or ~1 x 10° CFU mL ™! of bacteria or yeast
per well, respectively. Minimum inhibitory concentration (MIC) results
were obtained by measurement of absorbance at 595 nm in a Microplate
Multimode Detector (Anthos, Zenyth 3100) after 24 h of incubation at
37 °C. All assays were performed with negative controls (not inoculated
media) and positive controls (inoculated media). Assays were carried
out in three independent experiments.

2.5.3. Biofilm inhibition evaluation

Antibiofilm assays towards S. aureus, S. epidermidis and C. albicans
were carried out as previously reported by Pontes et al. [33]. Briefly, the
inoculum was prepared from 24 h cultures by direct colony suspension
in Brain Heart Infusion (BHI, Biokar Diagnostics) medium supplemented
with glucose 1% (w/v) for bacteria or Tryptic Soy Broth (TSB, Biokar
Diagnostics) medium supplemented with glucose 1% (w/v) for yeast.
The inoculum was adjusted to 0.5 McFarland units and further diluted
by 1:100 using the same medium in each well of the 24 well MTPs
housing on the bottom functionalized and non-functionalized samples
(controls). The plates were incubated at 37°C for 24 h (Revco scientific,
U.S.A). Afterwards, PDMS samples were washed twice with 1 mL of
sterile Phosphate Buffered Saline (PBS) to remove the loosely and
non-adhered bacteria and biofilm inhibition was assessed by colony
forming units (CFU) counts and Scanning Electron Microscopy (SEM)
imaging.

2.5.3.1. Biofilm CFUs count. After washing with PBS solution, PDMS
samples were transferred into 2 mL tubes containing 1 mL of sterile
aqueous NaCl 0.9% and submitted to sonication and vigorous shaking
for 4 min each to detach adhered bacteria on surfaces. Suitable dilutions
were performed and for CFU quantification an aliquot was spread in TSA
(for bacteria) and GPYA (for yeast) plates. Colonies were counted after
incubation for 24 and 48 h for bacteria and yeast respectively at 37 °C
and results were reported as log (CFU cm’z). Assays were carried out at
least in three independent experiments.

2.5.3.2. Biofilm observation through Scanning Electron Microscopy.
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Biofilm fixation was performed according to Mendes et al. [24] and
Matos et al. [35] as well as SEM imaging analysis. A field emission gun
scanning electron microscope FEG-SEM, model JSM7001F (JEOL,
Japan) operated at 10 kV was used.

2.5.4. Antibiofilm activity towards multispecies

Evaluation of functionalized samples antibiofilm activity on co-
culture assays were performed by co-culturing S. aureus with
S. epidermidis, S. aureus with C. albicans and S. epidermidis with
C. albicans. Inocula were prepared as previously described (2.5.2) in BHI
medium supplemented with glucose 1% (w/v) for bacteria co-cultures
and TSB supplemented with glucose 1% (w/v) for bacteria and yeast
co-cultures [36,37]. Antibiofilm activity was assessed by CFU counts
and SEM imaging as previously described. For colony counting TSA
plates were used for S. aureus with S. epidermidis while TSA and GPYA
plates were used when co-culturing bacteria and yeast.

2.6. Biocompatibility assays

2.6.1. Cytocompatibility assays

Human dermal fibroblasts (AG22719) were obtained from Coriell
Institute for Medical Research. Cultures from the 8th passage were
grown in a-Minimal Essential Medium (a-MEM), containing 10% fetal
bovine serum (FBS), 100 IU/mL penicillin, 100 pg/mL streptomycin and
2.5 pg/mL amphotericin B (all Gibco), incubated at 37 °C and 5% CO3 in
air.

When reached approx. 70% confluency, cells were detached by
trypsinization and sub-cultured at 1 x 10* cells/cm? for either the direct
or indirect assays. Regarding the former, cells were seeded directly over
the samples’ surfaces, or regarding the latter, on the bottom of the wells
with a permeable insert (Transwell 6.5 mm insert, 0.4 um permeable
membrane, Costar) containing the samples, in order to grow the cultures
within the material’s leachable. Cultures were maintained for 5 days.
Material without seeded cells and cells cultured without materials were
incubated at the same experimental conditions and were used as blank
control and positive control, respectively.

