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Abstract: Despite advances in material sciences and clinical procedures for surgical hygiene,
medical device implantation still exposes patients to the risk of developing local or systemic infections.
The development of efficacious antimicrobial/antifouling materials may help with addressing
such an issue. In this framework, polyethylene glycol (PEG)-grafted segmented polyurethanes
were synthesized, physico-chemically characterized, and evaluated with respect to their bacterial
fouling-resistance properties. PEG grafting significantly altered the polymer bulk and surface
properties. Specifically, the PEG-grafted polyurethanes possessed a more pronounced hard/soft
phase segregated microstructure, which contributed to improving the mechanical resistance of
the polymers. The better flexibility of the soft phase in the PEG-functionalized polyurethanes compared
to the pristine polyurethane (PU) was presumably also responsible for the higher ability of the polymer
to uptake water. Additionally, dynamic contact angle measurements evidenced phenomena of surface
reorganization of the PEG-functionalized polyurethanes, presumably involving the exposition of
the polar PEG chains towards water. As a consequence, Staphylococcus epidermidis initial adhesion onto
the surface of the PEG-functionalized PU was essentially inhibited. That was not true for the pristine
PU. Biofilm formation was also strongly reduced.

Keywords: segmented polyurethanes; polyethylene glycol; microbial biofilm; antifouling materials;
medical device-related infections; wound dressings

1. Introduction

Polymeric materials have a prominent place in biomedical applications, due to their broad
range of physico-chemical properties that can be tailored to fit a wide plethora of applications [1-3].
Segmented polyurethanes (PUs) are among the most important classes of biomedical polymers,
mainly due to their excellent hemocompatibility and unique mechanical properties deriving from
the presence of hard segment-rich and soft segment-rich domains in a phase-separated microstructure.
Such hard/soft-phase segregation in the polymer permits the combination of elastomeric properties that
are typical of rubbers, with high mechanical resistance properties typical of thermoplastic materials [4].
A large variety of biomedical-grade PUs with different compositions, such as Biomer®, Pellethane®,
and Cardiothane, are on the market, and their applications cover mainly cardiovascular devices,
including central venous catheters and heart valves, but also artificial organs, scaffolds for tissue
engineering, and wound dressings [5].

Despite the benefits of using PUs for intravascular devices manufacturing, complications are still
associated with their use. Especially, these materials do not protect patients from the risk of developing
localized or systemic bloodstream infections [6,7]. For this reason, considerable efforts have been
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made over the years to improve the bacterial fouling resistance of polyurethanes, in order to reduce
the incidence of bloodstream infections [8]. Traditionally, antimicrobial or antifouling polyurethanes
were obtained by the adsorption/conjugation of drugs or antiseptics [9-13]. More recently,
research efforts have been focused on either the use of natural compounds with anti-biofilm
properties [14-17], or on the development of intrinsically antimicrobial and antifouling materials, by
either physical or chemical technological approaches [17-20]. Physical approaches mainly consist of
developing micro- or nano-scale surface texturing in order to affect bacterial adhesiveness, growth,
and more in general, biofilm formation [21-24]. Chemical approaches, instead, mainly involve
the functionalization of material surfaces, to meet some criteria that are well-recognized to confer
repelling activities, which include strong hydrophilicity, neutral charge, and the presence of groups
that are able to establish hydrogen bonds [25].

Polyethylene glycol (PEG) is undoubtedly, the most closely investigated antifouling polymer, as it
meets all of the criteria listed above [26]. The ability of such a polymer to resist the adsorption
of proteins and bacteria has been related to both hydration and steric hindrance effects [27].
Specifically, in aqueous environment, the hydration of PEG chains occurs resulting in the formation of
a layer consisting of tightly bound water molecules, which acts as a physical barrier (steric repulsion)
against the approach of proteins and bacteria to the polymer itself [28]. Measurements of forces of
interaction between bacteria and PEG chains anchored onto glass surfaces showed that PEG brushes
not only blocked the long-range attractive forces, but also introduced repulsive steric effects between
the bacteria and the substrate. Presumably, the repulsive forces resulted from the compression of
the highly flexible PEG chains, which would involve the removal of water molecules from the hydrated
polymer, and is not a thermodynamically favorable process [29].

As for polyurethanes, PEG was either introduced in the backbone as a soft segment [30-32],
or grafted in the polymer side chain [33,34]. Most of such PEG-containing PUs were studied in terms
of bio- and hemo-compatibility properties, through the study of polymer affinity towards biomolecules
such as albumin, fibrinogen, or heparin [35-39]. Only recently, a series of studies has been carried
out to investigate the influence of PEG-containing PUs on microbial adhesiveness [22,40,41]. The few
positive datasets available so far encourage further experimentations in order to uniquely confirm
PEG as a potent antibacterial fouling agent for polyurethane surfaces.

In this study, a segmented carboxylated polyurethane, obtained by the polymerization of
an aromatic di-isocianate, an ether macrodiol, and a low molecular weight diol displaying a carboxylic
group, was functionalized with PEG by a Steglich esterification reaction, in order to improve
polymer-antifouling abilities. Specifically, PEG was grafted onto the polymer aromatic hard segments,
which, being hydrophobic, were supposed to be the domains that were more susceptible to bacterial
colonization. We hypothesized that the reduction in the hard domains’ hydrophobicity by PEG
grafting could be a potential strategy to confer antifouling features to the polymer without changing
the polymer backbone composition, neither in terms of monomer type (aliphatic vs. aromatic) nor in
hard/soft segment ratio, which could have had a negative effect on the polymer physico-mechanical
properties, as previously reported [42]. The obtained PEG-grafted PUs were fully characterized,
to assess the effect of PEG-grafting on the thermal and mechanical properties of the polymer
itself. Additionally, contact angle measurements and experiments with water uptake were carried
out to verify the influence of the polymer bulk and surface hydrophilicity on the adhesiveness
and biofilm formation of Staphylococcus epidermidis, a bacterial strain chosen because of its implication
in the pathogenesis of intravascular device-related infections.

2. Results and Discussion

In this study, a segmented polyurethane (PEUA, Figure 1)-containing polypropylene oxide (PPO)
as a soft phase, and the aromatic methylene bis-phenyl-diisocyanate (MDI), plus di-hydroxymethyl
propionic acid (DHMPA) as a hard phase, were synthesized and functionalized with poly(ethylene
glycol), with the aim of obtaining polymers (PEUA-PEG, Figure 1) that were resistant to bacterial
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adhesion. PEUA is a hemo-compatible polymer, which was synthesized for the first time by our
group [43], and it contains interesting elastomeric properties and biocompatibilities. This polymer
was also shown to be able to bind antibiotics [44] and complex antiseptic metal ions [45],
thanks to the presence of a reactive carboxylic group per repeat unit. Such a group was now
exploited for the grafting of PEG by a Steglich reaction mediated by di-cyclohexylcarbodiimide
and 4-dimethylaminopyridine (DMAP) activation.
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Figure 1. Chemical structure of the repeat unit of PEUA (A) and PEUA-PEG (B).

