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Abstract: Research advancements in the field of urinary stents have mainly been in the selection of
materials and coatings to address commonly faced problems of encrustation and bacterial adhesion.
In this study, polylactic acid (PLA) and polypropylene (PP) were evaluated with zinc oxide (ZnO)
coating to assess its ability to reduce or eliminate the problems of encrustation and bacteria
adhesion. PLA and PP films were prepared via twin screw extrusion. ZnO microparticles were
prepared using sol-gel hydrothermal synthesis. The as-prepared ZnO microparticles were
combined in the form of a functional coating and deposited on both polymer substrates using a
doctor blade technique. The ZnO-coated PP and PLA samples as well as their uncoated counterparts
were characterized from the physicochemical standpoints, antibacterial and biodegradation
properties. The results demonstrated that both the polymers preserved their mechanical and
thermal properties after coating with ZnO, which showed a better adhesion on PLA than on PP.
Moreover, the ZnO coating successfully enhanced the antibacterial properties with respect to bare
PP/PLA substrates. All the samples were investigated after immersion in simulated body fluid and
artificial urine. The ZnO layer was completely degraded following 21 days immersion in artificial
urine irrespective of the substrate, with encrustations more evident in PP and ZnO-coated PP films
than PLA and ZnO-coated PLA films. Overall, the addition of ZnO coating on PLA displayed better
adhesion, antibacterial activity and delayed the deposition of encrustations in comparison to PP
substrates.

Keywords: polylactic acid (PLA); polypropylene (PP); zinc oxide; antibacterial coatings; ureteral
stents; bacteria biofilm; urine-derived encrustations

1. Introduction

Urinary stents are commonly used to drain retained urine after surgical procedures, in cases of
urinary incontinence and in related issues to the urinary tract [1-3]. Although many improvements
have been achieved so far, patients still face complications related to the insertion of urinary stents,
especially when long-term usage is required. The main problems encountered in commercial urinary
stents are friction, the release of substances, encrustation and bacterial adhesion that can cause
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adverse effects to the patient, such as inflammation [1,4-6]. To date, work is still in progress on the
development of a biocompatible, antimicrobial, antifouling and nonfrictional material potentially
used for urinary stents to improve patients’ quality of life by reducing the chances of postprocedure
complications as well as to increase the lifetime of the stent [7-9].

Different materials have been employed to develop urinary stents. However, polymer-based
materials are the most used due to their biocompatibility, biological inertness and low cost [7,10].
Moreover, several coatings technologies have been shown to improve biocompatibility, antimicrobial
action and prevent encrustation, illustrating the potential of coatings to enhance the functionality of
urinary stents [2,8,9,11] and even promoting the sustained delivery of pharmaceutically active
compounds [12]. For example, antibiotics coatings were able to prevent biofilm formation and
bacterial infections. However, many issues related to antibiotic resistance have been addressed,
showing the loss of antimicrobial action after a few usages [8,13].

In this study, the performance of polylactic acid (PLA) and polypropylene (PP) as a material for
urinary stents were evaluated. PLA is the most widely used aliphatic thermoplastic polymer. It is
obtained from renewable agricultural resources such as starch from rice, corn, potatoes, beetroot, etc.
and is used in various medical applications such as sutures, dermal fillers or stents [14]. PLA has been
studied as a coating layer for antimicrobial applications by incorporation of nanoparticles such as
silver [15], zinc oxide (ZnO) nanoparticles [16] or ZnO deposition on halloysite nanotubes and further
incorporation into PLA [17]. PLA-ZnO nanocomposites have been produced by the method of melt
compounding, and the resultant films were found to be amorphous and had antibacterial properties
[18,19] and degradation process of the PLA was increased [20].

PP is a polymer from the family of polyolefins that has features such as low density, chemical
inertness, and high melting temperature. Due to its high temperature resistance, it is used in various
products in clinical environments [21]. It has been wused for stenting in endoscopic
dacryocystorhinostomy with successful and higher anatomic and functional efficacy [22,23]. Due to
its excellent histocompatibility PP mesh has been studied as suitable stent material for airway
strictures [24] and PP-silicone stent has been successfully evaluated for the treatment of benign
esophageal strictures [25]. In order to enhance the properties of PP, different methodologies have
been tested including reports by Zhao et al. who investigated the photodegradation resistance of PP
to UV-irradiation by incorporation of ZnO and found significant improvements [26]. PP has been
modified with ZnO to produce hybrid filter material and found to have high filtration efficiency [27].
Bojarska et al. investigated PP capillary membranes which were modified by ZnO nanowires. The
use of plasma was found to improve the adhesion of ZnO nanowires on the PP membrane surface.
Moreover, the resulting PP/ZnO membranes exhibited antibacterial properties against Gram-positive
and Gram-negative bacteria [28].