2.6.2. Metabolic activity and cell viability

The tetrazolium dye (MTT) was used to evaluate the metabolic ac-
tivity and viability of human dermal fibroblasts when cultured directly
on the materials. At 1 and 5 days timepoints, MTT solution (Sigma-
Aldrich) at 5 mg mL™ 1 was added to each well and incubated at 37 °C
for 3 h. Following, attained formazan crystals were dissolved in
dimethyl sulfoxide and the absorbance of the MTT product was
measured at 550 nm, using a microplate reader (Synergy HT; BioTek).

In addition, the Resazurin assay was employed to evaluate the
metabolic activity and viability of cultures in contact with the material’s
leachables. At day 1 and 5 of culture, the medium of each well was
replaced by a mixture of fresh culture medium with 10% Resazurin so-
lution (100 pg/mL, Sigma-Aldrich) for 3 h, at 37 °C. The medium was
collected and the fluorescence was measured by a microplate reader
(Synergy HT; BioTek - excitation: 530 nm, emission: 590 nm). Five in-
dependent experiments were performed.

2.6.3. Cell morphology

Cell morphology was observed using a Celena S digital imaging
system (Logos Biosystems) by culture’s fluorescence staining, in which
filamentous actin (F-actin) and nucleus were marked using phalloidin-
conjugated Alexa Fluor 488 (Molecular Probes) and Hoechst 33342
(Enzo), respectively. Briefly, cultured cells at day 1 were fixed with
paraformaldehyde 3.7%, permeabilized with Triton-X (Sigma-Aldrich)
0.1% and incubated with bovine serum albumin (Sigma-Aldrich) at
room temperature, prior to the immunostaining. Images were processed
using the ImageJ software v.1.52a [38].
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2.6.4. In vitro hemocompatibility evaluation — platelet adhesion

Regarding the platelet adhesion assay, materials were incubated
with citrate anticoagulated blood. Briefly, blood was centrifuged at
2500 RPM for 10 min in order to obtain a platelet rich plasma (PRP) and
then, the suspension was diluted in PBS until the concentration of 108
platelets/mL was reached. CaCly (2.5 mM) and MgCl, (1.0 mM) were
added. Materials and controls (treated plastic and glass, as negative and
positive controls, respectively) were hydrated by PBS immersion before
the assay. Then, 200 uL of the obtained PRP was added to the samples at
37 °C. After an hour, materials were washed for the removal of non-
adhered platelets, fixed in 1.5% glutaraldehyde and a dehydration was
performed with progressive concentrations of ethanol and finished with
hexamethyldisilazane treatment. Finally, the morphological character-
ization was conducted by scanning electron microscopy (Quanta 400
FEG ESEM/EDAX Genesis X4M). Representative images of each group
were acquired and analyzed.

2.6.5. Evaluation of the irritation potential

HET-CAM (hen’s egg-chorioallantoic membrane) test was performed
to evaluate the vascular irritation potential of the developed materials.
Fresh fertile White Leghorn hen’s eggs were incubated at 37 °C and 50%
humidity within a rotating egg incubator (Octagon Advance, Brinsea),
for 9 days. Subsequently, the incubation was interrupted and the air sac
position of the eggs was marked. The eggshell was opened and the CAM
was exposed after the removal of the outer membrane. Materials were
placed over the CAM, as well as the established controls, in accordance
to the Interagency Coordinating Committee on the Validation of Alter-
native Methods (ICCVAM) guidelines - NaCl 0.9% solution as negative
control and NaOH 0.1 N solution as positive control, enclosed by a sil-
icone ring. The irritation reaction was observed over a period of 5 min,
searching for vessel lysis, hemorrhage and coagulation. Images were
captured during the assay using a Zeiss Stemis 305 stereo microscope,
coupled to an Axiocam 5 Color Camera. Five independent experiments
were performed.

