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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Central venous catheters (CVCs) are essential healthcare tools, but their use is often complicated by bacterial

colonization on the catheter surface, leading to serious infections and life-threatening bloodstream complica-

Keywords: tions. Current strategies, often reliant on antibiotics or antiseptics, are increasingly ineffective due to the rise of
Antibacterial antimicrobial resistance. This study aimed to develop a novel antibacterial coating for CVCs by incorporating
CatheFer magnesium oxide (MgO) nanoparticles onto a thermoplastic polyurethane (TPU) film surface containing barium
Infection . . . . : . g

Magnesium oxide sulfate (BaSO4). The antibacterial efficacy of these coatings was evaluated against Staphylococcus epidermidis, a
Nanoparticles major pathogen in catheter-associated infections. The results showed that MgO coatings significantly inhibited
Polyurethane bacterial growth in a concentration-dependent manner, with 0.50 % and 1.0 % MgO concentrations achieving

complete eradication of both planktonic and adherent bacteria. Importantly, the coatings exhibited excellent
cytocompatibility with fibroblasts and showed no significant impact on hemolysis or blood clotting. The 0.50 %
MgO coating was identified as the optimal formulation, offering the best balance of potent antibacterial activity,
cytocompatibility and hemocompatibility. This approach preserves the valuable physical and chemical proper-
ties of the TPU material while providing effective antibacterial protection. The straightforward and cost-effective
coating process holds significant promise for industrial scale production, paving the way for a new generation of
safer and more effective CVCs.

significant economic costs ranging from $296 million to $2.3 billion
annually in the USA [8,9]. CVC-related infections are associated with
mortality rates between 12 % and 25 %, and are a leading cause of

1. Introduction

Hospital-acquired infections (HAIs) pose a significant public health

concern, leading to increased patient morbidity, prolonged hospitali-
zations, and high healthcare costs [1]. In the United States of America
(USA), approximately 1.7 million HAIs occur annually, being bacterial
colonization and biofilm formation on medical devices responsible for
over half of these cases [2-4]. Among several medical devices, central
venous catheters (CVCs) are particularly prone to infections, contrib-
uting to serious complications such as bloodstream infections [1,5,6].
These infections affect up to 8 % of inserted catheters each year [7],
resulting in hundreds of thousands of nosocomial bacteremia cases and
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bacteremia and septicemia in hospitalized patients [10-12]. Over 5
million CVCs are implanted every year in the USA [13], primarily in
critical care and chemotherapy settings, where patients are especially
vulnerable to infection due to compromised immune systems [14,15].
Infections typically arise from bacteria colonization at the catheter hub
or tubing, originating from patient’s skin flora or external sources.
Staphylococcus epidermidis is the predominant pathogen, responsible for
60-70 % of the episodes [16-18]. Occasionally, these infections can also
arise from circulating bacteria contaminating the catheter lumen.
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Microbial contamination, colonization and biofilm formation on cath-
eter surfaces usually occur 24 h after insertion [19]. The current treat-
ment typically includes catheter removal or replacement, along with
antibiotic therapy, being inefficient in most cases of biofilm formation
[20].

The strategies to prevent these infections, besides proper clinical
handling, and manipulation practices, include prophylactic intravenous
antibiotics and antiseptics [21]. Also, the commercial available anti-
bacterial catheters often rely on antibiotics or silver-based coatings [8,
22,23], but the rise of antibiotic-resistance bacteria and potential
toxicity often make these products ineffective [24]. These limitations
emphasized the urgent need for alternative materials capable of pre-
venting microorganisms colonization and biofilm formation.

Inorganic nanoparticles, namely metal oxides, have received signif-
icant attention as antibacterial agents due to their high stability, safety,
and long shelf-life, which are critical features for industrial and com-
mercial applications [25]. Moreover, such nanoparticles show strong
antimicrobial activity towards different microorganisms, positioning
themselves as promising candidate alternatives to the use of traditional
antibiotics [24,26,27]. Magnesium oxide (MgO) is a promising material
low-cost and eco-friendly material, with excellent antimicrobial char-
acteristics [28]. The exact mechanism underlying the antibacterial ac-
tion of MgO and other metal oxide nanoparticles is still debated, being
the formation of reactive oxygen species that cause oxidative stress, the
most commonly reported mechanism in the literature [29]. MgO offers
the advantage of being non-toxic as an antibacterial agent. Although
metals and metal oxides such as silver, zinc oxide, copper oxide and
titanium dioxide show antibacterial activity against various microor-
ganisms, they associate heavy metal toxicity and potential for accumu-
lation in the body poses significant risks. In contrast, MgO is a light
metal-based material that can be metabolized in the body. It easily de-
grades into harmless Mg?* and OH ~ ions, which are naturally excreted
through the renal system [29,30], making it a safe material, as recog-
nized by the United States Food and Drug Administration (FDA) [31].
Additionally, Mg?" ions participate in essential physiological processes
[32,33] and have already been reported to have an anticoagulant effect
[34], making MgO coatings particularly advantageous for blood contact
applications like CVCs.

