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Abstract: Background: medical device-induced infections affect millions of lives worldwide and
innovative preventive strategies are urgently required. Antimicrobial peptides (AMPs) appear as ideal
candidates to efficiently functionalize medical devices surfaces and prevent bacterial infections. In
this scenario, here, we produced antimicrobial polydimethylsiloxane (PDMS) by loading this polymer
with an antimicrobial peptide identified in human apolipoprotein B, r(P)ApoBL

Pro. Methods: once
obtained loaded PDMS, its structure, anti-infective properties, ability to release the peptide, stability,
and biocompatibility were evaluated by FTIR spectroscopy, water contact angle measurements, broth
microdilution method, time-killing kinetic assays, quartz crystal microbalance analyses, MTT assays,
and scanning electron microscopy analyses. Results: PDMS was loaded with r(P)ApoBL

Pro peptide
which was found to be present not only in the bulk matrix of the polymer but also on its surface.
ApoB-derived peptide was found to retain its antimicrobial properties once loaded into PDMS and
the antimicrobial material was found to be stable upon storage at 4 ◦C for a prolonged time interval.
A gradual and significant release (70% of the total amount) of the peptide from PDMS was also
demonstrated upon 400 min incubation and the antimicrobial material was found to be endowed
with anti-adhesive properties and with the ability to prevent biofilm attachment. Furthermore,
PDMS loaded with r(P)ApoBL

Pro peptide was found not to affect the viability of eukaryotic cells.
Conclusions: an easy procedure to functionalize PDMS with r(P)ApoBL

Pro peptide has been here
developed and the obtained functionalized material has been found to be stable, antimicrobial,
and biocompatible.

Keywords: antimicrobial peptides; host defense peptides; polydimethylsiloxane; bacterial infections;
biofilms; antimicrobial resistance; antimicrobial surfaces; infection prevention

1. Introduction
1.1. Catheter-Associated Urinary Tract Infections

Infectious diseases related to the urinary tract represent the most frequent hospital-
associated infections (HAIs) as reported by the World Health Organization (WHO) [1].
HAIs, despite being an important cause of morbidity and mortality, have a great finan-
cial impact due to prolonged patient hospitalization and treatment [2,3]. It has been
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reported that approximately 65–70% of the infections are observed in patients with urinary
catheters [4], medical devices widely diffused in modern medical practice in the case of
incontinence problems or post-operative urine retention [5]. Obviously, the risk of infec-
tion increases along with the period of permanence of the catheter inside the body [6].
The Center for Disease Control and Prevention defined catheter-associated urinary tract
infections (CAUTIs) as the appearance of bacteria or fungi in the urine at concentrations
higher than 105 CFUmL−1 [7]. The spread of the infection is mainly due to the formation
of biofilm on the inner and outer surfaces of catheters, with the consequent invasion and
colonization of the bladder by pathogens. Indeed, immediately after the insertion, the
surfaces of catheters are altered by the deposition of urine components, such as proteins,
minerals, and polysaccharides, a condition that favors the interaction and the adhesion of
bacterial cells to catheters surfaces [8]. Escherichia coli, Pseudomonas aeruginosa, Enterococcus
faecalis, Proteus mirabilis, and Staphylococcus aureus are the strains commonly recovered
from infected catheters [9,10]. Microbial contamination and biofilm formation are the main
reasons for the failure of indwelling medical devices since they cause devices’ encrustation
and blockage [11]. An important issue is the difficulty to avoid bacterial colonization of
medical devices surfaces despite rigorous hygiene procedures [12]. This is really worrying
also because the treatment with conventional antibiotics is often ineffective to prevent
and treat bacterial contaminations [13]. Since bacteria contaminating the bladder can also
reach and infect other sites of the body, such as kidneys (pyelonephritis) and bloodstream
(septicemia), this phenomenon might lead to sepsis and, in extreme cases, also to death [12].

1.2. Anti-Infective Biomaterials

Based on this, alternative strategies able to efficiently inhibit the adherence of pathogens
to catheters surfaces are urgently needed. In this scenario, the use of anti-infective bioma-
terials able to either counteract the adhesion of microbes or kill them in the surrounding
areas is gaining increasing attention. To date, several compounds, such as antibiotics [14],
quaternary ammonium compounds [15], metals, and metal nanoparticles [16], have been
employed to confer antimicrobial properties to the surfaces of medical devices. Among
these, silver has been approved by the Food and Drug Administration (FDA) as a suit-
able antimicrobial tool to coat urinary catheters (i.e., silver-coated Dover™ catheters) [17].
Catheters loaded with the antimicrobial compound nitrofural are also commercially avail-
able with the name of Rochester Medical Magic 3 nitrofurazone-catheters [18]. However, it
has to be highlighted that the employment of these functionalized materials is limited by
their low efficiency, toxicity, and the development of bacterial resistance phenotype [19,20].

1.3. Antimicrobial Peptides

In this scenario, antimicrobial peptides (AMPs) are emerging as interesting effective
tools to functionalize surfaces and fabricate materials with inherent antimicrobial properties.
As a part of the innate immune system, AMPs exhibit a broad-spectrum range of activities
and provide a first line of defense in virtually all organisms [21]. They generally do not lead
to the selection of resistant bacterial strains [22], since their main target is the cell membrane
and the acquisition of resistance would require an almost complete remodeling of bacterial
membrane architecture [23]. In the present work, peptide r(P)ApoBL

Pro, derived from
an antimicrobial region encrypted in the sequence of human apolipoprotein B [24], has
been selected to produce antimicrobial polydimethylsiloxane (PDMS). Indeed, by using
a bioinformatics tool, we identified an antimicrobial region (amino acids 887–922) within
the sequence of human ApoB [24]. Next, we produced recombinantly in Escherichia coli
three versions of the identified encrypted peptide, namely r(P)ApoBL

Pro, r(P)ApoBS
Pro,

and r(P)ApoBL
Ala [25]. These sequences present a Pro residue at the N-terminal extrem-

ity because of the acidic cleavage of an Asp-Pro bond necessary to excise peptides of
interest [24]. The ApoB peptide variants were labeled with Pro and Ala indicating their
amino acid residue in position 7 corresponding to the mutation that differentiates the
two isoforms. The labels L and S refer to a longer or a shorter version of the identified
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amino acid sequence and correspond to the relative and absolute scores, respectively, gener-
ated by the used algorithm [24]. r(P)ApoBL

Pro peptide was here selected on the basis of its
interesting bioactivities, including antimicrobial, anti-biofilm, antifungal, wound healing,
and immunomodulatory properties [24–33]. Moreover, r(P)ApoBL

Pro peptide was found
to be able to synergistically act in combination with conventional antibiotics and EDTA,
demonstrating bactericidal activity in combination therapies at lower therapeutic doses
and at shorter times of treatment in comparison with conditions in which it is administered
as a single agent [24].

1.4. Functionalization of PDMS with an ApoB-Derived Antimicrobial Peptide

Based on these interesting properties of r(P)ApoBL
Pro, the peptide was here selected to

functionalize PDMS, a chemically stable, elastic, transparent, and biocompatible polymer
representing one of the materials of choice for the production of biomedical devices, such
as catheters and drainage tubes, dialysis membranes, micro pumps, micro valves, fluidic
circuits and optical systems (adaptive lenses) [34]. Generally, two kinds of catheterizations
are possible, i.e., (i) the “intermittent” catheterization in which the catheter is replaced by a
novel one several times (range 1–10) per day and (ii) the “indwelling” catheterization, in
which a balloon plays the key role to anchor the catheter in the bladder for weeks before
its replacement [10]. In the latter case, they can be identified as (i) short-term catheters
that are employed for temporary relief of reversible bladder voiding difficulties, for urine
output monitoring or after urinary tract surgery, and are used in a range of time comprised
between 1 and 14 days [17], or (ii) long-term catheters, used to manage chronic urinary
retention or incontinence not treatable by different strategies, that might remain in place
for up to three months [35]. In any case, catheters are exposed to human urine composed
primarily of water (95%) containing urea (2%), creatinine (0.1%), uric acid (0.03%), sodium
chloride, potassium, sulphate, ammonium, phosphate, and other ions and molecules in
lesser amounts, with a pH value comprised in the range 4.5–8. Indeed, the composition of
urine is not stable over time but varies throughout the same day and on the basis of age,
gender, and race [36]. Urinary catheters employed in medicine are generally composed of
polyvinyl chloride (PVC), polyurethanes, silicone, latex rubbers, and polydimethylsiloxane
(PDMS) [37]. The composition of the PDMS employed in the present work was designed to
be analogous to that of PDMS used to fabricate medical catheters. PDMS functionalized
with r(P)ApoBL

Pro peptide was here produced and its anti-infective and biocompatibility
properties were analyzed.