This work aims to evaluate the use of ZnO as a novel coating material for the manufacturing of
urinary stents. In particular, to achieve a material with superior antimicrobial property, both PLA
and PP films were coated with a functional ZnO layer, as zinc oxide is well known for its
antimicrobial action against both Gram-positive and Gram-negative bacteria [29,30]. Briefly, the
mechanism of antimicrobial action involves the release of zinc ions, production of reactive oxygen
species (ROS) and direct contact with the bacteria cell surface causing the rupture of the membrane
and changes on the cell metabolism that can lead to cell death [31-34]. Thus, this research focused on
the evaluation of the physical and mechanical properties, antimicrobial activity and adhesion of the
zinc oxide coatings on PLA and PP substrates for urinary stents application. In particular, we show
a different capability of these materials to react to artificial urine solution and another simulated
physiological solution, which has a similar inorganic composition of the human plasma. The results
indeed show that the behaviour of these ZnO-coated polymers can be efficiently modulated to get
highly hydrophilic and biodegradable devices with further antimicrobial properties in the right
urinary environment.
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2. Materials and Methods

2.1. Preparation of PLA and PP films

Polylactic acid (PLA) obtained from Corbion, PLA LX 175 (Total Corbian, Gorinchem, The
Netherlands) and polypropylene (PP, Sigma Aldrich Ireland Ltd., Wicklow, Ireland) were used to
produce the polymeric substrates. The PLA had a molecular weight (Mw) of 24,000 g/mol and PP was
isostatic with average Mw of ~250,000 g/mol. Both polymers were received in granular form.

Twin-screw extrusion was employed to process PLA and PP into films. Extrusion was
performed by using an APV (Model MP19TC (35:1) APV Baker, Newcastle-underLyme, UK) twin-
screw compounder with 19 mm diameter screws. The temperature profile was maintained (from die
to feeder) at 200/190/180/170/160/110/50 °C. PLA was dried in the oven at 80 °C for 4 h. The dried
PLA pellets were fed into the hopper of the extruder and extruded at a screw speed of 140 rpm.
Extruded strands of the molten composite were then drawn through a three-roll calendar creating
continuous films. Similarly, the PP pellets were processed by melt compounding under similar
conditions for comparison. These films were used to punch out ASTM standard tensile test specimens
by a physical punching process.

2.2. Synthesis of ZnO Microparticles

Zinc oxide microparticles were prepared via a sol-gel hydrothermal synthesis method as
previously reported [35,36], using potassium hydroxide (KOH, Sigma Aldrich, Darmstadt, Germany)
and zinc nitrate hexahydrate (Zn(NOs)2:6H20, Sigma Aldrich) as precursors. All reagents were used
as received. First, 5.58 g of potassium hydroxide and 14.8 g of zinc nitrate hexahydrate were dissolved
separately in 100 mL of double-distilled water at room temperature. Afterwards, the zinc nitrate
solution was added dropwise to the KOH solution under vigorous magnetic stirring conditions. The
formed gel was treated at 70 °C for 4 h. Later, the precipitated ZnO powder was filtered from the
basic solution and washed several times with demineralized water until pH neutralization and air
dried in a muffle furnace at 60 °C overnight.

2.3. Deposition of ZnO Coating on Polymeric Substrates

Different methods were considered to coat PLA and PP substrates. First, a ZnO paste was
prepared by adding zinc oxide powders in a 1:2 (w/v) ratio to a solution of acetic acid (1%, Sigma
Aldrich), ethanol (67%, Sigma Aldrich) and water (33%). The paste was then stirred and sonicated to
obtain a homogeneous dispersion of the particles. The prepared paste was deposited on the surface
of both PP and PLA films using the doctor blade technique on a glass slide to obtain a uniform layer.
Sodium hydroxide (Sigma Aldrich) and benzophenone (BP) (Sigma Aldrich) were also used for
surface activation and grafting of the ZnO coatings to the polymer supports.

In this study three methods were employed:

1. For method 1, the coated PLA was thermally treated at 50 °C for 30 min and 60 °C for 15 min
while coated PP films were treated at 70 °C for 15 min.

2. In method 2, ZnO paste was UV grafted onto the PLA substrate using the protocol developed
by Shin et al. [37] with adaptations. For this, 20 mL of 10 wt.% acrylic acid aqueous solution was
added to 20 mL of benzophenone 0.2 M and stirred under dark conditions. Then, ZnO paste
containing 1 g of ZnO was added to the previous solution and stirred for 30 min in the absence of
light. The final solution was poured in a glass petri dish containing the PLA films and exposed to UV
light for five minutes at 40 W. After curing, samples were neutralized by immersion in a sodium
bicarbonate (Sigma Aldrich) 0.1 M solution for 10 min, rinsed with distilled water and dried
overnight at 40 °C.

3. In method 3, 1 g of ZnO powder was dispersed in 2 mL of ethanol and sonicated for 15 min.
Different amounts of benzophenone 0.2 M ethanolic solution (0, 0.25 and 0.50 mL) were then added
to this solution and stirred until the solution became homogeneous. Then, PP and PLA were coated
with ZnO + BP solution and exposed to UV light (0, 5 and 10 min), dried for 1 h at 37 °C and rinsed
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with water for removing excess reagents. All samples were dried overnight at 37 °C prior to analysis.
For this method, PP was previously treated with a 0.1 M sodium hydroxide solution for 18 h for
surface activation while PLA did not have any previous treatment.