Thermoplastic polyurethane (TPU) is widely used in medical devices,
including catheters, due to its resilience, flexibility, strength, and
biocompatibility. Barium sulfate (BaSO4) is often incorporated into
polymers to enhance radiopacity for X-ray imaging, a valuable feature
for CVCs placement [35]. To this date, from the best of our knowledge,
no studies have explored MgO coatings on TPU or TPU/BaSO4 films to
develop antibacterial surfaces, highlighting a significant research gap.

This study aims to address this gap by incorporating MgO nano-
particles onto TPU/BaSOy4 film surfaces to develop effective antibacte-
rial coatings for CVCs. Using dip coating, a process compatible with
catheter manufacturing, MgO nanoparticles were applied at different
concentrations. The antibacterial potential of these coatings was eval-
uated against Staphylococcus epidermidis, the common pathogen
involved in catheter associated infections, targeting both planktonic and
adherent bacteria. Additionally, the coatings were evaluated in terms of
cytocompatibility and hemocompatibility to ensure their suitability for
blood contact applications. This research represents a promising step
toward safer and more effective materials for medical device
applications.

2. Materials and methods
2.1. Production of MgO coatings on TPU films
2.1.1. Production of TPU films
Pellets of Tecothane TT-1095A medical grade thermoplastic poly-

urethane (TPU) were provided from Lubrizol Corporation (Ohio, USA).
Pellets of Pellethane 2363-90A medical grade TPU +25 % BaSO4 barium
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sulfate nanoparticles (TPU/BaSO4) were purchased from Lubrizol Cor-
poration (Ohio, USA) through Vygon Portugal. TPU and TPU/BaSO4
films were prepared by solvent casting method [36], following several
optimization steps. Briefly, once optimal conditions were established,
TPU and TPU/BaSOy pellets, previously dried overnight at 60 °C, were
dissolved at concentrations of 9.4 % (w/v) (weight of pellets per volume
of solvent) and 12.5 % (w/v) for TPU and TPU/BaSO4, respectively, in
tetrahydrofuran (THF, Fisher Chemical UK) at room temperature (RT)
for 18 h. Afterward, 20 mL of this solution was thoroughly cast into glass
Petri dishes (@ = 100 mm). Petri dishes were covered with perforated
aluminum foil and left RT for 48 h for slow evaporation of THF. Then,
they were placed in a vacuum oven overnight to ensure complete solvent
evaporation and consequently avoid the formation of bubbles on the
surface films. The resulting films were then extracted from the dishes
and cut into squares measuring 1 x 1 cm?.

2.1.2. Production of MgO coatings

TPU/BaSO4 — MgO coated films were produced using MgO nano-
structured powder as raw material. According to the manufacturer, the
magnesium oxide (Alfa Aesar, Germany) used in this study was a
nanopowder with an average particle size of 40-60 nm, purity >99 %
(metal basis) and a bulk density of 3.58 g/crn3 and further character-
ization was performed.

Coating formulations containing MgO were prepared by solvent
mixing [37]. Initially, MgO dispersions were prepared in dime-
thylformamide (DMF, Carlo Erba Reagents, France) at different con-
centrations 0.05, 0.13, 0.50, 1.0 % (w/v) (weight of MgO per volume of
solvent) under mechanical stirring at 200 rpm overnight. Subsequently,
1 h of ultrasonication was applied using a Digital Ultrasonic cleaner
(200 W, 40 kHz, ArgoLab, DU-45, Italy) at RT. Then, TPU/BaSO;4 films
were vertically immersed in the coating formulations for 20 s and dried
for 14 h in a vacuum oven. TPU/BaSO4 films coated with four different
concentrations of MgO were successfully developed and named as 0.05,
0.13, 0.50 and 1.0 % MgO. TPU films were also used as a control for
TPU/BaSO0y films to confirm if BaSO4 did not influence its properties.
Materials sterilization was performed under UV light for 15 min on each
side, before biological tests characterization.

2.2. Physico-chemical characterization

The coating of the MgO on TPU/BaSOy film surface was evaluated by
Fourier Transform Infrared Spectroscopy with Attenuated Total Reflec-
tance (FTIR-ATR), MgO dispersion in the polymer was followed by
Scanning electron microscopy (SEM), surface topography was also
characterized by transmission electron microscopy (TEM), wettability
was evaluated by captive bubble contact angle measurements and the
surface charge was followed by zeta potential measurements.