Specifically, three PEG:PEUA molar ratios (2:1, 3:1, and 5:1) were employed during
synthesis, and an excess of PEG was chosen to reduce the probability of PEUA cross-linking by
the bi-functional PEG. Among the three obtained PEG-functionalized polymers, the one resulting
from a 2:1 PEG:PEUA molar ratio was found to be insoluble in organic solvents, and it also precipitated
during functionalization, suggesting a high degree of polymer cross-linking. In contrast, a good degree
of solubility in all common organic solvents (tetrahydrofurane, dimethyl formamide, and dimethyl
sulfoxide) was shown by the polymer obtained from a 5:1 molar ratio while the polymer obtained with
a 3:1 molar ratio showed intermediate behavior, resulting in only partial solubility in some solvents,
specifically in di-methylformamide.

Nuclear magnetic resonance spectroscopy was used to evaluate the success of polymer synthesis
and functionalization with PEG. In Figure 2, the 3C-NMR spectra of pure PEUA and PEUA-PEG
obtained with a 5:1 molar ratio are reported.

As far as the '>*C-NMR spectrum of PEUA is concerned, the signal at 153 ppm was attributed to
the urethanic C=0, the signal at 136 ppm to MDI-C; and MDI-Cy, the signals at 120 ppm and 130 ppm
to MDI-C, and MDI-C3, respectively, and the signal at 41 ppm to the CH; between the phenyl
groups. The signals of the PPO soft phase were found at 18 ppm (methyl), 77 ppm (methine)
and 73-75 ppm (methylene). The signals of DHMPA were at 46 ppm (quaternary carbon), 72 ppm
(—-CH;-), and ca. 20 ppm (—CHs). Finally, at 175 ppm, the signal of the carboxylic group was observed.
As far as the '>*C-NMR spectrum of PEUA-PEG is concerned, even if it was not possible to observe
the peak related to the ester C=0, a new signal at 62 ppm was present, specifically the ester CH,
of the linked PEG. Additionally, the peak of the DHMPA quaternary carbon shifted from 46 ppm
to 50 ppm, presumably due to the different chemical environments.
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Figure 2. Numeration of methylene bis-phenyl-diisocyanate (MDI) carbons in PEUA (A);
13C-.NMR spectrum of PEUA (B) and PEUA-PEG obtained with a 5:1 PEG:PEUA molar ratio (C).
In the inset of B, the magnification of the signal at 175 ppm, attributed to the PEUA carboxylic group,
is reported.

In Figure 3A, the 'H-NMR spectrum of PEUA is reported. The peaks at 9.6 and 10 ppm were
attributed to urethane (NH), and the signal splitting was presumably due to the different linkers
(PPO or DHMPA). The signals in the range of 7-8.0 ppm were attributed to the MDI aromatic
ring, and the signal at 3.8 ppm was related to -CH,— between the two phenyls. The PPO methine
and methylene groups showed a wide peak at 3.4 ppm when linked to the ether oxygen, and at 4.9 ppm
when linked to the urethane NH. The signal at 3.5 ppm was attributed to the DHMPA methylene
groups while the signal at 1.1 ppm was related to the methyl groups of DHMPA and PPO.

The signals of the PEG -CH,- groups in PEUA-PEG are in the same spectral range (ca. 3.6 ppm)
as the protons of PPO (Figure 3B). The yield of functionalization was calculated by the ratio of
the intensity of the peak at 7 ppm (aromatic ring), and that of the peak at 3.6 ppm (methylene groups),
from which the contribution of PPO was subtracted. The resulting yield of esterification was ca. 30%
in the case of the polymer obtained with a 5:1 PEG:PEUA molar ratio, and 20% for the soluble portion
of the polymer obtained with a 3:1 molar ratio.
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Figure 3. IH-NMR spectrum of PEUA (A) and PEUA-PEG obtained with a 5:1 PEG:PEUA molar ratio (B).

In segmented polyurethanes, differential scanning calorimetry can allow for not only
the determination of the polymer transition temperatures, but also the estimation of polymer hard/soft
phase segregation. Specifically, information on polymer phase segregation can be extrapolated by
the glass transition temperature (Tg), which, being characteristic of the soft phase of the polymer,
depends on the soft phase mobility, and is affected by the interaction of the soft phase with the hard
phase. An increase in the Ty value usually suggests low mobility of the soft phase, as a consequence
of an increase in hard/soft phase mixing [46]. In Figure 4, as an example, the thermograms of
PEUA and PEUA-PEGg3) in cycles I and II of heating are reported, while in Table 1, the values of
the glass transition temperature, and the variation of the specific heat (AC}) at T for all of the polymers
are reported. The Tg value of free PPO, found in the literature [47], is also reported in Table 1
for comparison.
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Figure 4. Thermograms of PEUA and PEUA-PEGg; in the I cycle (A) and the II cycle (B) of heating.

In the first cycle of heating, a flex, corresponding to the glass transition of the soft phase,
and a broad endothermic band, corresponding to the melting of hard microdomains, can be observed
in the thermograms of all polymers. Such an endothermic transition was no longer observable in
the II cycle of heating. The Ty values of the PEG-functionalized polyurethanes were similar and lower
than that of PEUA (Table 1). That suggests a greater phase segregation in the PEG-functionalized
polyurethanes, compared to pristine PEUA. Presumably, PEG chains introduced in the hard phase
of PEUA favored the cohesion of the hard domains by hindering the establishment of H-bonds
among the urethane -NH groups of the hard phase and the ether oxygens of the soft phase.
Additionally, some cross-linking between the polymer hard segments could occur, and further
contribute to the segregation of the PEG-functionalized polymers. The variation in specific heat
in correspondence with glass transition is also lower in the PEG-functionalized polymers compared to
PEUA (Table 1), suggesting that a lower amount of the soft phase is involved in the glass transition.
Presumably, a higher cohesion of the hard micro-domains, or the partial cross-linking of hard segments
in the PEG-functionalized polymers can reduce the amount of the mobile portion of the soft phase.
Such a phenomenon has already been described in the literature for segmented polyurethanes
functionalized with carboxylate or sulfonate ions [48].

Table 1. Glass transition temperature (Tg) and variation of specific heat (AC)) at the glass transition
temperature for PEUA and PEG-functionalized polyurethanes. The glass transition temperature
of the free soft phase (PPO) is also reported, for comparison. () The subscript indicates that
the PEUA:PEG molar ratio employed during functionalization. Indeed, it was not possible to determine
the functionalization degree for this polymer, as it is insoluble in common solvents.

Polymer Tg (°O) AC, (J/g*K)
PEUA -11+2 0.50 £ 0.02
PEUA-PEG;,, O —3342 0.39 £ 0.02
PEUA-PEGy —-29+2 0.40 £ 0.03
PEUA-PEGg —27+2 0.43 £ 0.03
Soft phase (PPO) —67 -

In Figure 5, the thermogravimetric curves of the pristine and functionalized polymers are
reported. The first derivative of the weight vs. temperature is also reported. As it can be
observed, PEUA-PEG;., (obtained with a PEG:PEUA molar ratio 2:1) was the most thermally
stable polymer, presumably because of the higher crosslinking content. Pristine PEUA degraded
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mainly in one step from 250 to 400 °C, while the PEG-functionalized polymers showed two steps of
degradation. The first one was attributed to PEG weight loss, and the second one to the degradation of
the polyurethane backbone. By taking into consideration the weight of the PEUA repeat unit, a good
agreement between the PEG weight loss and the 30% esterification yield determined by 'H-NMR was
found for PEUA-PEGg(. That was not true for PEUA-PEG,,, presumably because of the chemical
heterogeneity between the polymer soluble portion submitted to 'H-NMR, and the whole-polymer
sample (soluble portion + insoluble portion) submitted to thermogravimetric analysis.