2.7. Statistical analysis

For protein adsorption assessment, the statistical analysis between
the controls and the functionalized samples was performed by applying
the unpaired t test method. The statistical significance was set at 95%
confidence interval. GraphPad Prism 5 software v.5.03 (GraphPad
Software, San Diego, California, USA) was used in order to perform the
statistical analysis.

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, fol-
lowed 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 signifi-
cant. Statistical analysis was performed in the IBM SPSS statistics 26.0
software.

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

RLs’ mixture characterization and purification were carried out ac-
cording to Dardouri et al. [29]. Different RLs’ structures were identified
by UHPLC-MS/MS including mono and di-rhamnolipids with different
combinations of saturated and unsaturated fatty acids. In RLs mixture,
di-RLs account for the majority of RLs showing a percentage of 67%
when comparing to 33% of mono-RLs. The RhaRhaC10:0C10:0 was
identified as the most abundant congener in the mixture (35%). Addi-
tionally, among other compounds present it was possible to identify the
following congeners: RhaRhaC8:0C10:0, RhaC8:0C10:0, RhaR-
haC8:0C12:0, RhaRhaC10:0C10:1, RhaRhaC10:C12:1,
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Fig. 2. A. Contact angle measurement of PDMS, PDMS-APTES (APTES), PDMS-RLs (RLs) (t = 10 min). B. High-resolution XPS N 1 s, C 1 s and Si 2p spectra of the
PDMS and PDMS-RLs surface. C. Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) of the PDMS, PDMS-RLs, and RLs raw materials D.
Protein adsorption to PDMS and PDMS-RLs surface (** p < 0.01).

RhaRhaC10:0C12:0, RhaC10:0C12:1,  RhaC10:0C10:1,  RhaR- 3.2. Surface characterization and antibiofilm activity of PDMs-RLs
haC10:0C14:1, RhaC10:0C12:0. This is in accordance with the previous

work of Chebbi et al. [39] showing the predominance of congeners The first step assays related to the optimization of the functionali-
RhaRhaC10:0C10:0 among mono and di-RLs produced by P. aeruginosa zation parameters (results presented in Supplementary Material SM1)
W10 and the effectiveness of RLs mixture against the biofilm formation, made possible to conclude about the optimal conditions to be used in the
disruption, and anti-adhesive activity [39]. subsequent experiments. Specifically, using “piranha etching” for one

minute, APTES functionalization without post-thermal treatment fol-
lowed by R3 proportion solution used for RLs’ functionalization.
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Fig. 3. Biofilm inhibition of RLs surfaces against mono-incubation of S. aureus, S. epidermidis and C. albicans (A-C) and against co-incubations of S. aureus- C. albicans;
S. aureus- S. epidermidis and S. epidermidis - C. albicans (D-F). Biofilm inhibition was assessed by colony forming unit counts (A-F). Scanning electron microscopy
allowed the visualization of controls (A;-F;) and functionalized samples surfaces (A2-F») colonization; C+ stands for positive control (plain PDMS). Images

magnification at 4000x.
3.2.1. Surface characterization

3.2.1.1. Wettability. Modifications in surface wettability were evalu-
ated by contact angle measurements of PDMS surfaces before and after
functionalization (Fig. 2A). Surface modification with RLs mixture
(PDMS-RLs) offered high hydrophilicity to the PDMS surface observed
with the decrease in the contact angle measurements from 95 ° (plain
PDMS) to 17 ° (PDMS-RLs). This sharp decrease in the contact angle
measurement confirms surface modification occurring after the func-
tionalization reaction associated to the presence of the polar groups such
as hydroxyl groups originated from surface oxidation, and RLs func-
tionalization [27].