2.2.1. Scanning electron microscopy

SEM and energy-dispersive X-ray spectroscopy (EDS) were used to
observe the morphology of the TPU and TPU/BaSO, films’ surface and
cross-section and to carry out a semiquantitative analysis of their
elemental chemical composition. The analysis was performed using a
high-resolution scanning electron microscope FEI Quanta 400 FEG/
ESEM/EDAX Genesis X4M, with X-ray microanalysis and electron
backscattered diffraction analysis at an accelerating voltage of 15 kV. X-
ray mapping and backscattered electron images were additionally ac-
quired to enhance the visualization of MgO particle distribution across
the surface film. After being frozen in liquid nitrogen, the films were
fractured transversely. They were placed on conductive carbon tape
fixed on aluminum sample holders and both the top surface and the
fractured cross-section surface were analyzed. Prior to analysis, the
samples were sputtered with Au/Pd alloy conductive thin film using a
SPI Module sputter coater for 80 s under 15 mA current to provide
electrical conductivity. The depth at which the MgO particles were
found was measured in the cross-section images using Image J software
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(Fiji, version J1.46r., NIH, Bethesda, MD, USA).

2.2.2. Transmission electron microscopy

For the analysis of the TPU/BaSO4 — MgO coated films, the samples
were embedded in Embed-812 resin (#14120; Electron Microscopy
sciences). Ultra-thin sections (50 nm thickness) were cut on an RMC
Ultramicrotome (PowerTome, USA) using Diatome diamond knifes,
mounted on mesh copper grids (Electron Microscopy Sciences, Hatfield,
PA, USA). For TEM analysis of MgO nanopowder, a small amount of
MgO particles were placed on 200 mesh copper TEM grid. All samples
were analyzed on a JEOL JEM 1400 TEM (JEOL, Tokyo, Japan) and
images were digitally recorded using a CCD digital camera Orius 1100W
(Tokyo, Japan).

2.2.3. Fourier transformed infrared spectroscopy

Chemical characterization of TPU and TPU/BaSQy films and TPU/
BaSO,4 - MgO coated films was performed using Fourier transformed
infrared spectroscopy (FTIR) with attenuated total reflection (ATR).
ATR-FTIR spectra were acquired (Universal ATR module coupled to a
PerkinElmer Frontier) with an average of 32 consecutive interferograms
at 4 cm™! resolution, between 4000 and 400 cm™! and using a MIRTGS
(mid infrared Telurium Glycine sulfate) detector. Spectra were fitted
using the Spectrum (version 10.5.2.636) software. The chemical
composition of MgO nanopowder was also evaluated using a Slide
Holder accessory coupled to FTIR spectrometer and the samples were
reduced to power and analyzed as KBr pellets.

2.2.4. Contact angle measurements

Wettability studies of TPU and TPU/BaSO;4 films and TPU/BaSOy4 -
MgO coated films were performed using a video-based optical contact
angle measurement device OCA 15 plus, provided with an electronic
syringe unit (Dataphysics Instruments GmbH, Germany). Type II ddH,0
was used and measurements were carried out at RT. Static contact angles
were measured at RT by the sessile drop method on droplets of 4 pL for
water deposited on the surface. At least five drops were made per sample
type in three different samples. Contact angles were calculated by
SCA20 software (Dataphysics, version 2.0), fitting the drop profiles to
the Young-Laplace equation. Results are reported as mean value +
standard deviation (SD).

2.2.5. Zeta potential

The Zeta potential of films was assessed to determine whether the
incorporation of MgO into the material would affect its surface charge.
With that purpose, streaming potential measurements were obtained
using a commercial electrokinetic analyzer (EKA) (Anton Paar GmbH,
Austria) using a special rectangular cell for small flat samples with a
variable channel height.

One sample (2 x 1 cm) was glued on each poly-methyl methacrylate
(PMMA) block and mounted in parallel on each side of the cell, creating
arectangular (2 x 1 cmz) slit channel between the sample surfaces. The
height of the slit channel was maintained constant for all the measure-
ments using a micrometer screw, adjusting it after checking the flow in
each direction. The streaming potential was measured using Ag/AgCl
electrodes installed at both ends of the streaming channel. The elec-
trolyte used was 1 mM KCI with pH between 5.7 and 7.4. Experiments
were performed at RT. The conductivity of the electrolyte solution was
measured throughout the assay. The streaming potential was measured
by applying an electrolyte flow in alternating directions, with pressure
ramps ranging from 0 to 400 mbar. For each surface, twelve pressure
ramps were conducted, six in each flow direction, to cope with the
asymmetric potential fluctuations.