Only the coatings produced using method 3 with 0.50 mL of BP and 5 min of UV treatment for
PLA films and 0.50 mL of BP and no UV treatment for PP films showed good adhesion of the coatings
(data not shown). Thus, only these set of samples (named ZnO@PP and ZnO@PLA) were fully
characterized in this work.

2.4. Characterization Setup

2.4.1. Physicochemical Characterization

The morphology and chemical composition of the samples were investigated by means of field-
emission scanning electron microscopy (FESEM, Merlin Carl Zeiss AG, Oberkochen, Germany)
coupled with an energy dispersive x-ray (EDX) detector for chemical composition analyses. Before
FESEM imaging, the surface of the samples was coated with a 5 nm-thick Pt coating. The crystalline
structure was investigated with X-ray diffraction (XRD) using a Panalytical X'Pert PRO
diffractometer (Malvern Panalytical S.r.., Milan, Italy) in Bragg-Brentano configuration and
equipped with a Cu Ko monochromatic radiation (A = 1.54059 A) as X-ray source. Fourier transform
infrared spectroscopy (FTIR) in attenuated total reflectance (ATR) mode was performed with a
Nicolet 5700 FTIR spectrometer (ThermoFisher, Waltham, MA, USA) equipped with diamond crystal.
The ATR-IR spectra were background subtracted and acquired with 2 cm™ resolution and 64 scans
accumulation. Indexing of IR modes have been done according to Socrates [38].

Mechanical properties of the PLA and PP films were characterized by tensile tests, probing each
different blend. Tensile testing was carried out on a Lloyd Lr10k tensometer (Ametek ltd, West
Sussex, UK) using a 2.5 kN load cell on ASTM standard test specimens at a strain rate of 50 mm/min.
Data was recorded using NexygenTM software (Ametek Ltd.). The tensile tests were carried out in
adherence to ASTM D 882. Ten individual test specimens were analysed per group and before testing,
the thickness of each sample was measured. The percentage strain at maximum load, stress at
maximum load, stiffness, and Young’s modulus of each sample were recorded.

The surface wettability of the composites was assessed using First Ten Angstroms” FTA32
goniometer (FTA Europe, Cambridge, UK). In this test, the sessile drop contact angle technique was
utilized with distilled water as the probe liquid. Five measurements at various places on the films
were taken.

Differential scanning calorimetry (DSC) was carried out using a DSC 2920 modulated DSC (TA
Instruments, New Castle, DE, USA) with a nitrogen flow rate of 20 mL/min to prevent oxidation.
Calibration of the instrument was performed using indium as standard. Test specimens weighing
between 8 mg and 12 mg were measured on Sartorius scales (MC 210 P, Sartorius Lab Instruments
GmbH & Co. KG, Goettingen, Germany), capable of being read to five decimal places. Samples were
crimped in nonperforated aluminium pans, with an empty crimped aluminium pan used as the
reference. The thermal history was removed by heating samples from 20 to 220 °C at the rate of 30
°C/min and then held isothermally at 220 °C for 10 min. The samples were then cooled down from
220 to 20 °C at 30 °C/min. Finally, the thermal properties of the samples were recorded by heating the
samples from 20 to 220 °C at the rate of 10 °C/min, glass transition temperature, and melting
temperature of each sample were recorded.

2.4.2. Biodegradation Essays

Simulated body fluid (SBF) was prepared according to the method described by Kokubo and
Takadama [39] with a final pH of 7.45. ZnO-coated PLA and PP films were then placed in the SBF
solution in a water bath at 36.5 + 1 °C. The SBF solution was replaced every two days and the adhesion
of the films in SBF solution was monitored for seven days.
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The artificial urine was prepared following the protocol described by Sarangapani et al. [40]. The
solution was constituted basically by salts, urea (25 g-L') and creatinine (1.10 g-L). The final pH of
the solution was 5.7. ZnO-coated films were placed in the artificial urine solution, which was kept at
36.5 £ 1 °C, and monitored for 21 days regarding the adhesion and appearance of encrustation.
Uncoated PLA and PP films were also placed in artificial urine for the same soaking time and used
as control samples.

2.4.3. Antibacterial Tests

The antimicrobial tests were performed using Staphylococcus aureus ATCC25923 (S. aureus) and
Escherichia coli ATCC25922 (E. coli), tryptone soy broth (ISB, Neogen) and resazurin (Sigma
Aldrich). S. aureus and E. coli were cultured and grown in an exponential phase in TSB medium at 37
°C. Bacterial cell viability when exposed to different polymer films was analysed in a 12-well plate
according to the resazurin cell viability assay. Resazurin indicates cell viability by changing the
solution colour from blue to pink when it is chemically reduced to resofurin due to the aerobic
respiration that occurs with cell growth. Thus, the reduction of the dye is proportional to the viable
cells present in the solution. Overnight cultures of the two bacteria strains were diluted to a
concentration of approximately 1.0 x 104 colony formation unit per millilitre (CFU-mL""). Then, 500
uL of TSB and 25 uL of the diluted bacteria were added in each well. After this procedure, coated (10
mm x 10 mm) and noncoated polymer films were placed in the respective wells. A negative control
without bacteria (500 uL of TSB) and positive control with live cells (500 puL of TSB and 25 uL of
diluted bacteria solution) were also included in each plate. After overnight incubation at 37 °C, 75 uL
of resazurin was added in every well, mixed thoroughly and incubated for 2 h at 37 °C under dark
conditions. Then, the colour change of the solution and, consequently, the cell viability was evaluated
by absorbance measurement at 600 nm in an ultraviolet-visible (UV-Vis) plate reader (Jenway 6300,
Staffordshire, UK). The experiment was performed in triplicate and repeated independently three
times.