2. Results
2.1. Characterization of Functionalized PDMS by Fourier-Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was employed to analyze PDMS polymer upon functionalization
with r(P)ApoBL

Pro peptide. To this purpose, FTIR spectra were collected in attenuated
total reflection (ATR) mode. The spectra obtained for PDMS slides unfunctionalized
or functionalized with r(P)ApoBL

Pro peptide are reported in Figure 1a. In the case of
functionalized PDMS, obtained spectra were characterized by the contribution of amide
I (at 1640 cm−1), amide II (at 1539 cm−1), and amide III (at about 1248 cm−1) (lower
spectrum in Figure 1a), clearly indicating the presence of ApoB-derived peptide on PDMS
surface. Indeed, these signals were found to be absent in the case of unfunctionalized
PDMS (upper spectrum in Figure 1a). Indeed, in this case, the most intense bands of the
spectrum are observed at 1052 cm−1 for asymmetric stretching of the Si–O–Si chain. This
band is generally located between 1200 and 1000 cm−1 and has a typical asymmetric shape
ascribed to the presence of silica. The broad shoulder observed around 1157 cm−1 can be
related to vibrations of cyclic species as widely reported [38]. The symmetric stretching of
the Si–O–Si chain appears at 79 cm−1, whereas the band at 954 cm−1 is usually attributed
to the Si–O stretch of silanols. It has to be highlighted that, to verify the homogeneity of
analyzed samples, ten spectra have been collected for cross-sectioned sample surfaces. All
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the obtained spectra were found to be very similar, thus indicating the homogeneity of
analyzed unfunctionalized samples.
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Figure 1. FTIR analyses of PDMS alone (upper spectrum) and of PDMS functionalized with
r(P)ApoBL

Pro (lower spectrum) (a). Water contact angle analyses of PDMS alone (upper image)
and of PDMS functionalized with r(P)ApoBL

Pro (lower image) (b).

2.2. Water Contact Angle Analyses of Functionalized PDMS

To verify whether modifications in surface wettability occur upon PDMS functional-
ization with r(P)ApoBL

Pro peptide, water contact angle measurements were performed. A
surface can be defined as “hydrophilic” when the water contact angle (WCA) is lower than
90◦, whereas it is considered “hydrophobic” when WCA is comprised between 90◦ and
180◦. PDMS alone is known to be naturally hydrophobic although, here, it was found to be
slightly hydrophilic (WCA = 76 ± 1◦) due to the plasma activation procedure performed
during PDMS preparation (Figure 1b, upper image). Upon PDMS functionalization with
r(P)ApoBL

Pro peptide, interestingly, the surface hydrophilicity was found to increase as
indicated by the decrease in the obtained value (WCA = 38 ± 1◦, Figure 1b, lower image).
This is a clear indication of the effective presence of ApoB-derived peptide on the surface
of PDMS upon functionalization procedure.

2.3. Evaluation of the Antimicrobial Activity of PDMS Functionalized with r(P)ApoBL
Pro

In order to evaluate the antimicrobial performance of PDMS functionalized with
the selected ApoB-derived peptide, minimal bactericidal concentration (MBC) values
were determined for functionalized PDMS in comparison with those obtained for peptide
alone tested against Escherichia coli ATCC 25922 and Staphylococcus aureus ATCC 29213
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bacterial strains (Table 1), selected as representatives of Gram-negative and Gram-positive
bacteria, respectively. As shown in Table 1, PDMS functionalized with r(P)ApoBL

Pro

peptide, here named PDMS-r(P)ApoBL
Pro, was found to exert antimicrobial effects even if

higher concentrations of peptide were required to completely kill bacterial cells with respect
to peptide tested alone in solution (Table 1). It is noteworthy that PDMS-r(P)ApoBL

Pro was
found to be more active against the Gram-negative E. coli ATCC 25922 strain, which was
selected as a model strain for further investigations. In order to analyze the kinetic of the
bactericidal activity of functionalized PDMS, kinetic killing assays were also performed. To
this purpose, at selected time intervals (i.e., 0–30–90–150–270–960 min), the growth of E. coli
ATCC 25922 cells cultivated in contact with PDMS alone or with PDMS-r(P)ApoBL

Pro

was evaluated by colonies counting. As shown in Figure 2, a progressive decrease in
bacterial cells viability was detected only in the presence of PDMS-r(P)ApoBL

Pro (10 µM).
The strongest effects on bacterial growth were observed after 270 min of incubation, with
a complete death of bacterial cells after 960 min of incubation with PDMS-r(P)ApoBL

Pro

(10 µM).

Table 1. Minimal bactericidal concentration (MBC) values of r(P)ApoBL
Pro and PDMS-r(P)ApoBL

Pro.

MBC (µM)

Strains r(P)ApoBL
Pro PDMS-r(P)ApoBL

Pro

Escherichia coli ATCC 25922 5 10
Staphylococcus aureus ATCC 29213 10–20 80
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Figure 2. Time killing curves obtained by incubating E. coli ATCC 25922 cells alone (control) or in the
presence of unfunctionalized PDMS or with PDMS-r(P)ApoBL

Pro (10 µM). Data represent the mean
(±SD) of at least two independent experiments, each one carried out with triplicate determinations.

2.4. Evaluation of Peptide Release by Quartz Crystal Microbalance (QCM) Analyses

In order to verify whether r(P)ApoBL
Pro peptide is released from the PDMS surface

upon functionalization, QCM analyses were performed. The experiments were conducted
by directly depositing functionalized PDMS on the quarts. In these experimental conditions,
the first recorded value corresponds to the resonant frequency of the electrode. Afterwards,
300 µL of pure water were added to the surface and removed after a fixed time, in order
to record the newly reached frequency value and to obtain data on peptide release. This
analysis was repeated at defined time intervals, in order to collect data indicative of the
release of the peptide from the PDMS surface into the medium. As shown in Figure 3a, a
fast release was observed, since about 70% of the peptide initially used to functionalize
PDMS was released after 400 min. This could be due to the hydrophobic properties
of the PDMS polymer that is unable to establish electrostatic interactions with cationic
peptide molecules. As a consequence of this, the PDMS polymer might act as a reservoir
for the peptide. Considering the molecular weight of the peptide (4075 Da) and the
relationship to compare the frequency variation with bound mass (Kanazawa’s equation)
on the transducer (quartz) that corresponds to 1 Hz at about 1.1 ng, we are able to affirm
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that about 70% release of the peptide (1.4 µg) on the initial mass (2 µg) was obtained. To
evaluate whether functionalized PDMS retains its antimicrobial properties upon peptide
release, PDMS was functionalized by using two different concentrations (30 and 160 µM)
of r(P)ApoBL

Pro peptide and incubated with 0.5X nutrient broth (NB) for 400 min at 37 ◦C.
Upon incubation, both PDMS and the medium containing released peptide were tested for
their activity towards the E. coli ATCC 25922 bacterial strain (Figure 3b,c). As expected, no
antimicrobial activity was detected in the case of PDMS upon peptide release (Figure 3b),
whereas a complete cell death was obtained when bacterial cells were incubated with the
medium containing all the peptide released during 400 min incubation (Figure 3c), thus
indicating the efficacy of the here developed system in preventing bacterial infections
during catheters implantation.
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Figure 3. Kinetic analyses of r(P)ApoBL
Pro release from PDMS (a). The obtained red curve is the

best fit of the experimental values (black squares) obtained by a logistic function. Evaluation of the
antibacterial activity of PDMS functionalized with two different concentrations (30 and 160 µM)
of r(P)ApoBL

Pro peptide and incubated with 0.5X nutrient broth (NB) for 400 min at 37 ◦C. Upon
incubation, both PDMS (b) and the medium containing released peptide (c) were tested for their
activity towards E. coli ATCC 25922. Data represent the mean (±SD) of at least two independent ex-
periments, each one carried out with triplicate determinations. Significant differences were indicated
as *** (p < 0.001).

2.5. Storage Stability of PDMS Functionalized with r(P)ApoBL
Pro Peptide

In order to evaluate whether functionalized PDMS retains its antimicrobial properties
over time, samples of PDMS functionalized with 10 µM r(P)ApoBL

Pro were prepared and
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stored at 4 ◦C. Following incubation for defined time lengths (4–7–14–30–120 days), the
efficacy of samples to counteract bacterial growth was evaluated. Interestingly, as reported
in Figure 4, PDMS-r(P)ApoBL

Pro was found to completely retain its antimicrobial efficacy
after 120 days of storage at 4 ◦C, thus indicating that obtained functionalized material is
endowed with great stability.
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2.6. Anti-Infective Properties of PDMS Functionalized with r(P)ApoBL
Pro Peptide

Bacterial adhesion is the first step of biofilm formation and colonization of surfaces [12].
To evaluate the ability of PDMS-r(P)ApoBL

Pro to prevent and interfere with bacteria ad-
hesion, PDMS slides of 1 cm2 were mixed with increasing concentrations of r(P)ApoBL

Pro

(10–20–30 µM) and incubated with E. coli ATCC 25922 bacterial cells. Following 16 h of
incubation, colonies counting analyses were performed. Strong anti-infective properties
were detected in the case of PDMS-r(P)ApoBL

Pro characterized by the highest peptide con-
centration tested (30 µM) (Figure 5). Indeed, under the experimental conditions tested, both
bactericidal effects (Figure 5a) and the ability to counteract bacteria adhesion (Figure 5b)
were detected. Bactericidal activity and anti-adhesive properties were evaluated by count-
ing bacterial colonies deriving from bacterial cells remaining in the supernatant upon
contact with the surface or from bacterial cells detached from the surface, respectively.
Experimental details are described in the Section 4. It has to be highlighted that, although
PDMS alone has no effects on the viability of bacterial cells, it is endowed with slight
anti-adhesive properties probably because of plasma activation performed during material
preparation (Figure 5b). Scanning electron microscopy (SEM) analyses were also carried
out in order to further confirm the anti-adhesive properties of PDMS-r(P)ApoBL

Pro. It was
observed that, in the case of PDMS slides functionalized with 30 µM r(P)ApoBL

Pro, no
viable bacterial cells were detected, being present only bacterial cell debris (red arrows in
Figure 5c) on the surface of the material. In the case of PDMS alone, viable bacterial cells
are clearly evident, thus indicating that the presence of the peptide is responsible for cell
death and for the inhibition of bacterial cells adhesion.
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2.7. Anti-Biofilm Activity of PDMS Functionalized with r(P)ApoBL
Pro Peptide