2.3. Degradation studies

The primary goal of performing degradation studies was to check the
stability and durability of the coatings on TPU/BaSO4 — MgO coated
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films. The degradation studies were developed in accordance with ISO
10993:2001 - Biological evaluation of medical devices—Part 14: Iden-
tification and quantification of degradation products from ceramics
[38], using Tris-HCI buffered solution (pH = 7.4). The films, cutinto 1 x
1 cm? squares, were immersed in buffer solution at 37 °C under stirring
at 120 rpm in an orbital shaker (KS 4000 IC, IKA®). After each im-
mersion during 1, 3, 7, 14 and 28 days, the solution was withdrawn, and
the films were exposed to vacuum oven drying until being completely
desiccated. The weight loss for each material was calculated using the
formula:

- W,

Weight loss :% x 100 %

0

(Eq. 2)

Where W and W, represent the initial weight and weight after a specific
immersion time, respectively. The resultant solution at each immersion
time was preserved for measurements and quantification of Magnesium
using Inductively Coupled-Plasma Atomic Emission Spectroscopy (ICP-
AES). The analysis was carried out on a Horiba Jobin Yvon ULTIMA
sequential ICP, with the Horiba Jobin Yvon ICP Analyst 5.4 software. A
monochromator equipped with a Czerny Turner spectrometer was
employed, and Argon was used as the gas. This test was performed with
three replicates per sample. The total amount of Mg present in each film
was also determined by ICP-AES after the samples had been digested.
This test was performed with five replicates per sample. The results were
expressed as mean + SD values of measurements.

2.4. Antibacterial assays

2.4.1. Bacterial strains, media and culture conditions

Staphylococcus epidermidis (ATCC 35984) were obtained from the
American Type Culture Collection (Manassas VA, USA). Bacteria were
maintained at - 80 °C in a solution containing 70 % tryptic soy broth
(TSB) (Merck, Germany) and 30 % diluted glycerol. Bacteria were
inoculated from the frozen stock in tryptic soy agar (TSA) (Merck,
Germany) plates overnight at 37 °C. Two to three colonies were
collected, incubated into 10 mL of TSB overnight at 37 °C, under stirring
at 150 rpm.

2.4.2. Determination of minimum inhibitory concentration and minimum
bactericidal concentration of MgO nanopowder

To access the antibacterial activity of MgO, minimum inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC)
values were determined, using the broth microdilution method ac-
cording to CLSI MO7 (Clinical and Laboratory Standards Institute, MO7:
Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria that
Grow Aerobically) [39]. Briefly, the microbiological media and a range
of MgO concentrations were prepared, the bacteria were cultured, and
the broth microdilution assay was initiated. After bacteria incubation,
the bacterial growth was quantified by counting the number of
colony-forming units (CFUs) to determine the number of cultivable cells.

To prepare the MgO suspensions, the MgO was added to 0.9 % so-
dium chloride (NaCl) (Sigma-Aldrich, USA) to obtain concentrations
between 0.5 mg/mL and 8 mg/mL. The MgO concentrations were
selected because this range includes various concentrations that have
been reported in the literature to present antimicrobial activities [29,40,
41]. Specifically, an initial solution of 10 mg/mL was prepared and
subsequently diluted to obtain six different concentrations of MgO (0.5,
1, 2, 4, 6 and 8 mg/mL).

1 mL of overnight cultures, containing the bacterial strain on sta-
tionary phase, as previously described, was inoculated into 10 mL of
fresh TSB. Then, this culture was incubated for 3 h at 37 °C to obtain the
bacterial suspension on exponential phase (ca., 108 CFU/mL). Then, the
suspension was diluted 1/100 in TSB to obtain the desired concentration
of 10° CFU/mL. Samples without MgO were used as a positive control
(Bacteria with NaCl). A negative control was also used by incubating
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each MgO concentration in TSB without adding any bacterial cells. The
plates were incubated for 24 h at 37 °C in an orbital shaker (150 rpm).
Five replicates were used for experimental and control samples.