120
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Figure 5. Thermogravimetric curves of PEUA, PEUA-PEG;.;, PEUA-PEGy,, and PEUA-PEG3 (A);
first derivative (A(weight)/AT) of the thermogravimetric curves (B). The subscript 1:2 on PEUA:PEG.,
indicates the molar ratio employed during functionalization.

Material surface hydrophilicity /hydrophobicity is a very important feature that affects bacterial
adhesion to the material itself. In general, it has been recently shown that superhydrophobic
and superhydrophilic surfaces can both prevent microbial adhesion [49]. Superhydrophobic surfaces
are those resembling the lotus leaf, which has been shown to have a water contact angle that is
higher than 150°, and self-cleaning properties, thanks to its hierarchical micro/nanostructured surface
covered with a low surface energy waxy hydrophobic film [50]. On the other side, very hydrophilic
surfaces have intrinsic antifouling properties, due to the formation of a dense layer of water molecules,
which weakens the interaction between the bacterial cell surface and the material surface [29,51].

To evaluate the effect of PEG-grafting on polymer hydrophilicity, polymer swelling in water
and the dynamic contact angle were evaluated. Since these analyses, as well as the subsequent
mechanical and biological tests, were performed on polymer films obtained by solvent
casting (see Experimental Section), only the soluble polymers PEUA and PEUA-PEG;, will be
subsequently characterized.

In Figure 6A, the swelling curves for the two polymers are reported.

As it can be observed, PEUA-PEGsy was more strongly hydrophilic than PEUA,
reaching a swelling degree at an equilibrium of ca. 150%, compared to ca. 25% of PEUA. Such a big
increase in polymer hydrophilicity after PEUA functionalization with PEG is surely due to the PEG
intrinsic hydrophilic properties, but presumably also to the good hard/soft phase segregation of
PEUA-PEG3;¢, which makes the polymer soft phase free to move and interact with water molecules.
This hypothesis was confirmed by the calculation of the Diffusion Coefficient (D) of water in each of

the two polymeric matrices. Specifically, in a diffusional regime in which the Fick’s first law is valid, D
41/2p1/2
Lnl/2
adsorbed at the equilibrium, W; is the amount of water that is adsorbed at the specific time ¢, and L
is the polymer film thickness (which was assumed to be constant during swelling). This expression

describing the transport behavior of the penetrant into the polymer can be applied only to the initial

can be calculated by the following equation [52]: % = where W, is the amount of water
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stages of swelling, i.e., up to a 60 % increase in the mass of the polymer (Wi/Weq. < 0.6) [53]. The values
of D were obtained from the plot of the ratio of the swollen polymer mass at time ¢, and ¢ = eq.
(W¢/Weq), as a function of the ratio of the square root of time (t'/2), by following the initial slope
method (Figure 6B). The following D values were extrapolated: Dpgya = (1.7 £ 0.1) x 1072 cm?-
s~1, and Dpgya-pegao = (5.0 £ 0.2) x 107 cm? -s~!. The higher D value of water in PEUA-PEG3g
compared to PEUA suggests a higher ability of water molecules to diffuse into the polymer matrix,
presumably due to a higher mobility of the hydrophilic soft phase achieved by the higher polymer
hard/soft phase segregation.
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Figure 6. Swelling curves of PEUA and PEUA-PEG3;( (A); Ratio between the swollen polymer mass
at time ¢, and at the equilibrium (W{/W,q), as a function of the ratio of the square root of time (B).
The diffusion coefficient was extrapolated by the slope of the linear fitting of the initial points.

Measurements of dynamic contact angle confirmed the higher hydrophilicity of PEUA-PEG3;,
compared to PEUA. In such an analysis, the surface hydrophilicity (or wettability) can be evaluated [54].
In Figure 7, as an example, the profile of the two immersion cycles for PEUA-PEGg3 is shown, and in
Table 2, the values of the contact angles, in advancing and in receding, and the contact angle hysteresis,
are reported. As observed in Table 2, in the first cycle of immersion, the two polymers showed
similar 0,y, suggesting a similar wettability. However, PEUA-PEG3, showed a significantly lower 6rec
than PEUA (35 ° vs. 47 °) and, as a consequence, a higher hysteresis.

Such a finding is presumably related to the surface chemical heterogeneity of PEUA-PEG3g
(greater than PEUA). Additionally, in the second immersion cycle, PEUA-PEG3, showed a kinetic
contact angle hysteresis, evidenced by the decrease of 0,4, from 94 ° to 83 °, suggesting a molecular
rearrangement of the polymer surface on wetting, which presumably involved the exposition of
the polar PEG chains towards water.

Langmuir firstly observed the flipping of the surfactant molecules, as polar head groups migrated
towards hydrophilic environments [55]. It was, later demonstrated that such re-organization was
driven by the minimization of the surface free energy at the interface [56].
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Figure 7. DCA cycles of immersion for PEUA-PEG3;( by using the Wilhelmy plate method. In the figure,
numbers 1 to 4 indicate the position of the plate with respect to the liquid, as shown in the image below
the figure. 1—Out of the liquid; 2—point of touch of the sample with the liquid; 3—Immersion into
the liquid (8,4y); 4—Emersion from the liquid (Brec).

Table 2. Contact angle values (8,4, and 6rec) and hysteresis (H) for PEUA and PEUA-PEGg in the first
and second cycles of immersion.

Icycle II cycle H H
Polymer
0,4y Orec .4y Orec (I cycle) (II cycle)
PEUA 93+3 47+ 3 92+1 50+3 46 42
PEUA-PEG;y 94+2 35+3 83+2 37+1 59 46

The two polymers also showed significantly different mechanical properties, as shown by
INSTRON analysis. In Figure 8, the stress—strain curves of PEUA and PEUA-PEGg are reported.

As it can be observed, both polymers showed an elongation at a break of ca. 10. The Young
Modulus, determined from the slope of the initial linear trend, was also similar for the two polymers
(Epgua = 0.9 MPa e Epgya-pegso = 0.7 MPa). However, the trend of the two stress—strain curves was
very different. Indeed, PEUA showed a Yield Point at an elongation of ca. 0.7, in correspondence
with which a collapse of the material resistance was observed. In contrast, PEUA-PEG3, showed
a typical trend of elastomeric materials, in which the Yield Point was not really clear, and the stress
increased with the elongation up to material break. The stress at break of PEUA-PEG3; (0.5 MPa)
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is also ca. one order of magnitude higher than that of PEUA (0.06 MPa). Overall, the mechanical
properties of PEUA-PEGg are coherent, with a marked hard/soft phase segregation in this polymer
as evidenced by DSC analysis. Presumably, the presence of strong chain—chain interactions hinders
chain slippage, and make the material resistant to big deformations. In addition, the occurrence
of chemical cross-linkages between the hard segments cannot be excluded, even if the solubility of
the sample suggests a case of low cross-linking. Of course, if present, hard—hard segment cross-linkages
can further justify the elastomeric properties of the polymer.