Anti-infective properties of functionalized PDMS were evaluated upon incubation
with bacterial suspensions characterized by high cell density, since it has been reported
that, in the case of urogenital infections, the bacterial load may be very high (up to
1 × 108 CFU mL−1) [39]. For this reason, PDMS functionalized with r(P)ApoBL

Pro was
incubated with E. coli ATCC 25922 (1 × 109 CFU mL−1), in order to create conditions that
favor biofilm mass formation on the PDMS surface. After 24 or 72 h incubation, crystal
violet assays (CV) and scanning electron microscopy (SEM) analyses were performed.
Crystal violet assays indicated a significant decrease in bacterial biomass accumulated on
the surface of functionalized PDMS with respect to unfunctionalized PDMS (Figure 6a).
Experiments were conducted by functionalizing the PDMS surface with increasing concen-
trations of ApoB-derived peptide (10–20–30 µM) and by incubating surfaces with bacterial
cells for 24 or 72 h. Obtained results clearly indicate that the presence of the peptide on
the PDMS surface is responsible for the significant inhibition of biofilm attachment under
the experimental conditions tested (Figure 6a). To deepen this aspect, SEM analyses were
also performed by using identical experimental conditions. As shown in Figure 6b, the
density of bacterial cells significantly decreases in the presence of the peptide with the
strongest effects observed at the highest peptide concentration tested (30 µM). It has also to
be highlighted that, in the case of functionalized surface, bacterial cells appear translucent
and characterized by corrugated and wrinkled surfaces (red arrows in Figure 6b) and not
turgid and with regular and smooth surfaces as in the case of unfunctionalized PDMS
(Figure 6b). Furthermore, widespread cell debris and cell fragments are also evident in
the case of functionalized PDMS (green arrows in Figure 6b). It is also noteworthy that
cells on PDMS alone appear encased in a matrix, indicative of the presence of biofilm.
The absence of this matrix in the case of functionalized PDMS supports the hypothesis
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that ApoB-derived peptide present on the surface of PDMS is responsible for a significant
inhibition of biofilm attachment.
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2.8. Biocompatibility of PDMS Functionalized with r(P)ApoBL
Pro Peptide

Being medical devices in constant contact with human body tissues, they have to
satisfy safety requisites. For this reason, the cytocompatibility of functionalized PDMS was
evaluated in vitro towards murine BALB/c-3T3 fibroblasts and human dermal fibroblasts
(HDFs) by MTT assays. To this purpose, PDMS slides functionalized with increasing
concentrations of r(P)ApoBL

Pro (10–20–30 µM) were incubated with selected cells for 24 h.
Interestingly, functionalized PDMS samples were found not to affect the viability of tested
eukaryotic cells under the experimental conditions tested (Figure 7a,b) and slight toxic
effects (about 20% cell death) were detected only on murine BALB/c-3T3 fibroblasts at the
highest peptide concentration tested (30 µM) (Figure 7b).
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3. Discussion

Catheters are medical devices routinely utilized in modern health care. However, their
use is commonly associated with infections, known as catheter-associated urinary tract
infections (CAUTIs), causing a significant burden on healthcare [40]. This is alarming also
considering that treatments with conventional antibiotics are often ineffective due to the
spread of resistance phenotypes [41] and that infections associated with biofilm formation
are more difficult to manage since bacteria embedded into biofilms are up to 1000 times
more resistant to antimicrobial therapy with respect to their planktonic counterparts [42].
To reduce CAUTIs caused by bacterial adhesion on catheters surfaces, the use of materials
endowed with antimicrobial properties has attracted great attention [19,43]. Although
catheters coated with antimicrobial compounds are currently commercially available, their
efficacy in clinics is far from satisfying. Indeed, they must face important problems, such as
high costs of synthesis and putative toxicity [44]. For this reason, there is an urgent need
for alternative and effective strategies to avoid medical devices infection and failure. In this
scenario, the use of AMPs to create anti-infective materials appears promising because of
the peculiar properties of these peptides [45]. An important issue is also the low probability
of resistance development upon a prolonged exposure of bacterial cells to AMPs [46].
Polydimethylsiloxane (PDMS) elastomer is a material widely used for biomedical applica-
tions because of its excellent biocompatibility and mechanical properties [34]. However,
PDMS-based biomedical devices are susceptible to microbial adhesion and invasion [47].
Here, a simple method has been employed to functionalize PDMS with an ApoB-derived
peptide and the anti-infective properties of the obtained material have been investigated.
First of all, once obtained PDMS loaded with ApoB-derived peptide [PDMS-r(P)ApoBL

Pro],
its structural features have been investigated by FTIR spectroscopy and water contact
angle analyses, which confirmed the presence of the peptide not only in the bulk matrix
of the polymer, as supposed according to the functionalization procedure, but also on the
surface of the material. It has to also be highlighted that the altered water contact angle,
indicative of an increase in surface hydrophilicity upon the incorporation of the peptide
into PDMS, surely alters the properties of the catheter surface by providing an advantage
over conventional PDMS catheters. Indeed, it has been widely reported that catheters
insertion, especially in the case of intermittent catheterization, is associated with pain for
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the patient. To avoid this, catheters are generally lubricated to reduce the friction on the
urethral wall and to prevent trauma occurrence and pain. To reach this goal, glycerine,
lidocaine gels, or hydrophilic coatings are generally applied on catheter surfaces to increase
its hydrophilicity [48]. For this reason, the increased surface hydrophilicity registered upon
the incorporation of the peptide into PDMS might be considered an improvement over
PDMS conventional material, since it might promote a smooth catheterization and might
allow avoiding external lubrication that can cause catheter bacterial contamination prior to
its insertion [10]. In the present work, antimicrobial assays have also been performed to
evaluate whether the functionalized material is endowed with antimicrobial activity. To this
purpose, a Gram-positive and a Gram-negative bacterial strain, i.e., E. coli ATCC 25922 and
S. aureus ATCC 29213, have been selected. Interestingly, functionalization of PDMS with
r(P)ApoBL

Pro peptide confers to the material antimicrobial properties, with the strongest
effects observed in the case of the Gram-negative E. coli ATCC 25922 bacterial strain. Indeed,
in the case of the Gram-positive S. aureus ATCC 29213 bacterial strain, PDMS-r(P)ApoBL

Pro

was found to be effective at concentrations significantly higher than the MIC value de-
termined for the peptide in solution. For this reason, the antimicrobial properties of the
functionalized PDMS were further analyzed by using the most promising bacterial strain,
i.e., E. coli ATCC 25922. It has been demonstrated that the functionalized material retains its
antimicrobial properties if stored at 4 ◦C for prolonged time intervals, thus opening inter-
esting perspectives to the applicability of this material in the biomedical field. The release
of the peptide from PDMS was also evaluated over time by QCM analyses indicating a
gradual and significant release of the peptide (70% of the total amount) after an incubation
of 400 min. This observation opens interesting perspectives to the future applicability of the
peptide that, once released from the surface of an implanted medical device, might reach
the surrounding tissue areas, thus preserving them from infections. However, it has to be
highlighted that PDMS losses its antimicrobial properties upon peptide release. Indeed,
experiments were performed by functionalizing PDMS with two different concentrations
(30 and 160 µM) of r(P)ApoBL

Pro peptide and incubating it with 0.5X nutrient broth (NB)
for 400 min at 37 ◦C. Upon incubation, both PDMS and the medium containing the released
peptide were tested for their activity towards E. coli ATCC 25922 (Figure 3b,c). No antimi-
crobial activity was detected in the case of PDMS upon peptide release, whereas a complete
cell death was obtained when bacterial cells were incubated with the medium containing all
the peptide released during 400 min incubation, thus indicating that the peptide released in
the surrounding medium is highly able to counteract bacterial infections. Hence, the here
developed system appears effective in preventing bacterial infections during catheters im-
plantation and in the case of short-term catheters. Bactericidal and anti-infective properties
of functionalized PDMS have been also evaluated by preparing slides (1 cm2 surface area
and 0.3 cm thickness) of functionalized PDMS that were analyzed and found to be endowed
with strong anti-adhesive properties being able to prevent the adhesion of bacterial cells
and exerting strong bactericidal effects. Scanning electron microscopy (SEM) analyses have
been also performed and confirmed the anti-adhesive properties of functionalized PDMS.
Altogether, these findings suggest the ability of the peptide, once enclosed into a material,
to prevent bacteria colonization, a phenomenon often cited as the most common reason
for medical devices failure [11]. Since the adhesion of bacterial cells to a surface is the
first step in biofilm formation, the anti-adhesive properties of this novel functionalized
material have been also deepened by performing, as first, crystal violet assays indicating
the ability of functionalized PDMS to counteract the adhesion of bacterial cells. This was
also confirmed by SEM analyses that evidenced a strong anti-adhesive activity exerted by
the highest peptide concentration tested, thus suggesting that the observed inhibition of
biofilm attachment could be related to the ability of the peptide to directly kill bacterial
cells. Indeed, the peptide was found to be released upon PDMS functionalization and, once
free in the surrounding environment, could act by directly killing bacteria, thus preventing
their adhesion to the surface. The biocompatibility of obtained functionalized PDMS was
also evaluated by testing its effects on the viability of eukaryotic cell lines. This is an
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important issue, considering that the introduction of an external device in the human
body requires its full safety for human tissues [49]. In vitro assays indicated that PDMS
functionalized with increasing concentrations of r(P)ApoBL