For CFUs quantification, the standard plate count was used, which is
a procedure for estimating the number of CFUs, corresponding to the
cultivable/viable bacteria. With this purpose, the bacterial suspension
was serially diluted in 0.9 % NaCl. Afterward, 10 pL of the serial di-
lutions were spread onto the TSA plates. The plates were incubated for
18 h at 37 °C. Subsequently, the number of colonies was counted. Re-
sults were expressed as the decimal logarithm of the CFU per milliliter of
suspension as follows:

number of colonies counted
dilution x volume of sample plated, mL

CFU/mL = (Eq. 1)

2.4.3. Antibacterial activity of coatings

The antibacterial activity of the surfaces was evaluated according to
ISO 22196:2007 (Plastics — Measurement of antibacterial activity on
plastics surfaces and other non-porous surfaces) [42]. TPU and TPU/-
BaSO4 films and TPU/BaSO4 — MgO coated films were cut into disks @ =
10.5 mm, and placed in 24-well plates. The bacterial suspension was
adjusted to 6 x 10° CFU/mL in fresh TSB medium using a UV-Vis mo-
lecular absorption spectrophotometry (SPECTROstarNano, BMG LAB-
TECH, Ortenberg, Germany). A 14 pL drop of the bacterial suspension
was applied on top of each sample and covered with a sterilized poly-
propylene coverslip (@ = 8.5 mm) to ensure contact between bacteria
and the sample surface. The samples were then incubated for 24 h at 37
°C in static and moisturized conditions, with the remaining empty wells
were filled with distilled water (dH20) and the plates placed inside a
container with moistened paper to prevent water evaporation. Control
samples of TPU and TPU/BaSO4 were used to measure viable cells after
inoculation determining the bacterial recovery rate from the test spec-
imens. Negative controls were obtained by incubating materials with
only TSB medium, without bacteria, as contamination controls. After 24
h incubation, samples were rinsed with 350 pL of fresh TSB to detach the
polypropylene coverslip and loosely adherent bacteria. The supernatant
was collected to evaluate planktonic bacteria, and the materials were
then used to assess sessile bacteria.

2.4.3.1. Planktonic bacteria. For planktonic bacteria quantification,
after 24 h incubation with the materials, the supernatant was removed
and serially diluted in 0.9 % NacCl (Sigma-Aldrich, USA). Then, 10 pL of
each serial dilutions were inoculated in TSA plates, incubated at 37 °C
for 18 h and the colony-forming units (CFU) counted for cell viability
evaluation. Results were expressed as the decimal logarithm of the CFU
per milliliter of suspension. All tests were performed in triplicate, with
five replicates per sample.

2.4.3.2. Sessile bacteria. For sessile bacteria quantification, the mate-
rials were removed to new 24-well plate and carefully rinsed three times
with 0.9 % NaCl to remove non-adherent or loosely adherent bacteria.
Then, the materials were sonicated for 10 min in an ultrasonic bath
(Argo lab, DU-45, Italy) to release the adherent bacteria. Finally, the
sonicated solutions were used to obtain the serial dilutions, that were
placed in TSA plates and incubated at 37 °C for 18 h. Colony counting
was carried out, and the number of adherent bacteria was expressed in
log19(CFU/mL). All experiments were performed in triplicate, with five
replicates per sample.

2.4.3.3. S. epidermidis adhesion and morphology. SEM observation was
used to evaluate the morphology of adherent S. epidermidis to films
surfaces and changes in bacteria morphology. After incubation with
bacterial suspension, the materials with adhered S. epidermidis were
rinsed with PBS and fixed with 3 % (v/v) glutaraldehyde (Merck) in
0.14 M sodium cacodylate buffer (Merck) for 30 min at RT. Then, the
samples were dehydrated in a gradient ethanol solutions series (50, 60,
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70, 80, 90, 100 %) for 15 min each. The adherent S. epidermidis
remaining on the film’s surfaces were dried overnight at RT and pre-
pared for SEM visualization as previously described.

2.5. Invitro cytotoxicity tests

The cytocompatibility of TPU, TPU/BaSO4 films and TPU/BaSO4 —
MgO coated films were evaluated by direct contact and indirect contact
assays toward 1929 fibroblasts, according to the ISO 10993:2009 —
Biological evaluation of medical devices — Part 5: Test for in vitro cyto-
toxicity [43].

2.5.1. Cell line and culture conditions

L929 (murine CCL-1, ATCC) fibroblasts derived from connective
mouse tissue cell line were grown in alpha minimum essential medium
(a- MEM) (Gibco, USA), supplemented with 1 % (v/v) penicillin-
streptomycin (Pen/Strep) (Biowest, France) and 10 % (v/v) fetal
bovine serum (FBS) (Gibco, USA). After confluence, the cells were de-
tached with trypsin and seeded into 96-well plates at a density of 1 x
10° cells/mL and maintained at 37 °C in a humidified atmosphere
containing 5 % CO;, for 24 h (indirect assay). In parallel, cells in 1 x 10°
cells/mL density were seeded in 24-well plates and maintained at 37 °C
in a humidified atmosphere containing 5 % CO> for 24 h (direct assay).