3.2.1.2. XPS and FTIR-ATR. Successful functionalization of PDMS sur-
face with RLs mixture was ascertained through high-resolution XPS
spectra (Fig. 2B). From the PDMS and PDMS-RLs XPS spectra the

presence of carbon, oxygen, silanol peak components can be observed.
After the PDMS reacted with RLs mixture, the effective anchoring of RLs
was confirmed by the appearance of nitrogen, NH-C(=0)- (N1s at
400.17 eV) [40] in the N1s spectrum (Fig. 2B). The XPS spectrum of the
PDMS exhibited a O1s/Cls photoemissions ratio of 1.09, while for the
PDMS-RLs the ratio determined was 0.48, which indicates that the
functionalization with RLs changed the PDMS surface chemical com-
positions by introducing more carbon. After curve-fitting, it can be
observed that the high-resolution C1s XPS spectra of the PDMS exhibited
four peaks, two well defined at 284.8 eV (C-Si/C-C/ C-H) and 285.5 eV
(C-OH), and one small peak at 286.6 eV (C-O/C-N) [41,42]. However, in
the C 1 s core-level spectrum of the PDMS-RLs surface (Fig. 1X) five peak
components were detected at about 284.8, 285.6, 286.6, 288.0 and
289.2 eV, attributable to the (C-Si/C-C/ C-H), (C-OH), (C-O/C-N), C=0
and (O-C=0) species, respectively [40,43,44]. The appearance of C-N,
as well as C=0 and O-C=0 species confirmed the presence of RLs on the
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PDMS surface [45]. The Si 2p spectra show that pristine organic silicone
phase or PDMS backbone Si(-0)2 and surface Si(-O)1 are most prevalent
on the PDMS-RLs surface. The more highly oxidized Si(-O)3 and Si(-0)4
components at higher binding energy decrease in intensity on the
PDMS-RLs surface, which illustrates the different chemical environment
of Si atoms after functionalization when compared to PDMS surface
[46].

The chemical characteristics of PDMS surface modification with RLs
mixture (PDMS-RLs) was also investigated by ATR-FTIR spectroscopy.
The ATR-FTIR spectrums of PDMS and PDMS-RLs are shown in Fig. 2C.
Several characteristic FT-IR peaks of PDMS are observed [47]. Similarly,
in the ATR-FTIR spectrum of PDMS-RLs, the same PDMS functional
groups were observed. Moreover, RLs characteristic FTIR peaks present
in RLs powder [48] also appeared in PDMS-RLs. After functionalization,
representative peaks of the amide functional group appeared namely,
the C-N bond at 1450 cm’l, the N-H bond at 1554 cm~! and the C=0
bond at 1650 cm™! indicating successful binding of rhamnolipid to
PDMS [49].

3.2.2. Protein adsorption

It was possible to observe that RLs-functionalized PDMS increased
surface antifouling ability since a 36% decrease on BSA adsorption was
observed when comparing to the plain PDMS (Fig. 2D). Thus, the value
of the BSA concentration decreased from 0.075 = 0.009 mg cm ™2 on the
plain PDMS, to 0.048 4 0.005 mg cm ™2 after RLs’ functionalization and
according to Faustino et al. [S0], this reduction could be assigned to the
increase in the surface hydrophilicity which might interrupt the hy-
drophobic interactions that leads to the fouling phenomenon.

3.3. Antibiofilm activity

In order to assess the antimicrobial efficiency of the RLs’ function-
alized PDMS, the antibiofilm activity towards mono and dual species of
prevailing bacteria and fungi in the blood stream catheter related in-
fections were evaluated. For individual species, a surprising perfor-
mance of the RLs’ functionalized PDMS against S. aureus (Fig. 3 A) was
observed with a log reduction of 4.20 (99.99%). A log reduction of 1.17
and 0.95 (93.26% and 88.78%) was also observed against S. epidermidis
and C. albicans respectively (Fig. 3B and C). For all the assays, com-
parison was with respect to the positive controls (plain PDMS). SEM
images confirmed the CFUs’ previous results. Thus, the multilayered
colonies observed on the plain PDMS material used as positive control
(Figure 3A;, By, Cy), were efficiently reduced when functionalizing the
PDMS surfaces with RLs glycolipids, against all the used strains
(Figure 3A,, By, Cy). Regarding APTES functionalized specimens no
considerable differences from positive controls were observed. Thus,
APTES samples were not tested in dual species assays.