2.4.4. Statistical Analysis

Statistical analysis of the tensile test results, DSC measurements and the surface wettability
measurements were carried out using general linear model (GLM) of two-way ANOVA in Minitab
17 Statistical Software (Minitab Ltd., Coventry, UK). All the values were considered at a 95%
confidence interval, and p-values are considered significant when p < 0.05.

3. Results and Discussion

3.1. Morphological, Structural and Chemical Characterization

Figures 1-3 show the FESEM images and EDX spectra of ZnO-coated PLA and PP substrates
(ZnO@PLA and ZnO@PP). It can be observed that ZnO microparticles showing a flower-like
morphology (Figure 2) have been successfully deposited atop of both the polymer surface types.
Their presence is further corroborated by the detection of Zn traces by EDX analyses. The covering
of the PLA substrate is superior with respect to the PP one. This is visible from the comparison of the
FESEM images and of the semiquantitative analysis obtained by EDX spectroscopy. Actually, the Zn
at.% changes from 31.90% for PLA support to 9.76% for PP, suggesting that ZnO is more abundant
on PLA than on PP films.
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Figure 1. Field-emission scanning electron microscope (FESEM) images of ZnO microparticle coatings
deposited on (a) polylactic acid (PLA) and (b) polypropylene (PP) polymeric supports.

Figure 2. FESEM images showing the flower-like morphology of ZnO microparticle coatings
deposited on (a) PLA and (b) PP polymeric supports.
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Figure 3. Energy dispersive X-ray (EDX) spectra of ZnO-coated PLA and PP supports.

Independently of the polymer, the presence of the ZnO coating after the fabrication process was
confirmed also by the detection of the diffraction peaks belonging to wurtzite ZnO phase (Figure 4).
The main ones are positioned at 31.8°, 34.4° and 36.2°, and are ascribed to (100), (002) and (101)
crystallographic planes according to the Joint Committee on Powder Diffraction Standards—
International Centre for Diffraction Data (JCPDS-ICDD) database (Card No. 89-1397). Other minor
reflections coming from additional crystal planes are also visible at higher 20 angles.
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Figure 4. X-ray diffraction (XRD) pattern of sample ZnO@PLA and ZnO@PP.

Figure 5 shows the ATR-IR spectra for uncoated PLA and PP substrates as well as from the
corresponding samples coated with ZnO microparticle film. The main IR modes are in the range
3000-2900 cm™ and near 1450 cm™ (both related to the C-H stretching/bending vibrations), at about
1750 cm™ (C=0 stretching vibration), in the range 1200-1150 cm™ (C-O symm. stretch.) and three
bands in the range 1130-1040 cm™ due to C-O-C symmetric stretching. These prominent modes of
the spectrum are the characteristic peaks of PLA and PP [14,26,27]. When the ZnO microparticle
coating is present, it is possible to observe a general reduction in intensity of the bands related to the
polymeric materials underneath the ZnO materials. This effect is due to the micrometer thickness of
the ZnO layer coating (more or less uniformly) the polymer. An additional broad band corresponding
to H-O-H vibration of the ZnO hydrophilic surface is noticed in the range 3500-3000 cm™ for both
kinds of ZnO-coated polymers. The presence of the ZnO coating is further confirmed by the presence
of a broad band in the range 950-850 cm™ and due to Zn-OH mode. Similar presence of clear peak
in the range 400-700 cm™ in PP/ZnO spectrum and absence in PP spectrum was observed in the study
of ZnO nanowire growth via plasma activation by Bojarska et al. which could indicate the presence
of zinc oxide [28].
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Figure 5. ATR-IR spectra of PLA and PP supports, with or without the presence of the ZnO coating.

3.2. Tensile Testing

The mechanical behaviour of PLA and PP polymers are analysed with and without the presence
of the ZnO coating. The graphical representation of the mechanical properties are shown in Figure 6.
In case of PLA and ZnO@PLA samples, no significant difference in the tensile strength, elongation at
break, stiffness or Young’s modulus (p > 0.05) are observed. Similar results are obtained for PP and
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ZnO@PP samples. This could be because the ZnO particles film is deposited on the polymer surface,
which does not have any impact on the bulk polymer properties. However, various studies have

shown a significant difference in mechanical properties when ZnO nanoparticles (NPs) are
encapsulated into the polymer matrix [17,18,41-43].
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Figure 6. Graphical representation of the mechanical properties of the polymers with and without

ZnO coating. There is no significant difference between the coated samples (ZnO@PLA ZnO@PP) and

their uncoated counterpart samples.