For the direct contact assay, once the cells reached subconfluency,
the culture medium was discarded, and fresh medium was added to each
well. Afterward, the films (1 x 1 cm?) were carefully placed on the cell
layer. The cells were then incubated for 24 h under the above-mentioned
conditions.

For the indirect contact assay, extracts were prepared according to
ISO 10993:2009 - Biological evaluation of medical devices — Part 12:
Sample preparation and reference materials. Briefly, films were incu-
bated in cell culture medium in a mass/volume ratio of 6 cm?/mL for
24h at 37 °C in a humidified atmosphere containing 5 % COx.

After cell seeding and incubation for 24 h, the culture medium was
replaced by 100 pL extracts and re-incubated for another 24 h. The cell
culture medium was used for negative control and for positive control of
cytotoxic 1 % (v/v) Triton X-100 (Sigma Aldrich, USA).

2.5.2. Resagzurin assay

The cells metabolic activity was assessed by the resazurin assay.
Briefly, metabolically active cells can reduce the blue compound resa-
zurin into resorufin, turning into pink-purple appearance that can be
detected by spectroscopy. With this purpose, 10 % (v/v) resazurin was
added to the cells and incubated for 3 h at 37 °C in a humified atmo-
sphere of 5 % CO. Afterward, 100 pL were transferred to a black 96-well
plate and fluorescence was measured at excitation and emission wave-
lengths of 530 and 590 nm, respectively, using a SynergyMx fluorimeter
(BioTek, USA). Results represent the average of three independent ex-
periments. For each experiment five replicates were used per group and
data were normalized with respect to the negative control.

2.5.3. Live/dead cell staining

Cell viability was assessed using Live/dead cell staining, which
simultaneously quantifies live and dead cells. Calcein-AM enters live
cells and emits green fluorescence, propidium iodide (PI) enters cells
with damaged membranes and binds to nucleic acids producing a bright
red fluorescence. Cells were incubated with samples for 24 h, using 1 %
Triton X-100 as a positive control and supplemented cell culture me-
dium as negative control. Afterward, samples and controls were
removed, and cells were washed with PBS. Additionally, 50 pL of Calcein
AM (>90 %, Sigma-Aldrich, USA) at a concentration of 1 uL/mL of a-
MEM (Gibco, USA) and 50 pL PI solution (BD Biosciences, San Diego,
USA) were added to each well and then the cells were incubated in the
dark for 30 min at 37 °C. Once stained, the medium was removed, PBS
was added to each well and cells were observed under an AxioObserver
Z1 inverted fluorescence microscope (Zeiss, Germany) at an objective
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magnification of 10x under a multidimensional acquisition mode 488
nm (calcein-AM) and 568 nm (PI) channels. The images were processed
with Zen Blue software from Zeiss.

2.6. Hemocompatibility of coatings

The hemocompatibility of films were assessed toward hemolytic and
thrombogenic potential. Human buffy coats and plasma were obtained
from Immuno-hemotherapy Service Hospital Sao Joao, Porto, Portugal
according to ethical approval established with INEB/i3S.

2.6.1. Hemolysis assay

To determine the hemolytic potential of the film surfaces, samples (1
x 1 em?) previously sterilized were incubated with red blood cells
(RBCs). RBCs were isolated from human buffy coats through differential
centrifugation at 400 G for 30 min [44]. After centrifugation, the upper
layer, which containing plasma and mononuclear cells, was discarded,
and the lower layer, containing RBCs, was washed three times with PBS.
The isolated RBCs were then diluted to a cell density of 2.0 x 10°
cells/mL, and 500 pL were added to the materials and incubated for 3 h
at 37 °C in 24-well suspension plates. Plates were centrifuged at 4000
rpm for 15 min, after which 100 pL of the supernatant was transferred to
96-well plates. The absorbance was then measured at 380, 415 and 450
nm using a microplate reader spectrophotometer (Synergy MX, BioTek,
USA). The amount of released hemoglobin (Hb) was determined
following the equation (Eq. (3)):

(2 x A415 — (A380 + A450)) x 1000
E

Hb (mgdL™"') = (Eq. 3)
with A415, A380, and A450 representing the absorbance values of the
samples at 415, 380, and 450 nm, respectively. E corresponds to the
molar absorptivity of oxyhemoglobin at 415 nm [45]. The hemolytic
potential was calculated according to the equation (Eq. (4)):

Hb sample

Hemolysis (%) = m

x 100 (Eq. 4)
where Hb total represents the total amount of hemoglobin released (100
% hemolysis) under triton 1 % conditions. These tests were performed in
triplicate, with five replicates per sample.