When in dual-species culture with C. albicans, S. aureus and S. epi-
dermidis biofilm was reduced in 1.69 and 1.9 log (CFU) (97.95% and
98.74%), respectively regarding the RLs-functionalized samples when
compared to control. In the same samples C. albicans biofilm formation
log (CFU) decreased 0.79 and 1.26 (83.78% and 94.50%) when cultured
with S. aureus and S. epidermidis, respectively (Fig. 3). Ceresa et al. [28]
when performing experiments using silicone discs coated (by adsorp-
tion) with RLs biosurfactants also found that surfaces were effective
against dual species biofilms (S. aureus- C. albicans and S. epidermidis - C.
albicans). After 24 h they found a biofilm biomass inhibition and a
metabolic activity reduction of 95.1% and 95.6%, respectively.

When comparing microorganisms’ numbers on biofilm formed in
mono with dual-culture assays it was possible to observe that S. aureus
and S. epidermidis surface colonization was higher when in co-culture
with C. albicans. This is in accordance with Ceresa et al.[28] who
found that the biomass and the metabolic activity of the dual-species
biofilms of Staphylococcus spp.-C. albicans were higher than those of
the mono-species biofilms up to 72 h for S. aureus ATCC 25923, and up
to 48 h for S. epidermidis ATCC 35984. Moreover, Peter et al. [37] stated
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that C. albicans may present a nidus or scaffolds for S. aureus in order to
facilitate its adherence to the catheter surface and protect staphylococcus
spp by secreting an extracellular matrix.

Regarding S. aureus-S. epidermidis co-culture assays a log reduction of
1.69 (97.96%) was observed for S. aureus biofilm in RLs-functionalized
surfaces (Fig. 3). Moreover, a log reduction of 1.94 was observed when
comparing S. epidermidis control values in single-biofilm with S. aureus
dual-biofilm (Fig. 3 E). These results can be attributed to the competitive
behavior of the mixed staphylococcus spp. in the binary biofilm, revealed
also in this study by S. aureus that had a significant competitive
advantage over the strain S. epidermidis on the positive control surfaces
which could be confirmed by a log increment of 1.05 when comparing
S. aureus single-biofilm with S. epidermidis dual-biofilm (Fig. 3 A). This is
in accordance with Gannesen et al. [51] who found that the S. aureus
MFPO3 possessed a competitive advantage over of S. epidermidis MFP04
in both planktonic co-culture and binary biofilms. Two mechanisms
might be behind this observation: the first suggestion is that S. aureus
was a very strong competitor and had the advantage to adhere to the
catheter surface over S. epidermidis and the second suggestion can be
attributed to the full charge of the surface covered S. aureus and the
absence of free sites for S. epidermidis to adhere [52].

In accordance with the upper findings, the SEM analysis of the dual
species confirmed the presence of the different studied bacteria and
fungi on surfaces of the RLs- functionalized PDMS and plain PDMS
(control). High contact was observed between S. aureus and C. albicans
hyphae in which S. aureus’ cells could easily cover the C. albicans ar-
chitecture (Figure 3D;). However, since S. epidermidis tends to adhere
less to the surface less contact with C. albicans hyphae was observed (the
architecture is more open than that with S. aureus) (Figure 3 F7). This
difference in interaction between bacteria and yeast hyphae might be
due to the differential protein expression of the different bacteria that
has been reported by Peter et al. [53].

Thus, the three-dimensional and multilayered microbial biofilms
observed in the control substrates (Figure 3D, E;, F1) were reduced
when using the RLs-functionalized PDMS samples since the majority of
the RLs-functionalized PDMS samples’ surfaces exhibited small and
dispersed cell clusters (Figure 3D, Ep, Fo). Additionally, the hyphal
yeasts’ cell form existing in the PDMS positive controls (Figure 3Dy, Fy),
were reduced with the RLs-functionalized PDMS samples (Figure 3D,
F5) which is considered as an interesting outcome since the presence of
the hyphal yeasts’ cell forms plays a crucial role in the C. albicans
pathogenic fungal infections [54].