Pro peptide did not affect the
viability of human dermal fibroblasts (HDF) and of murine BALB/c-3T3 fibroblasts, thus
adding a further important tassel in favor of the applicability of this novel functionalized
material. Altogether, obtained data demonstrate the applicability of ApoB-derived peptide
to functionalized PDMS while preserving its antimicrobial properties. Several studies
have been previously reported on the functionalization of surfaces of medical devices with
AMPs. These studies are mainly based on the covalent immobilization of peptides. As an
example, an N-terminus cysteine-modified Lasio-III AMP has been immobilized on the
surface of a commercially available silicone Foley catheter by using a PEG spacer coupled
to an AGE brush [50]. Two synthetic salt-resistant AMPs (RK1 and RK2) have been also
successfully immobilized on PDMS surfaces via an allyl glycidyl ether (AGE) polymer
brush [51]. Another AMP candidate, CWR11, has been immobilized on the surface of
PDMS previously modified by coating with a polydopamine layer allowing the attachment
of the peptide [52]. The synthetic cysteine-labeled peptide E6 (RRWRIVVIRVRRC) has been
also immobilized on the surface of polyurethane catheters via a polymer brush coating [53].
In all the cases, the antimicrobial activity of the immobilized peptide molecules has been
proved, and it has been demonstrated that several key factors strongly influence the an-
timicrobial performance of immobilized AMPs and should be considered for successful
immobilization and peptide activity. These factors range from peptide coverage or surface
density to orientation, peptide distance from the surface, or even peptide lateral mobil-
ity [17]. Although covalent-based approaches appear more advantageous and efficient
in terms of antimicrobial activity, it has to be highlighted that the physical adsorption of
AMPs on the surface of interest might ensure an active gradual release of the antimicrobial
agent, a feature that might be preferred for some kinds of applications. Here, we present a
proof-of-concept study based on the non-covalent incorporation of a natural ApoB-derived
peptide into PDMS. Due to peptide fast release, the here developed system appears suitable
to be employed in the case of short-term catheters, generally employed for temporary relief
of reversible bladder voiding difficulties, for urine output monitoring, or after urinary
tract surgery. These short-term catheters are used in a range of time comprised between
1 and 14 days and are generally not subjected to encrustation, due to the deposition on
the catheter surface of the salts present in urine [17]. It has also to be highlighted that the
method here developed to functionalize the PDMS polymer with ApoB-derived peptide
is, in principle, suitable and applicable to any peptide molecule, thus opening interesting
perspectives to the investigation of the applicability of different antimicrobial peptides to
functionalize materials of medical interest.

4. Materials and Methods
4.1. Materials

Unless specified otherwise, all reagents used in the present study were purchased
from Sigma-Merck (Milan, Italy).

4.2. Bacterial Strains and Growth Conditions

Bacterial strains E. coli ATCC 25922 and S. aureus ATCC 29213 were grown in Mueller–
Hinton broth (MHB; Becton Dickinson Difco, Franklin Lakes, NJ, USA) and on tryptic soy
agar (TSA; Oxoid Ltd., Hampshire, UK). In all the experiments, bacteria were inoculated
and grown overnight in MHB at 37 ◦C. The next day, bacteria were transferred to a fresh
MHB tube and grown to mid-logarithmic phase [24,30].

4.3. Peptide Production

Expression and isolation of the recombinant peptide r(P)ApoBL
Pro was carried out

as previously described [25]. Briefly, E. coli BL21(DE3) cells were transformed with a
pET recombinant plasmid and grown in 10 mL of terrific broth (TB) medium containing
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100 µg/mL of ampicillin, at 37 ◦C up to an OD600nm of 2. These cultures were used to
inoculate 1 L of TB/ampicillin medium. Glucose at a final concentration of 4 g/L was added
to cultures to limit protein expression before induction with IPTG. Cultures were incubated
at 37 ◦C up to OD600nm of 3.5–4. Expression of the recombinant protein was induced by
the addition of IPTG (isopropyl-b-D-thiogalactopyranoside) at a final concentration of
0.7 mM. Cells were harvested after overnight induction by centrifugation at 8000× g for
15 min at 4 ◦C and washed with 50 mM Tris-HCl buffer pH 7.4. The bacterial pellet was
suspended in 50 mM Tris-HCl buffer pH 7.4 containing 10 mM ethylenediaminetetraacetic
acid (EDTA) and sonicated in a cell disruptor (10 × 1 min cycle, on ice). The suspension
was then centrifuged at 18,000× g for 60 min at 4 ◦C. The insoluble fractions were washed
three times in 0.1 M Tris-HCl buffer pH 7.4 containing 10 mM EDTA, 2% Triton X-100,
and 2 M urea, followed by repeated washes in 0.1 M Tris-HCl buffer pH 7.4. Following
washing steps, 100 mg of fusion protein was dissolved in 10 mL of denaturing buffer (6 M
guanidine/HCl in 50 mM Tris-HCl, pH 7.4) containing 10 mM β-mercaptoethanol. The
mixture was incubated at 37 ◦C for 3 h under nitrogen atmosphere on a rotary shaker and
then centrifuged at 18,000× g for 60 min at 4 ◦C. Soluble fractions were then collected and
purified by affinity chromatography on Ni SepharoseTM 6 Fast Flow resin (GE Healthcare
Lifescience, Chicago, IL, USA). The chromatographic fractions were analyzed by 15%
SDS/PAGE, pooled, and extensively dialyzed against 0.1 M acetic acid pH 3 at 4 ◦C. Any
insoluble material was removed by centrifugation and filtration. The sample containing
the fusion construct was then acidified to pH 2.0 by the addition of 0.6 M HCl to allow
the cleavage of the Asp-Pro linker peptide, purged with N2, and incubated at 60 ◦C for
24 h in a water bath. The pH was then increased to 7–7.2 by the addition of 1 M NH3
and incubated overnight at 28 ◦C to selectively precipitate the carrier ONC-DCless-H6,
which is insoluble at neutral or alkaline pH values. The peptide was isolated from insoluble
components by repeated cycles of centrifugation. A final gel-filtration step was added in
order to remove salts used along the purification process that tend to attach to the peptide
molecules. Following this step, the peptide was lyophilized and its purity was checked by
SDS/PAGE and mass spectrometry analyses. Lyophilized peptide was dissolved in pure
water, unless differently specified, and quantified by BCA assay (Thermo Fisher Scientific,
Waltham, MA, USA).

4.4. Preparation of PDMS Polymer Loaded with r(P)ApoBL
Pro Peptide

To prepare PDMS polymer and functionalize it with r(P)ApoBL
Pro peptide, we fol-

lowed four main steps as here described. (1) Pre-Treatment. Firstly, the silane groups
of the silicone elastomer (Sylgard™ 184 silicone elastomer) were activated by using a
low-frequency air plasma treatment for 1 min. The plasma-activated sample was rinsed
by washing with ethanol for at least 10 min and this procedure was repeated 3 times.
Then, it was air-dried for at least 15 min. (2) First Modification Step. The surface of the
polymer was then covered with glycidyl methacrylate-based polymer, typically ~1 mL
of the solution per square inch of the surface. The sample was then dried for 20–30 min
at room temperature and annealed at 110 ◦C under nitrogen or argon for 30 min. The
annealed sample was then rinsed three times with methylethylketone for 10 min each time.
Afterwards, it was air-dried for at least 30 min. (3) Polymer Grafting. The polymer sample
of step 2 was treated with a solution obtained by carefully stirring ethanol (6 mL) with
acrylamide/acrylic acid-based polymer. Once the homogeneous solution was obtained, the
surface of the horizontally positioned polymer was completely covered with it (~1 mL per
square inch of the surface). (4) Polymer–peptide mixture preparation. The antimicrobial
peptide was then added to the liquid polymeric solution obtained in the previous step
(1:1 v/v) and stirred for 1 h at room temperature. After that, the obtained homogeneous
polymeric solution was poured into multi-well plates and heated at 37 ◦C for 4–8 h to allow
its solidification. Indeed, the functionalized PDMS was used in the cured form. All the
performed steps, including the use of different polymers, are crucial to obtain the formation
of a PDMS polymer network.
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4.5. Characterization of PDMS Polymer Loaded with r(P)ApoBL
Pro Peptide by Fourier-Transform

InfraTed (FTIR) Spectroscopy Analyses

Micro-ATR spectra were recorded by using a Perkin Elmer Spectrum One FTIR spec-
trometer equipped with a Perkin-Elmer Multiscope system infrared microscope (Mercury
Cadmium Telluride detector). A 0.6 mm radius germanium hemispherical internal reflec-
tion element (IRE) was employed. The sampling area at the tip of the IRE coincided with the
focal point of the infrared objective [50]. Spectra were acquired in the reflection mode, thus
allowing to collect the signal coming from a few µm-thick sample layers. Under mechanical
control, the miniature-Ge IRE was removed, in order to allow cleaning, and reinserted in
the same pre-aligned position. In order to collect ATR FT-IR spectra from a flat surface
with the miniature-Ge IRE, the samples were placed on the microscope stage equipped
with a movable 75 mm × 50 mm XY stage. A specific spot on the surface was selected
through a 10X optical or 15X infrared objective. The miniature-Ge IRE was then slid into
the pre-aligned position and the microscope stage was elevated until the selected sampling
area touched the tip of the IRE. Particular care was employed to obtain the same degree of
contact for all the measurements. Once a good contact was obtained, ATR FT-IR spectra of
the selected area were collected. Background spectra were collected through the IRE when
it was not in contact with the sample. All the spectra were collected by using 16 scans in the
range from 4000 to 600 cm−1 with a 4 cm−1 spectral resolution and a 5 s acquisition time for
each spectrum. Ten spectra were collected for each sample. Measurements were carried out
on PDMS layers (0.3 cm thick) in the presence or in the absence of the peptide as previously
described [54]. Obtained spectra were preliminarily analyzed by using a proper software
package (“Spectrum” User Guide, Perkin Elmer Inc., Waltham, MA, USA). The presence
of the peptide was verified by plotting the areas of the bands corresponding to amide I
and amide II (1580–1700 cm−1). A curve fitting of the amide I band into its respective
secondary structure components was then performed. In particular, the band was analyzed
in terms of the sum of six Lorentzian curves, whose characteristics (intensity, position,
and width) were obtained by a nonlinear fitting minimization procedure following the
Levenberg–Marquardt algorithm [55].