6x 10°
PEUA
e PEUA-PEG,,
4x10°
g
2 3x10°
4
2
2x10°
1x 10
0
0 2 4 6 8 10 12

Strain [I-]"/I”)
Figure 8. Stress-strain curves of PEUA and PEUA-PEGg3.
Finally, the abilities of PEUA and PEUA-PEGgz to prevent microbial adhesion and biofilm formation

was evaluated. In Figure 9, SEM micrographs showing the surface of PEUA and PEUA-PEGg
after 30 min (Figure 9A,B) or 24 hr (Figure 9C,D) incubation with S. epidermidis suspensions are reported.

Figure 9. Initial bacterial adhesion after 30 min incubation on PEUA (A) and PEUA-PEG3; (B).
Biofilm formation after 24 h incubation on PEUA (C) and PEUA-PEGg (D). Scale bar = 10 pum.

As it can be noted, S. epidermidis can easily adhere to PEUA. Indeed, the presence of S.
epidermidis colonies in the first stages of adhesion could be observed on the PEUA surface (Figure 9A).
In contrast, PEUA-PEG3( was essentially free from colonization (Figure 9B). Such different initial
bacterial adhesion rates were reflected in the biofilm formations on the two polymer surfaces.
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Indeed, heavy colonization of the PEUA surface was observed with the presence of large biofilm
structures (Figure 9C) after 24 h incubation, while just a few sporadic adhering cells and small bacterial
aggregates were present on PEUA-PEG3y (Figure 9D). Such difference in biofilm formation was
confirmed by the cell count, the number of CFU per surface unit (CFU/cm?) being 4 x 108 and 7 x 10°
for PEUA and PEUA-PEG;, respectively.

The excellent ability of PEUA-PEG3;( to reduce bacterial adhesion and biofilm formation is
definitely related to its higher bulk and surface hydrophilicity which also presumably involve
the exposition of PEG chains at the material/water interface, as shown by dynamic contact
angle analysis. However, since the polymer does not completely inhibit bacterial adhesion,
such a system should be used in combination with other anti-biofilm molecules, to maximize its
performance [15,57,58]. Unexpectedly, the mechanical resistance of the PEG-functionalized polymer
also improved because the presence of PEG, with benefits for the application.

3. Materials and Methods

3.1. Materials

Polyethylene glycol (PEG, My = 1000 g/mol) (Sigma Aldrich s.rl., Milan, Italy) was used
as received. Methylene bis-phenyl-diisocyanate (MDI) (Sigma Aldrich s.r.l.) was distilled before use.
Polypropylene oxide (PPO) (1200 g-mol !, Sigma Aldrich s.r.l.) was degassed under vacuum at 60 °C
for 12 h. Di-hydroxymethyl propionic acid (DHMPA) (Sigma Aldrich s.r.1.), dicyclohexylcarbodiimide
(DCC) (Sigma Aldrich s.r.l.) and 4-dimethylaminopyridine (DMAP) (Sigma Aldrich s.r.l.) were used
as received.

3.2. Polymer Synthesis and Functionalization

A carboxylated segmented polyurethane, PEUA (one carboxyl group per repetitive unit,
Mw = 40,000 g-mol~!, My, /M, = 1.6, Figure 1) was synthesized by a two-step condensation of
MDI, PPO, and DHMPA in a 2:1:1 stoichiometric ratio, as previously described [43].

Functionalization of PEUA with PEG was achieved by a DCC-activated esterification of polymer
carboxylic acids, by using DMAP as an accelerator [59]. Specifically, DMAP and DCC, in equimolecular
amounts with respect to the polymer carboxyl groups, were added to a 5% (w/v) solution of PEUA in
dichloromethane at 0 °C. After 20 min, PEG was added in molar excess (2:1, 3:1 and 5:1) with respect
to PEUA to avoid polymer crosslinking. Temperature was then raised to 25 °C and the solution
was left under stirring for 24 h. After the reaction, dicyclohexylurea precipitate during polymer
functionalization was filtered. Then, the polymer was recovered by precipitation in hexane, and washed
in water to eliminate the unreacted PEG. The polymer, whose repetitive unit is reported in Figure 1,
was named PEUA-PEGyx where x is the functionalization degree.

3.3. Polymer Characterization

'H-NMR and '3C-NMR spectra were performed, employing a Varian XL 300 instrument
(Varian Inc., Palo Alto, CA, USA) and deuterated di-methylformamide (DMF-d7) as the solvent.

Differential scanning calorimetry (DSC) was performed from —100 to +150 °C under N flux by
using a Mettler TA-3000 DSC apparatus (Mettler Toledo, Columbus, Ohio, US). The scan rate used
for the experiments was 10 °C-min~! and the sample weight was 6-7 mg. Thermo-gravimetric analysis
(TGA) was carried out employing a Mettler TG 50 thermobalance at a heating rate of 10 °C-min !
under N, flow in the temperature range 25-600 °C.

Swelling measurements of both the pristine and functionalized polyurethanes were performed
at room temperature in water. For such experiments, circular test samples (1 cm in diameter and 100 pm
in thickness) were obtained by cutting cast films of the polymers. Polymer films were obtained by
dissolving the polymer in tetrahydrofuran (5% w/v) and layering such a solution on circular Teflon
plates, 5 cm in diameter. After solvent evaporation at room temperature, polymer films were detached
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from the Teflon plates with the aid of tweezers. The polyurethane samples were then immersed in
water. At the determined times, specimens were removed from the water and weighed, after removal
of the excess of the solvent using filter paper. The analysis was repeated until a constant weight
(equilibrium swelling) was reached. The swelling degree, SD, was calculated by applying the following
equation:
Wy — Wy

Wo
where W; is the weight of the sample after swelling at time ¢, and Wy was the initial weight of
the film. Five parallel swelling experiments were performed for each sample, and data were reported
as the average value + standard deviation.

The dynamic contact angle was performed by using a Dynamic Contact Angle Analyzer Cahn
DCA 312 (CAHN Instruments, Inc., South Carmenita Road, Cerritos, CA, USA), on the basis of
the Wilhelmy balance method. Such a method consists of detecting by a balance the change in
the weight of a thin vertical plate when it is brought in contact with a liquid. The detected weight
change is a combination of the buoyancy and the wetting force, while the gravity force remains
the same. Since the wetting force (Fy) is defined as:

SD (%) =

Fw =v1v p cosO

where 7, is the liquid surface tension, p is the perimeter of the sample, and 6 is the contact angle,
the force change (F) detected by the balance is:

F=vy pcosd —VApg

where V is the volume of the displaced liquid, Ap is the difference in density between the liquid
and air, and g is the acceleration of gravity. Thus, as long as <}, and the solid perimeter (p) are known,
the contact angle value can be determined.