3.3. Surface Wettability

The surface wettability properties of all the coated and noncoated samples are shown in Figure
7. It was observed that there is a significant decrease in the contact angle of ZnO@PLA and ZnO@PP
samples (p =1 x 10%) when compared to bare PLA and PP substrates. The photomicrographs of the
uncoated PLA surface has a contact angle of 66°, whereas a contact angle of 24.07° is achieved for the
sample ZnO@PLA. The images of the uncoated PP has a contact angle of 90.62°, and ZnO@PP has a
contact angle of 44.55°. With PP being hydrophobic and PLA being relatively hydrophobic, these
results indicate that the presence of the ZnO coating increased the hydrophilicity of the surface. A
similar reduction in contact angle values was observed when PLA films were surface-modified and
bulk-modified by plasma polymerization/sputtering technique, where glycerol and ethylene glycol
were used as additives [15]. In another work, PP film was treated by plasma discharge in order to
enhance the surface wettability of PP and improve the adhesion of ZnO NPs [27].
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Figure 7. Surface wettability properties of the polymers with and without ZnO coating. With a p-
value of 0.001, there is a significant decrease in the contact angle of ZnO@PLA and ZnO@PP when
compared to the uncoated PLA and PP films. Water droplet on the surface of (a) PLA film, (b)
ZnO@PLA, (c) PP film, and (d) ZnO@PP.

3.4. Differential Scanning Calorimetry (DSC)

The thermal characteristics of the samples were analysed by DSC. The thermographs of the PLA,
ZnO@PLA, PP and ZnO@PP samples are as shown in Figure 8. From the analysis of the
thermographs, there is no evident difference between the coated and noncoated samples. However,
in a study by Pantani et al. [18] the cold crystallization and melting temperature increased as ZnO
NPs were incorporated into the PLA matrix by twin screw extrusion [18]. This confirms that the
surface ZnO coating of our work did not affect the bulk properties of the considered polymers,
corroborating with the tensile test results.
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Figure 8. DSC thermographs of the PLA, ZnO@PLA, PP and ZnO@PP coated samples. No significant
difference was observed between the coated and uncoated samples considering a p-value < 0.05.
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3.5. Evaluation of the Biodegradation Properties in Biological Fluids

3.5.1. Simulated Body Fluid (SBF)

ZnO@PLA and ZnO@PP samples were immersed in simulated body fluid (SBF) solution to test
the adhesion of the ZnO coating to the polymer substrate. Figure 9 shows the pictures of ZnO@PLA
and ZnO@PP samples after immersion in this solution for up to seven days. In the case of the PP
substrate, the ZnO coating showed a considerable detachment after 2 h in contact with the SBF
solution. However, no major changes occurred from 2 h to seven days. Interestingly, no significant
alterations were observed for ZnO@PLA samples over time, which indicates a higher adhesion of the
ZnO coating to the PLA substrate in comparison to the PP one and well agrees with the results shown
in Figure 1.

ZInO@PLA Zn0O@PP

Original

2h

5 days

7 days

Figure 9. ZnO@PLA and ZnO@PP samples after different time intervals in SBF solution.

FESEM images reported in Figure 10a,c highlights that no visible changes in the morphology of
the samples are present. The ZnO coating did not detach completely from the polymer supports and
the flower-like ZnO microparticles preserve the original morphology. The presence of the ZnO
coating is further confirmed by EDX measurements (Figure 10b,d). The compositional analyses also
reveal the presence of P, Ca, Cl and Na, which are due to the prolonged contact of the samples with
SBF solution. In particular, the abundance of Ca (around 1.9 at.%) and P (around 2-3 at.%) with
respect to the other elements suggests the formation/precipitation of calcium phosphate compounds.
This aspect is further supported by the IR spectroscopy results discussed in the following.

=
Zn0 on PLA a
Ca
i
(b)
Leme
[-]
ZnO on PP &
Cs
) .88 8 i

Figure 10. ZnO-coated PLA and PP supports soaked in SBF for 14 days: (a,c) FESEM images and (b,d)
EDX spectra.
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Figure 11 shows the IR spectra acquired after soaking all the sample typologies in SBF for 14
days. Panels a and b refer to the polymer substrates (PP and PLA) while panels ¢ and d show the IR
spectra acquired on ZnO@PLA and ZnO@PP samples, respectively. Considering the PLA and PP
substrates, no changes are visible when compared to nonsoaked samples. This is likely related to the
hydrophobic nature of the uncoated substrates. However, in the presence of the ZnO coating, a
relatively intense band in the range 1100-1000 cm™ is observed due to the phosphate (PO4+*) vibration
modes (Figure 11c,d). This is due to the interaction between the ZnO surface and phosphate groups
present in SBF solution, which favours the formation of zinc phosphate and calcium phosphate
compounds [44,45]. This aspect was also underlined by the corresponding EDX results of Figure 10.
This indicates that the presence of the ZnO coating would allow for a more reactive surface able to
induce the precipitation of an apatite-like functional layer. In general, an increase of the OH band
intensity in the range 3500-3000 cm™ is observed, irrespectively of the presence of ZnO and due to
the adsorption of water after the prolonged contact with SBF solution.