4.6. Characterization of PDMS Polymer Loaded with r(P)ApoBL
Pro Peptide by Water Contact

Angle Measurements

Static water contact angle measurements were performed on unfunctionalized PDMS
and on PDMS loaded with r(P)ApoBL

Pro peptide by a sessile drop method. A droplet
(10 µL) of distilled water was pipetted onto each sample at room temperature. Contact
angles were then measured by using a Theta Flex Optical Tensiometer and a digital protrac-
tor, which photographs the liquid interface and automatically calculates the angle. Three
different surface spots were tested for each sample and the average of obtained values
was reported.

4.7. Antimicrobial Activity Assays

The antimicrobial activity of r(P)ApoBL
Pro peptide and of PDMS functionalized with

the peptide was tested towards two bacterial strains, i.e., E. coli ATCC 25922 and S. aureus
ATCC 29213 by using the broth microdilution method [56]. In each case, bacteria were
grown to mid-logarithmic phase in Mueller–Hinton broth (MHB; Difco, Becton Dickinson,
Franklin Lakes, NJ, USA) at 37 ◦C and then diluted to 4 × 106 CFUmL−1 in 0.5X Nutrient
Broth (NB; Difco, Becton Dickinson, Franklin Lakes, NJ, USA). Afterwards, bacterial cells
were mixed either with 1:1 v/v two-fold serial dilutions of the peptide (0–20 µM) or with
PDMS functionalized with increasing concentrations of r(P)ApoBL

Pro peptide (0–80 µM).
Following an overnight incubation, each sample was diluted, plated on tryptic soy agar
(TSA), and incubated at 37 ◦C for 24 h, in order to count the number of colonies. By
using this experimental procedure, MIC (minimal inhibitory concentration) values were
determined as the lowest peptide concentration responsible for no visible bacterial growth,
whereas MBC (minimal bactericidal concentration) values were determined as the lowest
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peptide concentration responsible for >99.9% cell death. To evaluate the antimicrobial
activity of functionalized PDMS upon r(P)ApoBL

Pro peptide release, PDMS was functional-
ized by using two different concentrations (30 and 160 µM) of r(P)ApoBL

Pro peptide and
incubated with 0.5X NB for 400 min at 37 ◦C. Upon incubation, both PDMS and the medium
containing released peptide were tested for their activity towards the E. coli ATCC 25922
bacterial strain. In both cases, unfunctionalized PDMS was tested as a control. To perform
the analysis, bacteria were grown to mid-logarithmic phase in MHB at 37 ◦C, diluted
to 2 × 106 CFUmL−1, and incubated with samples under test. Following an overnight
incubation at 37 ◦C, each sample was diluted, plated on TSA, and incubated at 37 ◦C for
24 h, to evaluate the number of CFUmL−1. By using this experimental procedure, MBC
values were determined as the lowest peptide concentration responsible for >99.9% of cell
death. All the experiments were carried out in three independent replicates.

4.8. Kinetic Analysis of the Antimicrobial Activity of PDMS Polymer Loaded with r(P)ApoBL
Pro

Peptide

In order to kinetically analyze the antibacterial effects of functionalized PDMS, the
growth of E. coli ATCC 25922 cells was monitored over time (0–30–90–150–270–960 min)
under three different experimental conditions, i.e., (i) bacteria alone, (ii) bacteria incubated
with control PDMS, and (iii) bacteria incubated with PDMS functionalized with 10 µM
r(P)ApoBL

Pro. To this purpose, bacteria were grown to mid-logarithmic phase in MHB
at 37 ◦C and then diluted to 4 × 106 CFUmL−1 in 0.5X NB. Two hundred microliters of
bacterial cells were then added to functionalized PDMS. At each time point, bacterial
aliquots were withdrawn from the wells, serially diluted, and 100 µL of each dilution was
plated on TSA in order to count bacterial colonies after an incubation of 16 h at 37 ◦C.

4.9. Evaluation of Peptide Release from PDMS by Quartz Crystal Microbalance (QCM) Analyses

To evaluate peptide release from PDMS, quartz oscillators (151218) from ICM (Ok-
lahoma City, OK, USA) were used. Employed AT-CUT quartzes have a fundamental
frequency of 10 MHz [57,58]. The crystal and the gold electrode diameters are 1.37 cm
and 0.68 cm, respectively. To perform the analyses, the gold surfaces were cleaned by
immersion of the oscillators for 1 min in a Piranha solution (concentrated sulfuric acid
and 40% hydrogen peroxide 5:1 v/v). Afterwards, the quartzes were washed with pure
water. The whole cleaning procedure was performed in the hood. The employed QCM
device is a µLibra from Technobiochip, Italy [59]. To perform the analyses, the gold-quartz
wafer was placed on the electronic console and the resonance frequency of the oscillator
was monitored by using a proper software. To analyze the release of the peptide from
the PDMS surface, oscillation frequency changes (∆f) of the piezoelectric quartz crystal
were related to the amount of mass adsorbed or desorbed from the sensor surface detected
in real time and with high sensitivity [60]. To do this, PDMS functionalized with 10 µM
r(P)ApoBL

Pro was adsorbed on the gold sensor surface of the quartz microbalance and
peptide release was monitored at defined time intervals by measuring the variation of
the oscillation frequency upon addition and removal of a selected amount of medium.
Specifically, 100 µL of 0.5X NB was added and removed at defined time intervals. Every
time, data were recorded starting from 10 min after medium removal in order to allow the
stabilization of oscillation frequency.

4.10. Evaluation of the Stability of PDMS Polymer Loaded with r(P)ApoBL
Pro Peptide over Time

To determine whether the antimicrobial activity of PDMS-r(P)ApoBL
Pro is stable over

time, samples of PDMS both unfunctionalized and functionalized with 10 µM r(P)ApoBL
Pro

peptide were separately poured into 96-well microtiter plates and stored at 4 ◦C for 120 days.
At defined time intervals (4–7–14–30–120 days), the antimicrobial activity of stored samples
was evaluated by adding 100 µL of E. coli ATCC 25922 cells (2 × 106 CFUmL−1 in 0.5X NB)
into each well and incubating samples at 37 ◦C for 16 h. Following incubation, bacterial
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samples were serially diluted (from 10 to 10,000 folds) and 100 µL of each dilution were
plated on TSA in order to count bacterial colonies after an incubation of 16 h at 37 ◦C.

4.11. Evaluation of the Anti-Infective Properties of PDMS Polymer Loaded with r(P)ApoBL
Pro

Peptide

To evaluate the anti-infective properties of PDMS functionalized with ApoB-derived
peptide, PDMS alone and PDMS functionalized with increasing concentrations (10–20–30 µM)
of r(P)ApoBL

Pro peptide were cut into slides of 1 cm2 each. Each slide was then placed into
a 24-well microtiter plate and UV sterilized for 15 min. Samples were then tested for their
bactericidal and anti-adhesive properties against E. coli ATCC 25922 bacterial cells. To this
purpose, a single colony of the E. coli ATCC 25922 strain was transferred into 5 mL of MHB
and grown at 37 ◦C to mid-log phase. Afterwards, 1 mL of bacterial suspension was diluted
to 1 × 103 CFUmL−1 in 0.5X NB and added to each sample to be incubated at 37 ◦C for 16 h.
Following the incubation, the supernatant of bacterial culture was transferred from each
well to a sterile Eppendorf tube, diluted, and plated for the evaluation of planktonic cells
growth. Each slide was, instead, rinsed with 1 mL of sterile Hanks’ Balanced Salt Solution
(HBSS), in order to remove the non-adherent bacteria, and then transferred into a sterile
Eppendorf tube containing 1 mL of HBSS. In this case, adherent bacteria were detached
from each slide by vortexing for 1 min, sonicating for 3 min in a water bath, vortexing again
for 1 min, and centrifuging at 10,000 rpm for 5 min. Upon dilution, 100 µL of each sample
were plated on TSA as duplicates, in order to count bacterial colonies after an incubation of
16 h at 37 ◦C.

4.12. Evaluation of the Antimicrobial Properties of PDMS Polymer Loaded with r(P)ApoBL
Pro

Peptide by Scanning Electron Microscopy (SEM) Analyses

To perform SEM analyses, E. coli ATCC 25922 cells from an overnight culture were
diluted to 1 × 109 CFUmL−1 in 0.5 X MHB and placed into 24-well microtiter plates
containing slides of PDMS alone or of PDMS functionalized with increasing concentrations
(10–20–30 µM) of r(P)ApoBL

Pro for increasing lengths of time (16–24–72 h) at 37 ◦C in static
conditions. At the end of the incubation, bacterial cells were processed and characterized
as previously reported [27].