In RLs-functionalized samples the glycolipids might act through their
antimicrobial and anti-adhesive properties since when in contact with
the microbial cell walls, RLs have the ability to change the hydropho-
bicity of the cell surface and increase its permeability [28]. In addition,
regarding the substrate surface, the RLs might limit the microbial
adhesion phenomenon and by consequence the bacterial and/or fungal
biofilm formation by acting on the physical-chemical properties of the
PDMS surface (e.g. wettability, topography) making it unfavorable for
bacteria/fungi adhesion [28]. For instance, S. aureus ATCC 25923 has
shown in a previous work [33] a partition coefficient of 69.5% thus
presenting a higher affinity for the hydrophobic phase. When func-
tionalizing PDMS surface with RLs by oxidation and carbodiimide re-
action the surface become considerably more hydrophilic (showing
contact angle values of 17.26 + 2.43) and that will lead to a lower attach
of bacteria that have affinity for the hydrophobic phases.

Regarding global results RLs-PDMS surfaces seemed more effective
in reducing bacteria than C. albicans biofilms. In the herein presented
work the MIC values of the RLs mixture towards S. aureus and
S. epidermidis were determined as 100 and 200 pg mL™, respectively
while for C. albicans that value was considered higher than 800 g mL ™",
Consequently, the higher antibiofilm activity of RLs-PDMS observed
towards bacteria is probably aligned with the lower MIC value observed
for bacteria when compared to C. albicans. The reduced antibiofilm ef-
fect observed in C. albicans is likely to be related only to the compound’s
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Fig. 4. A. Metabolic activity/Viability assay of human dermal fibroblasts cultures. MTT assay of cultures established directly on the materials’ surface. B. Resazurin

assay of cells cultured grown in the presence of materials’ leachables. *p < 0.05; * *p < 0.01; * ** *p < 0.0001.
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Fig. 5. A. Representative fluorescence images of human dermal fibroblasts morphology grown for 1 day. Cells were stained for actin cytoskeleton in green and
counter-stained for the nucleus in blue. The upper panel corresponds to cells cultured directly on the materials’ surface, while the lower panel corresponds to cells
cultured in the presence of materials’ leachables. Scale bar corresponds to 100 um. B. Platelet adhesion assay. Representative SEM images of adhered platelets over
the materials’ surface. Scale 2 ym.



M. Dardouri et al.

Control
; { AL ~
T *v Z‘i s
APTES “ g p
’x.mf, W T -*[m: i

RLs

o .
% N
. i /

5 min

Initial

Experimental Total irritation

Lysis  Hemorrhage Coagulation

condition score (IS)
C- (Nacl) 0 0 0 0
C+ (NaOH) 5 7 5 17
Control 0 0 0 0
APTES 0 0 0 0
RLs 0 0 0 0

Fig. 6. Representative in ovo images of the HET-CAM assay of the materials for
the first (0.5 min) and the last (5 min) time points and quantitative irrita-
tion score.

antiadhesive effect.

3.4. Biocompatibility evaluation - In vitro cytocompatibility and
hemocompatibility assessment

The cytocompatibility of the developed materials was assessed using
human fibroblastic cells. Significant differences regarding cellular
response were observed between cultures grown directly on the mate-
rials and those grown only in the presence of materials’ leachables
(Figs. 4 and 5). Cells cultured directly on materials’ surface (Fig. 4 A)
presented significant lower MTT reduction values when compared to
those of cells cultured on the bottom of the culture plate, which were
found to increase from day 1 to day 5. Comparatively, day-1 values were
around 50% lower to those of culture plate values, while, at day 5, a
reduction of around 80% was attained, for all experimental conditions.