Contact angle measurements were performed with an immersion rate of 20 pm/s, carrying out
two consecutive immersion cycles. In the second immersion cycle, the immerged area of the sample
was greater than that of the first cycle, in order to verify the absence of the release of substances from
the sample into water. The analyses were performed on samples obtained by layering the polymer on
rectangular glass coverslide (1 cm x 2 cm) by solvent casting. When the sample was immersed into
the liquid, the advancing contact angle (68,4,) was recorded, while when the sample was emerging,
the receding contact angle (6ec) was measured (Figure 8). The difference between the advancing
and the receding angles is called the contact angle hysteresis (H = 0,4, — Orec), which mainly arises
from surface roughness and/or chemical heterogeneity [60]. However, other factors, including liquid
adsorption and retention, or molecular rearrangement on wetting, can contribute to hysteresis [61].

The mechanical properties of the pristine and functionalized polyurethanes were studied by tensile
tests, which were carried out with an ISTRON 4502 instrument (Instorn Inc., Norwood, MA, USA).
Measurements were performed on rectangular polymer films (50 mm long x 6 wide x 0.2 thick),

by employing a 10 N load cell and a deformation rate of 50 mm-min~!.

3.4. Bacterial Strains and Culture Medium

For an evaluation of the antifouling features of polymers, the oxacillin-resistant
Staphylococcus epidermidis ATCC 35984, a strong exopolysaccharide producer [62], was routinely
grown in tryptic soy agar (TSA) and tryptic soy broth (TSB). Biofilm production was assessed according
to the protocol described by Francolini et al. [63].

3.5. Assessment of the Polymer Ability to Prevent Bacterial Adhesion and Biofilm Formation

To evaluate the effect of polyurethanes on bacterial adhesion and biofilm formation, test tubes were
filled with 2.5 mL of a bacterial suspension (0.5 McFarland) and grown at 37 °C in TSB supplemented
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with 1% glucose, to promote massive exopolysaccharide production. One tube was used as a reference
(control), while polymer discs (1 cm in diameter, 100 um in thickness) were introduced into the other
tubes. Tubes were incubated at 37 °C for 30 min to assess early bacterial adhesion, or for 24 h to assess
late bacterial adhesion [64,65].

After incubation, bacterial adhesion and biofilm formation were assessed by scanning electron
microscopy (SEM, Assing, Rome, Italy). Specifically, polymer discs were collected, washed twice with
PBS (pH 7.4) to remove loosely adherent cells, fixed with 2.5% glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.4) at room temperature for 30 min, dehydrated through graded ethanol, treated with
hexamethyldisilazane for 20 min, and gold-sputtered for SEM observation.

Polymer discs incubated with bacterial suspension for 24 h (biofilm formation) were also
submitted to colony forming unit (CFU) counts. Specifically, disks were put into test tubes with 10 mL
of phosphate buffer, and sonicated for 5 min to remove the adherent cells. Six 10-fold dilutions
were prepared, and three 10 pL aliquots of each dilution were plated onto TSA plates. Plates were
then incubated at 37 °C for 18 h, and CFUs were counted and referred to the polymer surface unit
(CFUs/cm?).

3.6. Statistics

Analysis of variance comparisons were performed using Mini-Tab. Differences were considered
significant for p < 0.05. Data are reported as means & SD.

4. Conclusions

This study confirms the strong antifouling ability of polyethylene glycol materials, and shows
the great potential for PEG-grafting to confer bacterial resistance properties to segmented
polyurethanes. Indeed, the functionalization of a thermoplastic polyurethane with PEG resulted
in a material with superior elastomeric properties, and the ability to prevent the adhesion of
the Gram-positive S. epidermidis, a microbial pathogen that is commonly isolated in medical
device-related infections. Additionally, since the developed antifouling material is intrinsically active,
it does not exhaust its activity over time, and it could provide long-term protection, at least in
principle. Under an applicative point of view, the PEG-functionalized polyurethane obtained in this
study could find a role in several biomedical applications, spanning from intravascular medical device
manufacturing to wound dressings, where it could be applied as an antifouling coating, or incorporated
within the bulk structure.

Author Contributions: Conceptualization, L.F. and A.P; Methodology LF., AM. and A.P.; Formal Analysis,
LS. and V.D.L., Investigation, I.S. and V.D.L.; Data Curation, A.M. and V.D.L.; Writing—Original Draft Preparation,
LE,; Writing—Review & Editing, A.P; Funding Acquisition, LF. and A.P.

Funding: This research was funded by Sapienza University of Rome, through a grant to L.F.
Acknowledgments: The authors would like to thank Sapienza University for funding the research.

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

References

1. Shin, E.J.; Choi, S.M. Advances in Waterborne Polyurethane-Based Biomaterials for Biomedical Applications.
Adv. Exp. Med. Biol. 2018, 1077, 251-283. [PubMed]

2. Guelcher, S.A. Biodegradable polyurethanes: Synthesis and applications in regenerative medicine. Tissue Eng.
Part B Rev. 2008, 14, 3-17. [CrossRef] [PubMed]

3.  Burke, A.; Hasirci, N. Polyurethanes in biomedical applications. Adv. Exp. Med. Biol. 2004, 553, 83-101.
[PubMed]

4. Piozzi, A.; Francolini, I. Bilomimetic polyurethanes. In Polymeric Materials with Antimicrobial Activity from
Synthesis to Applications, 1st ed.; Mufioz-Bonilla, A., Cerrada, M., Fernandez-Garcia, M., Eds.; RSC Publishing:
Cambridge, UK, 2014; pp. 224-264.


http://www.ncbi.nlm.nih.gov/pubmed/30357693
http://dx.doi.org/10.1089/teb.2007.0133
http://www.ncbi.nlm.nih.gov/pubmed/18454631
http://www.ncbi.nlm.nih.gov/pubmed/15503449

Int. ]. Mol. Sci. 2019, 20, 1001 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Zdrahala, RJ.; Zdrahala, L]. Biomedical applications of polyurethanes: A review of past promises,
present realities, and a vibrant future. J. Biomater. Appl. 1999, 14, 67-90. [CrossRef]

Bell, T.; O’Grady, N.P. Prevention of Central Line-Associated Bloodstream Infections. Infect. Dis. Clin. N. Am.
2017, 31, 551-559. [CrossRef] [PubMed]

Seckold, T.; Walker, S.; Dwyer, T. A comparison of silicone and polyurethane PICC lines and post-insertion
complication rates: A systematic review. J. Vasc. Access 2015, 16, 167-177. [CrossRef] [PubMed]

Francolini, I.; Piozzi, A. Antimicrobial polyurethanes for intravascular medical devices. In Advances in
Polyurethane Biomaterials; Cooper, S.L., Guan, J., Eds.; Woodhead Publishing (Elsevier Ltd.): Sawston, UK,
2016; Chapter 12; pp. 349-385.