2.6.2. In vitro thrombogenicity assay

The anti-thrombogenic properties of TPU and TPU/BaSOj, films and
TPU/BaSO,4 - MgO coated films were evaluated using recalcified plasma
clotting time method. To prepare the recalcified plasma, a 1 M stock
solution of CaCl, was prepared and mixed with human plasma (citrate
anticoagulated and thawed at 37 °C) to achieve a final calcium con-
centration of 20 mM. The recalcified plasma was then thoroughly vor-
texed and 500 pL of plasma were immediately added to each well plate
of the 24-well suspension plate containing the samples (1 x 1 cm?).
Glass was used as a positive control for thrombogenicity, while poly-
styrene (PS) was the negative control (PS sample means the well plate
only). The reference glass was rinsed in nitric acid for 8 h, washed three
times with dH50, and dried at 37 °C overnight. Subsequently, the plates
were incubated in an orbital shaker (KS 4000 IC, IKA®) at 37 °C and 150
rpm. The clotting time was determined as the time for the plasma to
undergo gelation, indicated by the cessation of movement in response to
the rotation and shaking. All tests were performed in triplicate, with
three replicates per sample.

2.7. Statistical analysis

Statistical analysis was carried out using GraphPad Prism 8 software
(GraphPad, USA). The data are presented as mean + standard deviation
(SD). The normality test of the population distribution was evaluated,
and either parametric or non-parametric tests were employed
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accordingly, for normal or non-normal distributed data, respectively.
For normally distributed data, one-way ANOVA followed by Tukey’s
multiple comparison test was used. For non-normally distributed data,
the Kruskal-Wallis test was applied. Statistical significance was consid-
ered when p < 0.05 and represented with * for p < 0.05, ** for p < 0.01,
*** for p < 0.001 and **** for p < 0.0001.

3. Results and discussion

3.1. Physico-chemical characterization of TPU/BaSO4 — MgO coated
films

3.1.1. Morphologic and topographic characterization

TPU and TPU/BaSQO, films with smooth flat surfaces were success-
fully produced (macroscopic view Fig. S1 in Supplementary Material). A
homogeneous TPU surface, devoid of pores, wrinkles, or irregularities is
visible, as later confirmed by SEM images. Similarly to TPU films, TPU/
BaS0y films also exhibit a smooth, bright surface with a white appear-
ance due to the presence of uniformly distributed BaSO4 nanoparticles,
as further confirmed by SEM. The BaSO4 nanoparticles provide radio-
pacity to the TPU, a requirement for applications such as CVCs, as they
need to be contrasted via X-rays after insertion into the patient to
confirm their insertion position. For this reason, MgO coatings were
applied onto the TPU/BaSOy4 films, using the dip coating technique
(macroscopic view Fig. S1 in Supplementary Material). MgO concen-
trations varied between 0.05 and 1.0 % (w/v) to confirm if there was a
direct relationship between MgO concentration and surface exposure.

SEM images provided direct observation of the surface morphology
of developed films. Particularly, the back-scattered electrons images
highlight the presence of MgO particles on the TPU surface (white ar-
rows) (Fig. 1). Their quantity increased with MgO concentration. The
MgO nanoparticles tended to agglomerate, forming larger secondary
particles that were uniformly dispersed within the TPU matrix. The
tendency for particle aggregation is attributed to the large specific sur-
face area characteristic of MgO nanoparticles. This agglomeration is also
observed in the particles themselves prior to their inclusion in the
coating, as evidenced by the TEM images (Fig. S2 A, Supplementary
Material). A preliminary characterization using TEM was carried out to
analyze the structure and morphology of the MgO nanostructured
powder and it was possible to observe the presence of agglomerated
nanoparticles. Under higher magnifications, it was possible to observe
the spherical morphology of the MgO particles and their nanometric size
(Fig. S2 D, Supplementary Material). Most of the measured particles had
sizes between 40 and 60 nm, which agrees with the information pro-
vided by the manufacturer. TEM analyses of the TPU and TPU/BaSOy -
MgO coated films were also carried-out, and the resulting images are
depicted in Fig. 1C, with MgO particles highlighted with white arrows.

EDS global spectra were obtained to help to detect the MgO content,
all analyses were obtained from the films’ surfaces. From a qualitative
perspective, it may be seen that higher magnesium peaks corresponded
to the samples with higher MgO concentrations. On the other hand,
carbon and oxygen peaks remained identical for all the samples, while
the presence of barium and sulfur peaks was observed in all TPU/BaSOy,
with and without coating, as expected.