The XRD patterns of Figure 12a still show the presence of diffraction peaks belonging to wurtzite
Zn0O phase (indicated by arrows) and further witness the presence of the ZnO coating at the end of
the biodegradation experiment in SBF.
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Figure 11. ATR-IR spectra of the samples after soaking in SBF for 14 days: (a) only PLA; (b) only PP;
(c) ZnO@PLA; (d) ZnO@PP.
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Figure 12. XRD pattern of samples ZnO@PLA and ZnO@PP: (a) after soaking in simulated body fluid
solution for 14 days; (b) after immersion in artificial urine for 21 days; (c,d) at the end of the
antimicrobial tests. XRD pattern of ZnO@PP and ZnO@PLA samples are also shown as reference in
panel (e). Arrows indicate reflections coming from wurtzite ZnO phase.

3.5.2. Artificial Urine

When testing the coated polymer samples in artificial urine, a strikingly different behaviour was
observed if compared to the SBF solution. As seen in Figure 13, ZnO@PLA samples show a
considerable detachment of the ZnO layer after two days of immersion in artificial urine and a
complete dissolution was observed after five days. Although the ZnO coatings on the PP supports
are less uniform than on PLA, a slower dissolution was noticed when in contact with artificial urine.
This might be related to the higher hydrophobicity of PP coated films that interact less with the
solution in comparison to PLA films, as seen from the surface wettability analysis discussed in Section
3.3. Independently of the polymeric support, it can be noticed that the ZnO coating dissolved and/or
detached faster in artificial urine than in SBF solution. This interesting feature can actually witness
the fair tunability of our coated polymers, which selectively react differently upon the medium where
they are immersed.

ZNO@PLA  ZnO@FPP ZnO@PLA ZnO@FP
Original 5 days

. 7 days
2 days 21 days

Figure 13. ZnO@PLA and ZnO@PP samples after different time intervals in artificial urine solution.
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The biodegradation behaviour of ZnO@PLA and ZnO®@PP samples was also evaluated in
artificial urine solution for long time periods (21 days). Similarly, uncoated PLA and PP substrates
were tested in the same experimental conditions, in order to evaluate any ability of ZnO to prevent
the formation of encrustations in an artificial urine environment. If the uncoated PP and PLA
supports are considered, the presence of precipitates with different morphologies and shapes can be
observed (Figures 14 and 15): tabular-acicular surfaces, sheetlike, globular and spongelike structures
are visible. In the case of the PP support (Figure 14), various type of encrustations can be found and
in a more abundant way with respect to the PLA support (Figure 15).

Figure 14. (a,b) FESEM images showing the formation of calcium phosphates precipitates and
encrustations after immersion of PP support into artificial urine for 21 days. (c,d) Globular-shaped
and spongelike morphology of hydroxyapatite precipitates.

Figure 15. FESEM images of PLA support after immersion in artificial urine for 21 days.

By considering the morphology and the corresponding chemical composition summarized in
Figures 16 and 17, calcium phosphate precipitates (Ca/P ratio around 0.9-1) are found for both the
samples’ types (Figure 14a,b and Figure 15) corresponding to brushite (CaHPOs2H20) or
hydroxyapatite Caio(PO4)s(OH)2, the latter showing globular-shaped and spongelike morphology
(Figure 14c,d) are detected only in the case of the PP support. For both PP and PLA supports, some
traces of sodium chloride and potassium chloride are also present and due to the contact of the
samples with artificial urine solution, while the presence of struvite (NH:)MgPOs+6H:0,
corresponding to the crystalline prismatic deposits is also recognized (see the central Table in Figure
16). In Figure 15 (left panel), corresponding to the surface of the PLA sample, the typical crystalline
structure of calcium oxalate Ca(COOQ)2 is observed.
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Element At % Element AL % Element At %
C 5.96 C 49.06 C 16.39
0 73.81 o 39.61 Q 49.06
P 10.41 Na 0.96 Na 5.49
Ca 9.82 Mg 0.98 s 11.83
Total: 100.00 (P:I gi; a 0.55
K 16.68
K 0.21 -_
ca 455 Total: 100.00
Total: 100.00

Spectrum 11

[T — ~ S5m0

25pm 25pm

Figure 16. Chemical composition of three different precipitates formed at the surface of PP support
after immersion in artificial urine for 21 days.

Element At % Element At %
C 10.55 C 29.25
N 5.73 N 42.16
(0] 65.67 o 26.69
P 9.07
cl 0.14 Na 0.38
Ca 7.84 p 0.40
Total: 100.00
—_— a 0.65
K 0.19
ca 0.28
Total: 100.00

Figure 17. Chemical composition of three different precipitates formed at the surface of PLA support
after immersion in artificial urine for 21 days.