Sheng, W.H.; Ko, W.J.; Wang, J.T.; Chang, S.C.; Hsueh, PR.; Luh, K.T. Evaluation of antiseptic-impregnated
central venous catheters for prevention of catheter-related infection in intensive care unit patients. Diagn. Microbiol.
Infect. Dis. 2000, 38, 1-5. [CrossRef]

Yorganci, K.; Krepel, C.; Weigelt, J.A.; Edmiston, C.E. In vitro evaluation of the antibacterial activity of
three different central venous catheters against gram-positive bacteria. Eur. |. Clin. Microbiol. Infect. Dis.
2002, 21, 379-384. [PubMed]

Donelli, G.; Francolini, I.; Ruggeri, V.; Guaglianone, E.; D'Ilario, L.; Piozzi, A. Pore formers promoted release
of an antifungal drug from functionalized polyurethanes to inhibit Candida colonization. J. Appl. Microbiol.
2006, 100, 615-622. [CrossRef] [PubMed]

Nowatzki, PJ.; Koepsel, R.R.; Stoodley, P.; Min, K.; Harper, A.; Murata, H.; Donfack, J.; Hortelano, E.R.;
Ehrlich, G.D.; Russell, A.J. Salicylic acid-releasing polyurethane acrylate polymers as anti-biofilm urological
catheter coatings. Acta Biomater. 2012, 8, 1869-1880. [CrossRef] [PubMed]

Francolini, I.; Donelli, G.; Crisante, F.; Taresco, V.; Piozzi, A. Antimicrobial polymers for anti-biofilm medical
devices: State-of-art and perspectives. Adv. Exp. Med. Biol. 2015, 831, 93-117. [PubMed]

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

Catto, C.; Villa, E; Cappitelli, F. Recent progress in bio-inspired biofilm-resistant polymeric surfaces.
Crit. Rev. Microbiol. 2018, 44, 633-652. [CrossRef] [PubMed]

Adlhart, C.; Verran, J.; Azevedo, N.F; Olmez, H.; Keindnen-Toivola, M.M.; Gouveia, I.; Melo, L.E; Crijns, F.
Surface modifications for antimicrobial effects in the healthcare setting: A critical overview. J. Hosp. Infect.
2018, 99, 239-249. [CrossRef] [PubMed]

Murioz-Bonilla, A.; Fernandez-Garcia, M. Polymeric materials with antimicrobial activity. Prog. Polym. Sci.
2012, 37, 281-339. [CrossRef]

Campoccia, D.; Montanaro, L.; Arciola, C.R. A review of the biomaterials technologies for infection-resistant
surfaces. Biomaterials 2013, 34, 8533-8554. [CrossRef] [PubMed]

Francolini, I.; Vuotto, C.; Piozzi, A.; Donelli, G. Antifouling and antimicrobial biomaterials: An overview.
APMIS 2017, 125, 392-417. [CrossRef] [PubMed]

Carmona-Ribeiro, A.M.; de Melo Carrasco, L.D. Cationic antimicrobial polymers and their assemblies. Int. ].
Mol. Sci. 2013, 14, 9906-9946. [CrossRef] [PubMed]

Vargas-Alfredo, N.; Rodriguez Hernandez, J. Microstructured polymer blend surfaces produced by spraying
functional copolymers and their blends. Materials 2016, 9, 431. [CrossRef] [PubMed]

Xu, L.C; Siedlecki, C.A. Protein adsorption, platelet adhesion, and bacterial adhesion to
polyethylene-glycol-textured polyurethane biomaterial surfaces. J. Biomed. Mater. Res. B Appl. Biomater. 2017,
105, 668-678. [CrossRef] [PubMed]

Mendez, A.R.; Tan, T.Y,; Low, H.Y,; Otto, K.H.; Tan, H.; Khoo, X. Micro-textured films for reducing microbial
colonization in a clinical setting. J. Hosp. Infect. 2018, 98, 83-89. [CrossRef] [PubMed]

Vargas-Alfredo, N.; Martinez-Campos, E.; Santos-Coquillat, A.; Dorronsoro, A.; Cortajarena, A.L,;
Del Campo, A.; Rodriguez-Hernandez, J. Fabrication of biocompatible and efficient antimicrobial porous
polymer surfaces by the Breath Figures approach. |. Colloid Interface Sci. 2018, 513, 820-830. [CrossRef]
[PubMed]

Ostuni, E.; Chapman, R.G.; Holmlin, E.; Takayama, S.; Whitesides, G.M. A survey of structure-property
relationships of surfaces that resist the adsorption of protein. Langmuir 2001, 17, 5605-5620. [CrossRef]
Desai, N.P.; Hossainya, S.F.A.; Hubbell, ].A. Surface-immobilized polyethylene oxide for bacterial repellence.
Biomaterials 1992, 13, 417-420. [CrossRef]


http://dx.doi.org/10.1177/088532829901400104
http://dx.doi.org/10.1016/j.idc.2017.05.007
http://www.ncbi.nlm.nih.gov/pubmed/28687213
http://dx.doi.org/10.5301/jva.5000330
http://www.ncbi.nlm.nih.gov/pubmed/25634150
http://dx.doi.org/10.1016/S0732-8893(00)00166-8
http://www.ncbi.nlm.nih.gov/pubmed/12072923
http://dx.doi.org/10.1111/j.1365-2672.2005.02801.x
http://www.ncbi.nlm.nih.gov/pubmed/16478501
http://dx.doi.org/10.1016/j.actbio.2012.01.032
http://www.ncbi.nlm.nih.gov/pubmed/22342353
http://www.ncbi.nlm.nih.gov/pubmed/25384665
http://dx.doi.org/10.3390/ijms17091578
http://www.ncbi.nlm.nih.gov/pubmed/27657043
http://dx.doi.org/10.1080/1040841X.2018.1489369
http://www.ncbi.nlm.nih.gov/pubmed/30016175
http://dx.doi.org/10.1016/j.jhin.2018.01.018
http://www.ncbi.nlm.nih.gov/pubmed/29410096
http://dx.doi.org/10.1016/j.progpolymsci.2011.08.005
http://dx.doi.org/10.1016/j.biomaterials.2013.07.089
http://www.ncbi.nlm.nih.gov/pubmed/23953781
http://dx.doi.org/10.1111/apm.12675
http://www.ncbi.nlm.nih.gov/pubmed/28407425
http://dx.doi.org/10.3390/ijms14059906
http://www.ncbi.nlm.nih.gov/pubmed/23665898
http://dx.doi.org/10.3390/ma9060431
http://www.ncbi.nlm.nih.gov/pubmed/28773555
http://dx.doi.org/10.1002/jbm.b.33592
http://www.ncbi.nlm.nih.gov/pubmed/26669615
http://dx.doi.org/10.1016/j.jhin.2017.08.001
http://www.ncbi.nlm.nih.gov/pubmed/28797757
http://dx.doi.org/10.1016/j.jcis.2017.11.050
http://www.ncbi.nlm.nih.gov/pubmed/29222981
http://dx.doi.org/10.1021/la010384m
http://dx.doi.org/10.1016/0142-9612(92)90160-P

Int. ]. Mol. Sci. 2019, 20, 1001 150f 16

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Chen, S.F; Li, LY., Zhao, C.; Zheng, J. Surface hydration: Principles and applications toward
low-fouling /nonfouling biomaterials. Polymer 2010, 51, 5283-5293. [CrossRef]

Jeon, S.I1; Lee, ].H.; Andrade, ].D.; De Gennes, P.G. Protein-surface interactions in the presence of polyethylene
oxide ii. Effect of protein size. J. Colloid Interface Sci. 1991, 142, 159-166. [CrossRef]