On the other hand, regarding cultures grown in the presence of
materials’ leachables — all experimental groups presented a high meta-
bolic activity, increasing from day 1 to day 5, in a similar manner to that
of cultures grown in the absence of leachables (culture plate) (Fig. 4B).
At day 1, metabolic activity of all experimental groups was found to be
marginally lower in relation to culture plate while, at day 5, APTES and
RLs groups presented significant higher levels in comparison to culture
plate levels.

The assessment of the cell morphology and culture organization
performed by fluorescence imaging, at day 1 of culture, revealed a
similar trend (Fig. 5 A) — cells cultured on the tissue culture plate pre-
sented a spread and stretched morphology, well-organized actin stress
fibers, with distributed cytoplasmic extensions, as well as cell-to-cell
contacts and cellular philopodia (supplementary material SM2).
Nevertheless, the direct assessment of the materials’ surface revealed a
very low number of adhered cells presenting a shrunk and irregular
cytoplasm, with a disturbed organization (Fig. 5 A upper panel). In
addition, the morphological organization of cells cultured in the
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presence of leachables — independently of the material, i.e. control,
APTES or RLs — was found to be indistinguishable from those cultured in
tissue culture plates, presenting similar morphological characteristics
and cellular arrangement, as previously described (Fig. 5 A lower
panel).

Overall, a distinctive human fibroblastic response was verified in the
assayed experimental setup. An impaired cellular adhesion and reduced
metabolic activity was identified on control, APTES and RLs materials
within the direct assay; while a high cell adhesion, metabolic activity
and proliferation - similar to those attained in the culture plate - were
verified within the indirect assay, for all experimental materials. This
behavior is envisioned for the given target application - vascular cath-
eters — in which the adhesion and proliferation of cells are undesirable,
given the risk of catheter occlusion and thrombus/embolus formation,
while at the same time, no cytotoxic response is envisaged by leachable
components into the surrounding tissues [55,56].

Hemocompatibility evaluation was based on the platelet adhesion
assay, characterized by SEM imaging (Fig. 5B). Upon adhesion, platelets
presented a broadly round morphology on the control surface, similar to
that verified for both APTES and RLs samples. Minimal spreading and
extension of pseudopia were verified, for all the assayed materials.
Platelet adhesion and activation are critical indexes for evaluating blood
compatibility to artificial surfaces, being recognized as early indicators
of the thrombogenicity of blood contacting implants [56]. The attained
morphology, evidencing a round/discoid structure with the absence of
pseudopodia and hyaloplasma spreading supports a limited platelet
activation, in accordance with previous data supporting the capability of
PDMS to lessen platelet adhesion/activation [57], not being signifi-
cantly modified by the APTES or RLS functionalization [58].

3.5. Vascular irritation assessment

The HET-CAM assay was performed to evaluate the vascular irrita-
tion potential of the materials (Fig. 6). Regarding the characterization of
the developed materials, no macroscopic alterations were observed, in a
similar fashion to the negative control group, indicating a non-irritating
profile for the materials. Comparatively, the positive control presented
significant vascular alterations, namely lysis, hemorrhage and coagu-
lation, greatly compromising the functionality of the vascular network
(SM3). As a result, no scores regarding lysis, hemorrhage nor coagula-
tion were assigned for experimental groups and the negative control,
presenting a total irritation score of 0; while the positive control scored
17, being regarded as severely irritating. In accordance with the attained
data, distinct viscosity PDMS materials were previously found to present
no vascular irritation potential as recently addressed within the HET-
CAM assay [59], and also within in vivo applications [60].

4. Conclusions

Overall, this work showed that rhamnolipids were successfully
bonded onto medical grade PDMS surface and that this functionalization
improved the surface antiadhesive and antimicrobial properties. Not
only the produced surfaces were active against mono-species biofilms
but also towards dual-species biofilms. Moreover, the produced surfaces
showed biocompatibility features regarding cytocompatibility, platelet
activation and vascular irritation. Eliminating polymicrobial biofilm
infections is certainly a challenge and rhamnolipids-functionalized
medical grade PDMS may become an option regarding the reduction
of medical devices related infections.
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