Differently from the previous case of SBF, the immersion of the ZnO-coated polymer substrates
in artificial urine for 21 days negatively affected the ZnO morphology. A strong dissolution of the
ZnO coating was observed through the corresponding FESEM images of Figures 18 and 19. There is
an absence of the typical flowerlike microparticle morphology previously shown in Figure 1. The
ZnO degradation is further supported by EDX analyses reported in Figures 20 and 21, showing small
Zn traces in the case of sample ZnO@PP, while the amount of Zn is negligible for sample ZnO@PLA.
Despite the degradation of the ZnO coating, a reduced amount of precipitates is observed for the
ZnO@PLA support (Figure 19) with respect to the uncoated PLA counterpart. On the other hand, the
presence of ZnO seems to not prevent the formation of encrustations in the case of the PP substrate
(Figure 18), which could be related to the low level of ZnO coated onto the surface as observed in
EDX. In particular, globular structures (peculiar of hydroxyapatite Ca1(POs)s(OH)2), prismatic
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crystals of struvite (NH4)MgPO46H20) or brushite (CaHPO4-2H20) and layered sheetlike structures
are observed on ZnO@PP sample, while similar prismatic needlelike structures of struvite or brushite
are found at the surface of sample ZNnO@PLA. Furthermore, and similar to the previous case, the
presence of sodium chloride (NaCl) and potassium chloride (KCl) is noticed also for the ZnO-coated
polymers and due to the prolonged interaction of the samples with artificial urine solution.

Figure 19. FESEM of ZnO@PLA sample after 21 days in artificial urine.

Element At % Element At % Element At %

C 15.70 c 28.05 C 24.12

N 23.06 g gj‘l’g N 2.81

ga 4??? Na 2.23 (F\)Ia 4;2;
- Mg 0.19

P 6.77 P 381 P 6.49

cl 0.95 a 188 cl 0.42

K 0.28 K 0.57 K 129

Ca 6.41

Total: 100.00 2 L73 igtm- mglié

_— 7n 3.33 —_—
Total: 100.00

Figure 20. Chemical composition of three different precipitates formed at the surface of ZnO@PP
sample after immersion in artificial urine for 21 days.
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Element At % Element At. % Element At. %
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o] 63.68 0 25.05 o] 70.94
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Ca 9.15 Al 0.73 Ca 10.17
otk 10000 si 106 ol 10000

5 0.14

cl 0.11

K 0.11

Ca 0.22

Zn 0.24

Total: 100.00

Figure 21. Chemical composition of three different precipitates formed at the surface of ZnO@PLA
sample after immersion in artificial urine for 21 days.

Figure 12b shows the XRD pattern of ZnO@PLA and ZnO@PP substrates after the immersion in
artificial urine for 21 days. In this case, the diffraction contribution coming from the ZnO
microparticle film mostly disappear, with the (101) and (110) diffraction peaks being only slightly
detectable. This aspect confirms the partial rather than complete degradation of the ZnO coating at
the end of the experiment, as observed from FESEM analyses described previously.

ATR-IR analyses have been performed after soaking the sample in artificial urine for 21 days
(Figure 22). Apart from the peaks characteristics of the polymer substrates, a strong change in the
shape of the IR absorption band of 3500-3000 cm™ region is visible, and independent of the kind of
polymer. In all the samples except ZnO@PLA, the presence of three distinct IR bands at 3218, 3331
and 3440 cm™ is noticed and confirms the formation of precipitates (mainly calcium phosphate
compounds), as mentioned previously. These are due to stretching modes of vibration of water of
crystallization as also to the N-H secondary stretching mode derived from urea. Additional IR modes
due to water of crystallization and N-H bending mode in the range 1670-1610 cm™ are detected as
well. Such additional IR bands are barely detectable in sample ZnO@PLA and it confirms a reduced
formation of encrustations and precipitates, as previously observed from the corresponding FESEM
analyses. On the contrary, sample ZnO@PP shows additional IR bands with respect to the nonsoaked
PP sample: the phosphate band in the 1100-1040 cm™' range and at 938 cm™, carbonate (CO2*") bands
in the range 1496-1434 cm™ and stretching mode of P-OH at around 866 cm™ [46].
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Figure 22. ATR-IR spectra of the samples after immersion in artificial urine for 21 days: (a) only PLA;
(b) only PP; (c) ZnO@PLA; (d) ZnO@PP.

The strong degradation of the ZnO coating can be due to the acidic environment conditions of
artificial urine, which induced ZnO dissolution. Actually, it is known that ZnO becomes more soluble
as the pH of the solution decreases and dissolution increases significantly in pH values below 6.0
[47,48]. Thus, the different behaviours of the ZnO coating in both solutions and the faster dissolution
of ZnO in artificial urine is probably related to its more acidic nature (pH 5.7) in comparison to the
SBEF solution (pH 7.45).

Another main issue related to urinary stents is the deposition of salts on the stent surface that
can cause the blockage of liquid, inflammation and other complications [2,49]. In this study,
encrustation was observed only after three weeks of immersion in artificial urine for ZnO-coated
samples and two weeks for noncoated polymer supports. Hence, it can be concluded that the addition
of the ZnO coating to both PLA and PP supports can be useful in preventing or at least delaying the
deposition of encrustations.