Razatos, A.; Ong, Y.; Boulay, E; Elbert, D.L.; Hubbell, ].A.; Sharma, M.M.; Georgiou, G. Force measurements
between bacteria and poly(ethylene glycol)-coated surfaces. Langmuir 2000, 16, 9155-9158. [CrossRef]
Corneillie, S.; Lan, PN.; Schacht, E.; Davies, M.; Shard, A.; Green, R.; Denyer, S.; Wassall, M.; Whitfield, H.;
Choong, S. Polyethylene glycol-containing polyurethanes for biomedical applications. Polym. Int. 1998,
46, 251-259. [CrossRef]

Chen, X; Liu, W,; Zhao, Y.; Jiang, L.; Xu, H.; Yang, X. Preparation and characterization of PEG-modified
polyurethane pressure-sensitive adhesives for transdermal drug delivery. Drug Dev. Ind. Pharm. 2009,
35,704-711. [CrossRef] [PubMed]

Rana, S.; Lee, S.Y,; Cho, J.W. Synthesis and characterization of biocompatible poly(ethylene
glycol)-functionalized polyurethane using click chemistry. Polym. Bull. 2010, 64, 401-411. [CrossRef]
Orban, J.M.; Chapman, T.M.; Wagner, W.R.; Jankowski, R. Easily grafted polyurethanes with reactive
main chain functional groups. Synthesis, characterization, and antithrombogenicity of poly(ethylene
glycol)-grafted poly(urethanes). J. Polym. Sci. A Polym. Chem. 1999, 37, 3441-3448. [CrossRef]

Park, K.D.; Suzuki, K.; Lee, WK; Lee, J.E.; Kim, Y.H.; Sakurai, Y.; Okano, T. Platelet adhesion and activation
on polyethylene glycol modified polyurethane surfaces. Measurement of cytoplasmic calcium. ASAIO J.
1996, 42, M876-M880. [CrossRef] [PubMed]

Han, D.K.; Park, K.; Park, K.D.; Ahn, K.D.; Kim, Y.H. In vivo biocompatibility of sulfonated PEO-grafted
polyurethanes for polymer heart valve and vascular graft. Artif. Organs 2006, 30, 955-959. [CrossRef]
[PubMed]

Chen, H.; Hu, X,; Zhang, Y.; Li, D.; Wu, Z.; Zhang, T. Effect of chain density and conformation on protein
adsorption at PEG-grafted polyurethane surfaces. Colloids Surf. B Biointerfaces 2008, 61, 237-243. [CrossRef]
[PubMed]

Choi, H.S.; Suh, H.; Lee, ].H.; Park, S.N.; Shin, S.H.; Kim, Y.H.; Chung, S.M.; Kim, HK.; Lim, ].Y.; Kim, H.S.
A polyethylene glycol grafted bi-layered polyurethane scaffold: Preliminary study of a new candidate
prosthesis for repair of a partial tracheal defect. Eur. Arch. Oto-Rhino-Laryngol. 2008, 265, 809-816. [CrossRef]
[PubMed]

Rao, L.; Zhou, H.; Li, T.; Li, C,; Duan, Y.Y. Polyethylene glycol-containing polyurethane hydrogel coatings
for improving the biocompatibility of neural electrodes. Acta Biomater. 2012, 8, 2233-2242. [CrossRef]
[PubMed]

Mei, T.; Zhu, Y.; Ma, T.; He, T.; Li, L.; Wei, C.; Xu, K. Synthesis, characterization, and biocompatibility of
alternating block polyurethanes based on PLA and PEG. J. Biomed. Mater. Res. A 2014, 102, 3243-3254.
[CrossRef] [PubMed]

Park, J.H,; Cho, YW, Kwon, I.C; Jeong, S.Y.; Bae, Y.H. Assessment of PEO/PTMO multiblock
copolymer/segmented polyurethane blends as coating materials for urinary catheters: In vitro bacterial
adhesion and encrustation behavior. Biomaterials 2002, 23, 3991-4000. [CrossRef]

Patel, ].D.; Ebert, M.; Ward, R.; Anderson, ].M. S. epidermidis biofilm formation: Effects of biomaterial surface
chemistry and serum proteins. J. Biomed. Mater. Res. A 2007, 80, 742-751. [CrossRef] [PubMed]

Francolini, I; Donelli, G.; Vuotto, C.; Baroncini, EA.; Stoodley, P; Taresco, V.; Martinelli, A.; D'llario, L.;
Piozzi, A. Antifouling polyurethanes to fight device-related staphylococcal infections: Synthesis, characterization,
and antibiofilm efficacy. Pathog. Dis. 2014, 70, 401-407. [CrossRef] [PubMed]

Marconi, W.; Martinelli, A.; Piozzi, A.; Zane, D. Direct synthesis of carboxylated polyurethanes. Europ. Polymer. J.
1991, 27, 135-139. [CrossRef]

Piozzi, A.; Francolini, I.; Occhiaperti, L.; Di Rosa, R.; Ruggeri, V.; Donelli, G. Polyurethanes loaded with
antibiotics: Influence of polymer-antibiotic interactions on in vitro activity against Staphylococcus epidermidis.
J. Chemother. 2004, 16, 446—452. [CrossRef] [PubMed]

Francolini, I.; Ruggeri, V.; Martinelli, A.; D'Ilario, L.; Piozzi, A. Novel metal-polyurethane complexes with
enhanced antimicrobial activity. Macromol. Rapid. Commun. 2006, 27, 233-237. [CrossRef]

Schneider, N.S.; Sung, C.S.P. Transition behavior and phase segregation in TDI polyurethanes. Polym. Eng. Sci.
1977, 17, 73-80. [CrossRef]


http://dx.doi.org/10.1016/j.polymer.2010.08.022
http://dx.doi.org/10.1016/0021-9797(91)90044-9
http://dx.doi.org/10.1021/la000818y
http://dx.doi.org/10.1002/(SICI)1097-0126(199807)46:3&lt;251::AID-PI6&gt;3.0.CO;2-Z
http://dx.doi.org/10.1080/03639040802512235
http://www.ncbi.nlm.nih.gov/pubmed/19514985
http://dx.doi.org/10.1007/s00289-009-0175-3
http://dx.doi.org/10.1002/(SICI)1099-0518(19990901)37:17&lt;3441::AID-POLA1&gt;3.0.CO;2-Y
http://dx.doi.org/10.1097/00002480-199609000-00117
http://www.ncbi.nlm.nih.gov/pubmed/8945010
http://dx.doi.org/10.1111/j.1525-1594.2006.00327.x
http://www.ncbi.nlm.nih.gov/pubmed/17181836
http://dx.doi.org/10.1016/j.colsurfb.2007.08.012
http://www.ncbi.nlm.nih.gov/pubmed/17920250
http://dx.doi.org/10.1007/s00405-007-0574-8
http://www.ncbi.nlm.nih.gov/pubmed/18175136
http://dx.doi.org/10.1016/j.actbio.2012.03.001
http://www.ncbi.nlm.nih.gov/pubmed/22406507
http://dx.doi.org/10.1002/jbm.a.35004
http://www.ncbi.nlm.nih.gov/pubmed/24133043
http://dx.doi.org/10.1016/S0142-9612(02)00144-8
http://dx.doi.org/10.1002/jbm.a.31103
http://www.ncbi.nlm.nih.gov/pubmed/17177270
http://dx.doi.org/10.1111/2049-632X.12155
http://www.ncbi.nlm.nih.gov/pubmed/24532590
http://dx.doi.org/10.1016/0014-3057(91)90211-6
http://dx.doi.org/10.1179/joc.2004.16.5.446
http://www.ncbi.nlm.nih.gov/pubmed/15565910
http://dx.doi.org/10.1002/marc.200500786
http://dx.doi.org/10.1002/pen.760170203