4.13. Evaluation of the Antibiofilm Properties of PDMS Polymer Loaded with r(P)ApoBL
Pro

Peptide by Crystal Violet Assay

To test the antibiofilm activity of PDMS functionalized with r(P)ApoBL
Pro peptide, E. coli

ATCC 25922 bacterial cells were grown overnight in MHB and diluted to 1 × 109 CFUmL−1

in 0.5X MHB. PDMS alone and PDMS functionalized with increasing concentrations
(10–20–30 µM) of r(P)ApoBL

Pro peptide were UV sterilized and placed into 24-well plates
to be incubated with 0.5 mL of the bacterial suspension. At the end of the incubation
carried out in static conditions at 37 ◦C for 24–72 h, crystal violet assays were performed
as previously described [24]. At the end of the procedure, samples optical absorbance
was determined at 630 nm by using a microtiter plate reader (FLUOstar Omega, BMG
LABTECH, Ortenberg, Germany).

4.14. Analysis of the Biocompatibility of PDMS Polymer Loaded with r(P)ApoBL
Pro Peptide

To analyze the biocompatibility of PDMS samples, effects on the viability of murine
BALB/c-3T3 fibroblasts and of human dermal fibroblasts (HDF) were evaluated. To this
purpose, cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), 1% antibiotics (pen/strep), and 1% L-glutamine
at 37 ◦C in a humidified atmosphere containing 5% CO2. Cells, once confluent, were de-
tached by using trypsin and 500 µL of cell suspension were seeded into a 24-well microtiter
plate (2 × 104 cells/well). Following an incubation overnight at 37 ◦C, PDMS slides (1 cm2)
were added on the cells and samples were incubated at 37 ◦C for 24 h. Cytotoxicity was
then evaluated by a 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT)
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reduction inhibition assay. Medium and PDMS slides were removed and 300 µL of MTT
reagent (0.5 mg/mL), dissolved in DMEM without phenol red, were added to the cells.
The procedure was then carried out as previously described [61]. Cytotoxicity experiments
were performed at least three times independently. Cell survival was expressed as the
percentage of viable cells in contact with functionalized PDMS with respect to the sample
incubated with unfunctionalized PDMS.

4.15. Statistical Analyses

Statistical analyses were performed using Student’s t-test. Significant differences were
indicated as: * (p < 0.05), ** (p < 0.01), *** (p < 0.001) or **** (p < 0.0001).

5. Conclusions

An easy procedure to functionalize PDMS with r(P)ApoBL
Pro antimicrobial peptide

has been here developed and the obtained functionalized material has been found to be
stable, antimicrobial, and biocompatible. Indeed, this proof-of-concept study demonstrates
for the first time the suitability of a natural ApoB-derived peptide to functionalize PDMS
surface while retaining its antimicrobial properties. Further studies will be performed in
the future by using a more resistant synthetic variant of the peptide, by testing its activity
in a more physiological context and on clinically isolated bacterial strains, and by analyzing
different immobilization procedures. Indeed, the obtained preliminary findings open
interesting perspectives to the applicability of r(P)ApoBL

Pro peptide in the production of
antimicrobial materials able to mitigate catheters associated bacterial infections.

Author Contributions: Conceptualization, M.D.L. and A.A.; methodology, M.D.L., R.G., B.D.V.,
R.V. and A.A.; validation, M.D.L., R.G., B.D.V. and A.A.; formal analysis, M.D.L., R.G., B.D.V. and
A.A.; investigation, M.D.L., R.G., B.D.V., A.C. and R.D.G.; data curation, M.D.L., B.D.V. and A.A.;
writing—original draft preparation, M.D.L. and A.A.; writing—review and editing, M.D.L., B.D.V.,
A.C., R.V. and A.A.; supervision, A.A.; project administration, A.A.; funding acquisition, A.A. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tenke, P.; Kovacs, B.; Jäckel, M.; Nagy, E. The role of biofilm infection in urology. World J. Urol. 2006, 24, 13–20. [CrossRef]
2. Percival, S.L.; Suleman, L.; Vuotto, C.; Donelli, G. Healthcare-associated infections, medical devices and biofilms: Risk, tolerance

and control. J. Med. Microbiol. 2015, 64, 323–334. [CrossRef]
3. Salmanov, A.; Litus, V.; Vdovychenko, S.; Litus, O.; Davtian, L.; Ubogov, S.; Bisyuk, Y.; Drozdova, A.; Vlasenko, I. Healthcare-

associated infections in intensive care units. Wiad Lek. 2019, 72, 963–969. [CrossRef]
4. Flores-Mireles, A.; Hreha, T.N.; Hunstad, D.A. Pathophysiology, Treatment, and Prevention of Catheter-Associated Urinary Tract

Infection. Top. Spinal Cord Inj. Rehabil. 2019, 25, 228–240. [CrossRef]
5. Feneley, R.C.L.; Hopley, I.B.; Wells, P.N.T. Urinary catheters: History, current status, adverse events and research agenda. J. Med.

Eng. Technol. 2015, 39, 459–470. [CrossRef]
6. Barbadoro, P.; Labricciosa, F.M.; Recanatini, C.; Gori, G.; Tirabassi, F.; Martini, E.; Gioia, M.G.; D’Errico, M.M.; Prospero, E.

Catheter-associated urinary tract infection: Role of the setting of catheter insertion. Am. J. Infect. Control 2015, 43, 707–710.
[CrossRef]

7. Singha, P.; Locklin, J.; Handa, H. A review of the recent advances in antimicrobial coatings for urinary catheters. Acta Biomater.
2016, 50, 20–40. [CrossRef]

8. Shuman, E.K.; Chenoweth, C.E. Urinary Catheter-Associated Infections. Infect. Dis. Clin. N. Am. 2018, 32, 885–897. [CrossRef]
[PubMed]

9. Nicolle, L.E. Urinary Catheter-Associated Infections. Infect. Dis. Clin. N. Am. 2012, 26, 13–27. [CrossRef] [PubMed]

http://doi.org/10.1007/s00345-005-0050-2
http://doi.org/10.1099/jmm.0.000032
http://doi.org/10.36740/WLek201905201
http://doi.org/10.1310/sci2503-228
http://doi.org/10.3109/03091902.2015.1085600
http://doi.org/10.1016/j.ajic.2015.02.011
http://doi.org/10.1016/j.actbio.2016.11.070
http://doi.org/10.1016/j.idc.2018.07.002
http://www.ncbi.nlm.nih.gov/pubmed/30241712
http://doi.org/10.1016/j.idc.2011.09.009
http://www.ncbi.nlm.nih.gov/pubmed/22284373


Int. J. Mol. Sci. 2022, 23, 5219 18 of 19

10. Cortese, Y.; Wagner, V.E.; Tierney, M.; Devine, D.; Fogarty, A. Review of Catheter-Associated Urinary Tract Infections and In Vitro
Urinary Tract Models. J. Health Eng. 2018, 2018, 2986742. [CrossRef] [PubMed]

11. Veerachamy, S.; Yarlagadda, T.; Manivasagam, G.; Yarlagadda, P.K.D.V. Bacterial adherence and biofilm formation on medical
implants: A review. Proc. Inst. Mech. Eng. Part H J. Eng. Med. 2014, 228, 1083–1099. [CrossRef]

12. Busscher, H.J.; Van Der Mei, H.C.; Subbiahdoss, G.; Jutte, P.C.; van den Dungen, J.J.A.M.; Zaat, S.A.J.; Schultz, M.J.; Grainger,
D.W. Biomaterial-Associated Infection: Locating the Finish Line in the Race for the Surface. Sci. Transl. Med. 2012, 4, 153rv10.
[CrossRef]

13. Milo, S.; Hathaway, H.; Nzakizwanayo, J.; Alves, D.R.; Esteban, P.P.; Jones, B.V.; Jenkins, A.T.A. Prevention of encrustation and
blockage of urinary catheters by Proteus mirabilis via pH-triggered release of bacteriophage. J. Mater. Chem. B 2017, 5, 5403–5411.
[CrossRef]

14. He, S.; Zhou, P.; Wang, L.; Xiong, X.; Zhang, Y.; Deng, Y.; Wei, S. Antibiotic-decorated titanium with enhanced antibacterial
activity through adhesive polydopamine for dental/bone implant. J. R. Soc. Interface 2014, 11, 20140169. [CrossRef]

15. Asri, L.; Crismaru, M.; Roest, S.; Chen, Y.; Ivashenko, O.; Rudolf, P.; Tiller, J.C.; Van Der Mei, H.C.; Loontjens, T.J.A.; Busscher, H.J.
A Shape-Adaptive, Antibacterial-Coating of Immobilized Quaternary-Ammonium Compounds Tethered on Hyperbranched
Polyurea and its Mechanism of Action. Adv. Funct. Mater. 2013, 24, 346–355. [CrossRef]

16. Turner, R.J. Metal-based antimicrobial strategies. Microb. Biotechnol. 2017, 10, 1062–1065. [CrossRef]
17. Neoh, K.G.; Li, M.; Kang, E.-T.; Chiong, E.; Tambyah, P.A. Surface modification strategies for combating catheter-related

complications: Recent advances and challenges. J. Mater. Chem. B 2017, 5, 2045–2067. [CrossRef]
18. Regev-Shoshani, G.; Ko, M.; Crowe, A.; Av-Gay, Y. Comparative efficacy of commercially available and emerging antimi-crobial

urinary catheters against bacteriuria caused by E. coli in vitro. Urology 2011, 78, 334–339. [CrossRef]
19. Campoccia, D.; Montanaro, L.; Arciola, C.R. A review of the biomaterials technologies for infection-resistant surfaces. Biomaterials

2013, 34, 8533–8554. [CrossRef]
20. Hasan, J.; Crawford, R.; Ivanova, E.P. Antibacterial surfaces: The quest for a new generation of biomaterials. Trends Biotechnol.