3.6. Antimicrobial Tests

Bacteria cell viability was evaluated on a Gram-negative strain (E. coli) and a Gram-positive
strain (S. aureus). The bacteria strains were incubated in the presence of noncoated PLA and PP films,
and ZnO-coated PLA and PP films. Figure 23 shows the average growth percentages of each strain
when incubated with the coated and noncoated films, considering the positive control as the reference
for 100% of cell viability, as it was incubated without the presence of any polymer. Cell viability
shows a clear reduction when incubated in the presence of ZnO-coated films. In E. coli, incubation
with noncoated PLA and PP reached 96% viability, while for the incubation with ZnO@PLA and
ZnO@PP samples, the viability was reduced to 70% and 71% respectively. Similarly, S. aureus
achieved 96% and 91% viability with PLA and PP, respectively, but it reached only 67% with
ZnO@PLA and 66% with ZnO@PP. With a 95% confidence interval, it was concluded that there is an
important difference in cell viability mean values between the ZnO-coated and noncoated samples,
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implicating successful antimicrobial activity exhibited by the ZnO microparticle film. In the same
confidence interval, mean values for cell viability of E. coli and S. aureus showed no significant
difference, suggesting that differences in cell wall structure did not affect the action mechanism of
the ZnO particles in this case. Similar results with successful antimicrobial activity of polymer films
with ZnO against E. coli and S. aureus strains were obtained in various studies [50,51].

I PLA I PLA_zno [ JPP[ |PP_ZnO
100

—
X
<
>
=
a
S T
> T
3 =
O

Escherichia coli Staphylococcus aureus

Figure 23. Bacteria cell viability after 24 h treatment with coated and noncoated PLA and PP films.
There is no significant difference in the antimicrobial activity between E. coli and S. aureus (p < 0.05).

Figure 24 shows the FESEM images of ZnO@PLA and ZnO@PP supports after the antimicrobial
assays performed by culturing E. coli and S. aureus bacteria on both the samples typologies. In this
case, the ZnO coating was still present, as further indicated by the presence of diffraction peaks
belonging to ZnO (Figure 12¢,d) as well as by the EDX compositional analyses reported in Table 1,
which confirm the detection of Zn element in high amounts (around 15 at.%) for both PLA and PP
supports. However, the morphology of the microparticles has changed from a flower-like structure
to a more compact and round-shaped one. EDX data shown in Table 1 also underline the presence of
other elements (Na, Ca, P, etc.) due to the interaction of the considered samples with the medium for
bacteria culture.

, . Coli S. Aureus

PLA

PP

Figure 24. FESEM images of ZnO-coated PLA (top panels) and PP (bottom panels) samples after the
antimicrobial assays performed by culturing E. coli (left panels) and S. aureus bacteria (right panels).
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Table 1. Chemical composition at the surface of ZnO-coated PLA and PP supports after antimicrobial

assays.
Element E. coli S. aureus
PLA/ZnO, at.% PP/ZnO, at.% PLA/ZnO, at.% PP/ZnO, at.%
C 28.89 51.08 35.93 29.94
N 4.33 - - 4.70
O 38.17 30.23 37.49 38.85
Na 7.69 4.97 7.21 7.36
P 3.17 2.12 2.86 2.75
Cl 1.14 0.69 1.26 0.79
0.92 0.91 0.92 0.74
S - 0.13 - -
Ca - 0.35 - -
Zn 15.69 9.52 14.33 14.87
Total. 100.00 100.00 100.00 100.00

4. Conclusions

ZnO coatings were deposited on PLA and PP films by the doctor-blade technique. The ZnO
functional layer was obtained starting from high-surface-area, flower-like ZnO microparticles
prepared following a simple hydrothermal route. The resulting ZnO@PLA and ZnO@PP samples
were studied from the morphological, compositional and structural standpoint. The biodegradation
behaviour was investigated by considering the interaction of the considered samples with simulated
body fluid and artificial urine solution for prolonged soaking times. Finally, the antimicrobial
behaviour was studied as well against S. aureus and E. coli. It turned out that adhesion of the ZnO
coating was better on PLA supports than on PP. The addition of the ZnO functional layer did not
negatively influence the mechanical and thermal properties of both PLA and PP supports.
Meanwhile, the surface wetting properties of the polymers changed after ZnO deposition and moved
from the hydrophobic to the hydrophilic range. When both the samples typologies were soaked into
SBF, ZnO dissolution was only partial and independent of the polymer substrate type. It was also
found that both PP and PLA substrates prevent the precipitation/formation of phosphate
compounds. The presence of the ZnO coating, in contrast, promoted the formation of phosphate
compounds. On the contrary, a strong degradation of the ZnO functional coating was observed when
the samples were soaked in artificial urine solution. After 21 days, all characterization results pointed
out a complete degradation of the ZnO layer due to the acidic pH conditions of the artificial urine
environment. The formation of precipitates/encrustations was observed mostly for PP and ZnO@PP,
while it was limited on PLA and ZnO@PLA. The composition of the formed compounds was
confirmed by compositional analysis and IR spectroscopy. The antimicrobial tests highlighted a good
antibacterial activity against both the considered families of bacteria only in the presence of the
functional ZnO coating. It is also worth mentioning that the ZnO coating was not affected by the
medium for bacteria culture as it was still present after the bacteria culture.
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