Int. ]. Mol. Sci. 2019, 20, 1001 16 of 16

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Faucheris, J.A. The dependence of glass transition temperature on molecular weight for poly(propylene
oxide) and poly(butylene oxide). Polym. Lett. 1965, 3, 143-145. [CrossRef]

Okkema, A.Z.; Cooper, S.L. The effect of carboxylate and/or sulfonate ions on phase segregation in
polyurethanes. Biomaterials 1991, 12, 668. [CrossRef]

Song, F.; Koo, H.; Ren, D. Effects of material properties on bacterial adhesion and biofilm formation.
J. Dent. Res. 2015, 94, 1027-1034. [CrossRef] [PubMed]

Zhang, X.; Wang, L.; Levanen, E. Superhydrophobic surfaces for the reduction of bacterial adhesion. RSC Adv.
2013, 3, 12003-12020. [CrossRef]

Ko, J.; Cho, K,; Han, S.W,; Sung, HK,; Baek, S.W.; Koh, W.G.; Yoon, ].S. Hydrophilic surface modification
of poly(methyl methacrylate)-based ocular prostheses using poly(ethylene glycol) grafting. Colloids Surf.
B Biointerfaces 2017, 158, 287-294. [CrossRef] [PubMed]

Pissis, P.; Apekis, L.; Christodoulides, C.; Niaounakis, M.; Kyritsis, A.; Nebdal, ]. Water effects in polyurethane
block copolymers. J. Polym. Sci. Part B Polym. Phys. 1996, 34, 1529-1539. [CrossRef]

Ritger, P.L.; Peppas, N.A. A simple equation for description of solute release. II Fickian and anomalous
release from swellable devices. J. Control. Release 1987, 5, 37-42. [CrossRef]

Wang, C.; Nair, S.; Wynne, K.J. Wilhelmy balance characterization beyond contact angles: Differentiating
leaching from nanosurface reorganization and optimizing surface modification. Polymer 2017, 116, 565-571.
[CrossRef]

Blodgett, K.B.; Langmuir, I. Built-up films of barium stearate and their optical properties. Phys. Rev. 1937,
51,964-982. [CrossRef]

Kaganer, VM.; Mohwald, H.; Dutta, P. Structure and phase transitions in Langmuir monolayers.
Rev. Mod. Phys. 1999, 71, 779-819.

Grassi, L.; Maisetta, G.; Esin, S.; Batoni, G. Combination strategies to enhance the efficacy antimicrobial
peptides against bacterial biofilms. Front. Microbiol. 2017, 8, 2409. [CrossRef] [PubMed]

Blanchette, K.A.; Wenke, J.C. Current therapies in treatment and prevention of fracture wound biofilms:
Why a multifaceted approach is essential for resolving persistent infections. J. Bone Jt. Infect. 2018, 3, 50-67.
[CrossRef] [PubMed]

Neises, B.; Steglich, W. Simple method for the esterification of carboxylic acids. Angew. Chem. 1978, 7, 522-524.
[CrossRef]

Long, J.; Hyder, M.N.; Huang, R.Y.M.; Chen, P. Thermodynamic modeling of contact angles on rough,
heterogeneous surfaces. Adv. Colloid Interface Sci. 2005, 118, 173-190. [CrossRef] [PubMed]

De Gennes, P.G. Wetting: Statics and dynamics. Rev. Mod. Phys. 1985, 57, 827-863. [CrossRef]

Donelli, G.; Francolini, I.; Romoli, D.; Guaglianone, E.; Piozzi, A.; Ragunath, C.; Kaplan, J.B. Synergistic activity
of dispersin B and cefamandole nafate in inhibition of staphylococcal biofilm growth on polyurethanes.
Antimicrob. Agents Chemother. 2007, 51, 2733-2740. [CrossRef] [PubMed]

Francolini, I.; Piozzi, A.; Donelli, G. Efficacy evaluation of antimicrobial drug-releasing polymer matrices.
In Microbial Biofilms; Humana Press: New York, NY, USA, 2014; Volume 1147, pp. 215-225.

Merritt, ].H.; Kadouri, D.E.; O'Toole, G.A. Growing and analyzing static biofilms. Curr. Protoc. Microbiol.
2005, 22. [CrossRef]

Azeredo, J.; Azevedo, N.E; Briandet, R.; Cerca, N.; Coenye, T.; Costa, A.R.; Desvaux, M.; Di Bonaventura, G.;
Hébraud, M.; Jaglic, Z.; et al. Critical review on biofilm methods. Crit. Rev. Microbiol. 2017, 43, 313-351.
[CrossRef] [PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/pol.1965.110030214
http://dx.doi.org/10.1016/0142-9612(91)90115-Q
http://dx.doi.org/10.1177/0022034515587690
http://www.ncbi.nlm.nih.gov/pubmed/26001706
http://dx.doi.org/10.1039/c3ra40497h
http://dx.doi.org/10.1016/j.colsurfb.2017.07.017
http://www.ncbi.nlm.nih.gov/pubmed/28711015
http://dx.doi.org/10.1002/(SICI)1099-0488(19960715)34:9&lt;1529::AID-POLB1&gt;3.0.CO;2-G
http://dx.doi.org/10.1016/0168-3659(87)90035-6
http://dx.doi.org/10.1016/j.polymer.2017.01.047
http://dx.doi.org/10.1103/PhysRev.51.964
http://dx.doi.org/10.3389/fmicb.2017.02409
http://www.ncbi.nlm.nih.gov/pubmed/29375486
http://dx.doi.org/10.7150/jbji.23423
http://www.ncbi.nlm.nih.gov/pubmed/29761067
http://dx.doi.org/10.1002/anie.197805221
http://dx.doi.org/10.1016/j.cis.2005.07.004
http://www.ncbi.nlm.nih.gov/pubmed/16154106
http://dx.doi.org/10.1103/RevModPhys.57.827
http://dx.doi.org/10.1128/AAC.01249-06
http://www.ncbi.nlm.nih.gov/pubmed/17548491
http://dx.doi.org/10.1002/9780471729259.mc01b01s22
http://dx.doi.org/10.1080/1040841X.2016.1208146
http://www.ncbi.nlm.nih.gov/pubmed/27868469
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Materials 
	Polymer Synthesis and Functionalization 
	Polymer Characterization 
	Bacterial Strains and Culture Medium 
	Assessment of the Polymer Ability to Prevent Bacterial Adhesion and Biofilm Formation 
	Statistics 

	Conclusions 
	References