2013, 31, 295–304. [CrossRef]
21. Sultana, A.; Luo, H.; Ramakrishna, S. Antimicrobial Peptides and Their Applications in Biomedical Sector. Antibiotics 2021, 10,

1094. [CrossRef] [PubMed]
22. Brogden, K.A. Antimicrobial peptides: Pore formers or metabolic inhibitors in bacteria? Nat. Rev. Microbiol. 2005, 3, 238–250.

[CrossRef]
23. Lazzaro, B.P.; Zasloff, M.; Rolff, J. Antimicrobial peptides: Application informed by evolution. Science 2020, 368, eaau5480.

[CrossRef]
24. Gaglione, R.; Dell’Olmo, E.; Bosso, A.; Chino, M.; Pane, K.; Ascione, F.; Itri, F.; Caserta, S.; Amoresano, A.; Lombardi, A.; et al.

Novel human bioactive peptides identified in Apolipoprotein B: Evaluation of their therapeutic potential. Biochem. Pharmacol.
2017, 130, 34–50. [CrossRef]

25. Gaglione, R.; Smaldone, G.; Cesaro, A.; Rumolo, M.; De Luca, M.; Di Girolamo, R.; Petraccone, L.; Del Vecchio, P.; Oliva, R.;
Notomista, E.; et al. Impact of a Single Point Mutation on the Antimicrobial and Fibrillogenic Properties of Cryptides from
Human Apolipoprotein B. Pharmaceuticals 2021, 14, 631. [CrossRef]

26. Gaglione, R.; Pane, K.; Dell’Olmo, E.; Cafaro, V.; Pizzo, E.; Olivieri, G.; Notomista, E.; Arciello, A. Cost-effective production of
recombinant peptides in Escherichia coli. New Biotechnol. 2019, 51, 39–48. [CrossRef]

27. Gaglione, R.; Cesaro, A.; Dell’Olmo, E.; DELLA Ventura, B.; Casillo, A.; Di Girolamo, R.; Velotta, R.; Notomista, E.; Veldhuizen,
E.J.A.; Corsaro, M.M.; et al. Effects of human antimicrobial cryptides identified in apolipoprotein B depend on specific features of
bacterial strains. Sci. Rep. 2019, 9, 1–13. [CrossRef]

28. Gaglione, R.; Cesaro, A.; Dell’Olmo, E.; Di Girolamo, R.; Tartaglione, L.; Pizzo, E.; Arciello, A. Cryptides Identified in Human
Apolipoprotein B as New Weapons to Fight Antibiotic Resistance in Cystic Fibrosis Disease. Int. J. Mol. Sci. 2020, 21, 2049.
[CrossRef]

29. Gaglione, R.; Pizzo, E.; Notomista, E.; de la Fuente-Nunez, C.; Arciello, A. Host Defence Cryptides from Human Apolipo-proteins:
Applications in Medicinal Chemistry. Curr. Top. Med. Chem. 2020, 20, 1324–1337. [CrossRef]

30. Arciello, A. Host Defence Peptides in Medicinal Chemistry: Identification, Engineering, Characterization and Beyond. Curr. Top.
Med. Chem. 2020, 20, 1235–1237. [CrossRef]

31. Dell’Olmo, E.; Gaglione, R.; Cesaro, A.; Cafaro, V.; Teertstra, W.R.; de Cock, H.; Notomista, E.; Haagsman, H.P.; Veldhuizen,
E.J.A.; Arciello, A. Host defence peptides identified in human apolipoprotein B as promising antifungal agents. Appl. Microbiol.
Biotechnol. 2021, 105, 1953–1964. [CrossRef] [PubMed]

32. Dell’Olmo, E.; Gaglione, R.; Sabbah, M.; Schibeci, M.; Cesaro, A.; Di Girolamo, R.; Porta, R.; Arciello, A. Host defense peptides
identified in human apolipoprotein B as novel food biopreservatives and active coating components. Food Microbiol. 2021,
99, 103804. [CrossRef] [PubMed]

33. Cesaro, A.; Torres, M.D.T.; Gaglione, R.; Dell’Olmo, E.; Di Girolamo, R.; Bosso, A.; Pizzo, E.; Haagsman, H.P.; Veldhuizen, E.J.A.;
de la Fuente-Nunez, C.; et al. Synthetic Antibiotic Derived from Sequences Encrypted in a Protein from Human Plasma. ACS
Nano 2022, 16, 1880–1895. [CrossRef] [PubMed]

34. Ariati, R.; Sales, F.; Souza, A.; Lima, R.A.; Ribeiro, J. Polydimethylsiloxane Composites Characterization and Its Applications: A
Review. Polymers 2021, 13, 4258. [CrossRef]

http://doi.org/10.1155/2018/2986742
http://www.ncbi.nlm.nih.gov/pubmed/30405898
http://doi.org/10.1177/0954411914556137
http://doi.org/10.1126/scitranslmed.3004528
http://doi.org/10.1039/C7TB01302G
http://doi.org/10.1098/rsif.2014.0169
http://doi.org/10.1002/adfm.201301686
http://doi.org/10.1111/1751-7915.12785
http://doi.org/10.1039/C6TB03280J
http://doi.org/10.1016/j.urology.2011.02.063
http://doi.org/10.1016/j.biomaterials.2013.07.089
http://doi.org/10.1016/j.tibtech.2013.01.017
http://doi.org/10.3390/antibiotics10091094
http://www.ncbi.nlm.nih.gov/pubmed/34572676
http://doi.org/10.1038/nrmicro1098
http://doi.org/10.1126/science.aau5480
http://doi.org/10.1016/j.bcp.2017.01.009
http://doi.org/10.3390/ph14070631
http://doi.org/10.1016/j.nbt.2019.02.004
http://doi.org/10.1038/s41598-019-43063-3
http://doi.org/10.3390/ijms21062049
http://doi.org/10.2174/1568026620666200427091454
http://doi.org/10.2174/156802662014200519082814
http://doi.org/10.1007/s00253-021-11114-3
http://www.ncbi.nlm.nih.gov/pubmed/33576886
http://doi.org/10.1016/j.fm.2021.103804
http://www.ncbi.nlm.nih.gov/pubmed/34119097
http://doi.org/10.1021/acsnano.1c04496
http://www.ncbi.nlm.nih.gov/pubmed/35112568
http://doi.org/10.3390/polym13234258


Int. J. Mol. Sci. 2022, 23, 5219 19 of 19

35. Fisher, L.E.; Hook, A.L.; Ashraf, W.; Yousef, A.; Barrett, D.A.; Scurr, D.J.; Chen, X.; Smith, E.F.; Fay, M.; Parmenter, C.D.; et al.
Biomaterial modification of urinary catheters with antimicrobials to give long-term broadspectrum antibiofilm activity. J. Control.
Release 2015, 202, 57–64. [CrossRef]

36. Cahill, D.J.; Fry, C.H.; Foxall, P.J. Variation in urine composition in the human urinary tract: Evidence of urothelial function in
situ? J. Urol. 2003, 169, 871–874. [CrossRef]

37. Olmo, J.A.-D.; Ruiz-Rubio, L.; Pérez-Alvarez, L.; Sáez-Martínez, V.; Vilas-Vilela, J.L. Antibacterial Coatings for Improving the
Performance of Biomaterials. Coatings 2020, 10, 139. [CrossRef]

38. González-Rivera, J.; Iglio, R.; Barillaro, G.; Duce, C.; Tinè, M.R. Structural and Thermoanalytical Characterization of 3D Porous
PDMS Foam Materials: The Effect of Impurities Derived from a Sugar Templating Process. Polymers 2018, 10, 616. [CrossRef]

39. Anjum, S.; Singh, S.; Benedicte, L.; Roger, P.; Panigrahi, M.; Gupta, B. Biomodification Strategies for the Development of
Antimicrobial Urinary Catheters: Overview and Advances. Glob. Chall. 2017, 2, 1700068. [CrossRef]

40. Andrade, V.L.; Fernandes, F.A. Prevention of catheter-associated urinary tract infection: Implementation strategies of in-
ternational guidelines. Rev. Lat. Am. Enferm. 2016, 24, e2678. [CrossRef]

41. Høiby, N.; Bjarnsholt, T.; Givskov, M.; Molin, S.; Ciofu, O. Antibiotic resistance of bacterial biofilms. Int. J. Antimicrob. Agents
2010, 35, 322–332. [CrossRef] [PubMed]

42. Sabir, N.; Ikram, A.; Zaman, G.; Satti, L.; Gardezi, A.; Ahmed, A.; Ahmed, P. Bacterial biofilm-based catheter-associated urinary
tract infections: Causative pathogens and antibiotic resistance. Am. J. Infect. Control 2017, 45, 1101–1105. [CrossRef]

43. Huang, K.-S.; Yang, C.-H.; Huang, S.-L.; Chen, C.-Y.; Lu, Y.-Y.; Francolini, I. Recent Advances in Antimicrobial Polymers: A
Mini-Review. Int. J. Mol. Sci. 2016, 17, 1578. [CrossRef] [PubMed]

44. Armugam, A.; Teong, S.P.; Lim, D.S.W.; Chan, S.P.; Yi, G.; Yew, D.S.; Beh, C.W.; Zhang, Y. Broad spectrum antimicrobial
PDMS-based biomaterial for catheter fabrication. Biomater. Res. 2021, 25, 1–13. [CrossRef]

45. Choi, K.Y.; Chow, L.N.; Mookherjee, N. Cationic host defence peptides: Multifaceted role in immune modulation and in-
flammation. J. Innate Immun. 2012, 4, 361–370. [CrossRef] [PubMed]

46. Cardoso, P.; Glossop, H.; Meikle, T.G.; Aburto-Medina, A.; Conn, C.E.; Sarojini, V.; Valery, C. Molecular engineering of an-
timicrobial peptides: Microbial targets, peptide motifs and translation opportunities. Biophys. Rev. 2021, 13, 35–69. [CrossRef]

47. Moreira, J.M.; Araújo, J.D.; Miranda, J.M.; Simões, M.; Melo, L.F.; Mergulhão, F.J. The effects of surface properties on Escherichia
coli adhesion are modulated by shear stress. Colloids Surf. B Biointerfaces 2014, 123, 1–7. [CrossRef]

48. Woodward, S. Use of lubricant in female urethral catheterization. Br. J. Nurs. 2005, 14, 1022–1023. [CrossRef]
49. Williams, D.F. On the mechanisms of biocompatibility. Biomaterials 2008, 29, 2941–2953. [CrossRef]
50. Mishra, B.; Basu, A.; Chua, R.R.Y.; Saravanan, R.; Tambyah, P.A.; Ho, B.; Chang, M.W.; Leong, S.S.J. Site specific immobilization of

a potent antimicrobial peptide onto silicone catheters: Evaluation against urinary tract infection pathogens. J. Mater. Chem. B
2014, 2, 1706–1716. [CrossRef]

51. Li, X.; Li, P.; Saravanan, R.; Basu, A.; Mishra, B.; Lim, S.H.; Su, X.; Tambyah, P.A.; Leong, S.S.J. Antimicrobial functionalization of
silicone surfaces with engineered short peptides having broad spectrum antimicrobial and salt-resistant properties. Acta Biomater.
2014, 10, 258–266. [CrossRef] [PubMed]

52. Lim, K.; Chua, R.R.; Bow, H.; Tambyah, P.A.; Hadinoto, K.; Leong, S.S. Development of a catheter functionalized by a poly-
dopamine peptide coating with antimicrobial and antibiofilm properties. Acta Biomater. 2015, 15, 127–138. [CrossRef] [PubMed]

53. Yu, K.; Lo, J.C.; Yan, M.; Yang, X.; Brooks, D.; Hancock, R.; Lange, D.; Kizhakkedathu, J.N. Anti-adhesive antimicrobial peptide
coating prevents catheter associated infection in a mouse urinary infection model. Biomaterials 2017, 116, 69–81. [CrossRef]
[PubMed]

54. Delfino, I.; Portaccio, M.B.E.; DELLA Ventura, B.; Mita, D.G.; Lepore, M. Enzyme distribution and secondary structure of sol–gel
immobilized glucose oxidase by micro-attenuated total reflection FT-IR spectroscopy. Mater. Sci. Eng. C 2013, 33, 304–310.
[CrossRef] [PubMed]

55. Sun, J.; Zhou, S.; Hou, P.; Yang, Y.; Weng, J.; Li, X.; Li, M. Synthesis and characterization of biocompatible Fe3O4 nanoparticles. J.
Biomed. Mater. Res. Part A 2006, 80, 333–341. [CrossRef]

56. Wiegand, I.; Hilpert, K.; Hancock, R.E.W. Agar and broth dilution methods to determine the minimal inhibitory concentration
(MIC) of antimicrobial substances. Nat. Protoc. 2008, 3, 163–175. [CrossRef]

57. Janshoff, A.; Steinem, C.; Sieber, M.; el Bayâ, A.; Schmidt, M.A.; Galla, H.-J. Quartz crystal microbalance investigation of the interaction
of bacterial toxins with ganglioside containing solid supported membranes. Eur. Biophys. J. 1997, 26, 261–270. [CrossRef]

58. Fulgione, A.; Cimafonte, M.; Della Ventura, B.; Iannaccone, M.; Ambrosino, C.; Capuano, F.; Proroga, Y.T.R.; Velotta, R.; Capparelli,
R. QCM-based immunosensor for rapid detection of Salmonella Typhimurium in food. Sci. Rep. 2018, 8, 1–8. [CrossRef]

59. Funari, R.; Della Ventura, B.; Carrieri, R.; Morra, L.; Lahoz, E.; Gesuele, F.; Altucci, C.; Velotta, R. Detection of parathion and
patulin by quartz-crystal microbalance functionalized by the photonics immobilization technique. Biosens. Bioelectron. 2015,
67, 224–229. [CrossRef]

60. Salam, F.; Uludag, Y.; Tothill, I.E. Real-time and sensitive detection of Salmonella Typhimurium using an automated quartz crystal
microbalance (QCM) instrument with nanoparticles amplification. Talanta 2013, 115, 761–767. [CrossRef]

61. Zanfardino, A.; Bosso, A.; Gallo, G.; Pistorio, V.; Di Napoli, M.; Gaglione, R.; Dell’Olmo, E.; Varcamonti, M.; Notomista, E.;
Arciello, A.; et al. Human apolipoprotein E as a reservoir of cryptic bioactive peptides: The case of ApoE 133-167. J. Pept. Sci.
2018, 24, e3095. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jconrel.2015.01.037
http://doi.org/10.1097/01.ju.0000052404.42651.55
http://doi.org/10.3390/coatings10020139
http://doi.org/10.3390/polym10060616
http://doi.org/10.1002/gch2.201700068
http://doi.org/10.1590/1518-8345.0963.2678
http://doi.org/10.1016/j.ijantimicag.2009.12.011
http://www.ncbi.nlm.nih.gov/pubmed/20149602
http://doi.org/10.1016/j.ajic.2017.05.009
http://doi.org/10.3390/ijms17091578
http://www.ncbi.nlm.nih.gov/pubmed/27657043
http://doi.org/10.1186/s40824-021-00235-5
http://doi.org/10.1159/000336630
http://www.ncbi.nlm.nih.gov/pubmed/22739631
http://doi.org/10.1007/s12551-021-00784-y
http://doi.org/10.1016/j.colsurfb.2014.08.016
http://doi.org/10.12968/bjon.2005.14.19.19945
http://doi.org/10.1016/j.biomaterials.2008.04.023
http://doi.org/10.1039/c3tb21300e
http://doi.org/10.1016/j.actbio.2013.09.009
http://www.ncbi.nlm.nih.gov/pubmed/24056098
http://doi.org/10.1016/j.actbio.2014.12.015
http://www.ncbi.nlm.nih.gov/pubmed/25541344
http://doi.org/10.1016/j.biomaterials.2016.11.047
http://www.ncbi.nlm.nih.gov/pubmed/27914268
http://doi.org/10.1016/j.msec.2012.08.044
http://www.ncbi.nlm.nih.gov/pubmed/25428076
http://doi.org/10.1002/jbm.a.30909
http://doi.org/10.1038/nprot.2007.521
http://doi.org/10.1007/s002490050079
http://doi.org/10.1038/s41598-018-34285-y
http://doi.org/10.1016/j.bios.2014.08.020
http://doi.org/10.1016/j.talanta.2013.06.034
http://doi.org/10.1002/psc.3095
http://www.ncbi.nlm.nih.gov/pubmed/29900637

	Introduction 
	Catheter-Associated Urinary Tract Infections 
	Anti-Infective Biomaterials 
	Antimicrobial Peptides 
	Functionalization of PDMS with an ApoB-Derived Antimicrobial Peptide 

	Results 
	Characterization of Functionalized PDMS by Fourier-Transform Infrared (FTIR) Spectroscopy 
	Water Contact Angle Analyses of Functionalized PDMS 
	Evaluation of the Antimicrobial Activity of PDMS Functionalized with r(P)ApoBLPro 
	Evaluation of Peptide Release by Quartz Crystal Microbalance (QCM) Analyses 
	Storage Stability of PDMS Functionalized with r(P)ApoBLPro Peptide 
	Anti-Infective Properties of PDMS Functionalized with r(P)ApoBLPro Peptide 
	Anti-Biofilm Activity of PDMS Functionalized with r(P)ApoBLPro Peptide 
	Biocompatibility of PDMS Functionalized with r(P)ApoBLPro Peptide 

	Discussion 
	Materials and Methods 
	Materials 
	Bacterial Strains and Growth Conditions 
	Peptide Production 
	Preparation of PDMS Polymer Loaded with r(P)ApoBLPro Peptide 
	Characterization of PDMS Polymer Loaded with r(P)ApoBLPro Peptide by Fourier-Transform InfraTed (FTIR) Spectroscopy Analyses 
	Characterization of PDMS Polymer Loaded with r(P)ApoBLPro Peptide by Water Contact Angle Measurements 
	Antimicrobial Activity Assays 
	Kinetic Analysis of the Antimicrobial Activity of PDMS Polymer Loaded with r(P)ApoBLPro Peptide 
	Evaluation of Peptide Release from PDMS by Quartz Crystal Microbalance (QCM) Analyses 
	Evaluation of the Stability of PDMS Polymer Loaded with r(P)ApoBLPro Peptide over Time 
	Evaluation of the Anti-Infective Properties of PDMS Polymer Loaded with r(P)ApoBLPro Peptide 
	Evaluation of the Antimicrobial Properties of PDMS Polymer Loaded with r(P)ApoBLPro Peptide by Scanning Electron Microscopy (SEM) Analyses 
	Evaluation of the Antibiofilm Properties of PDMS Polymer Loaded with r(P)ApoBLPro Peptide by Crystal Violet Assay 
	Analysis of the Biocompatibility of PDMS Polymer Loaded with r(P)ApoBLPro Peptide 
	Statistical Analyses 

	Conclusions 
	References