Besides being visible on the surface, the images of films’ cross-
sections revealed that MgO particles were able to penetrate up to 1-2
pm underneath the surface, regardless of their concentration, with
particles visibly present within TPU/BaSO4 matrix (white arrows).
Furthermore, higher MgO concentrations corresponded to increased
density in depth.

Semi-quantitative elemental EDS analysis of developed coated film
surfaces and cross-sections was also performed on distinct regions for
TPU and MgO and BaSO4 nanoparticles. Considering TPU/BaSO;4 film
coated with 0.50 % (w/v) MgO, the presence of MgO was clearly visible
at the surface (Fig. 2 A), when there was no polymer overlaying and in
such cases the carbon (C) peak in the EDS was short, indicating the
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Fig. 1. — SEM Morphological and topographic characterization of TPU and TPU/BaSO, films coated with different concentrations of MgO on surface at a magni-

fication of 5000x (scale bar = 20 pm, HV 15 kV, backscattered electrons (BSE)

mode), showing the uniform distribution of MgO on the surface, with white arrows

indicating MgO regions and cross-section view at a magnification of 20000x (scale bar = 5 pm, HV 15 kV, secondary electrons (SE) mode). EDS analysis confirming
the presence of MgO nanoparticles within the coatings and TEM images (scale bar = 2 pm) providing further details on the dispersion and size of MgO.

absence of polymer on top of the sample (Z1). The EDS performed on the
region with polymer at the top surface (Z2) presented the expected el-
ements (C, O) with more intense peaks, while for the region with BaSO4
nanoparticles (Z3) the presence of more intense peaks of Ba and S was

detected. EDS analysis performed on the cross-section of the TPU/BaSO4
film coated with 1.0 % (w/v) MgO (Fig. 2 B) confirmed the presence of
MgO within the TPU/BaSO4 matrix, corroborating what was previously
observed by SEM, as evidenced in the marked regions Z2 and Z1, where,
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Fig. 2. -Semi-quantitative elemental EDS analysis of TPU/BaSO4 with 0.50 % (w/v) MgO films. (A) EDS analysis of the surface of TPU/BaSO4 with 0.50 % (w/v)
MgO film, showing the distribution of elements across the coating surface. (B) EDS analysis of the cross-section of TPU/BaSO4 with 1.0 % (w/v) MgO film, high-
lighting different regions: MgO region (Z1), polymer region (Z2) and BaSO4 region (Z3) SEM images at a magnification of 5000x (scale bar = 20 pm, HV 15 kV, BSE
mode). C) Total magnesium (Mg) concentration in the coated films as determined by inductively coupled plasma analysis. The results are expressed as mean + SD (n
= 5), showing the total concentration of Mg in the films at different coating conditions.
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in region Z1, the exposed MgO particle is visible and confirmed by the
high Mg peak and low C peak, as well as less prominent regions indi-
cating the presence of MgO due to the polymer layer covering it, with
more intense C peaks.

These results suggest that the dip coating technique with the
dispersion in an organic solvent allowed for a partial solubilization of
the upper layer of the polymer leading the surface to be permeabilized
and the MgO to penetrate slightly deeper, in addition to its exposure at
the surface.

Quantitative analysis of Mg total concentrations in the films using
ICP analysis is represented in Fig. 2C. The results revealed uniformly
increasing concentrations of Mg (standing for MgO particles) with
increasing initial concentration in the coating formulations with 6.25 +
0.45 mg/L for samples coated with 0.05 % MgO, 17.0 + 2.2 mg/L for
0.13 % MgO, 57.7 £+ 5.1 mg/L for samples coated with 0.50 % MgO, and
153 £ 29 mg/L for 1.0 % MgO.

X-ray mapping images were acquired to enhance the visualization of
the MgO distribution on the polymer surface (Fig. 3). Since the presence
of BaSO,4 nanoparticles in the TPU matrix may difficult/camouflage the
clear observation of MgO, X-ray mapping was employed to enhance
distinction and improve the MgO distribution observation. These images
revealed that Mg were distributed in a relatively uniform manner across
the surface, in larger amounts as the concentration of MgO rose (the
signal strength is proportional to the content of MgO particles and there
are also particle agglomeration areas that display bright signals), which
is crucial to ensure effective interaction and inhibition of bacterial ac-
tivity. Additionally, the distribution of Ba within the polymer was also
obtained and is marked in the yellow signals.

3.1.2. Surface functional groups

Fig. 4 presents the FTIR spectra of TPU, TPU/BaSO4 films, and TPU/
BaSOy films coated with different MgO concentrations. For all materials,
typical bands of TPU were observed, specifically the bands at 1527 cm ™
from N-H and C-H, at 1699 cm™! from C = O related to urethane groups,
at 1413 cm ! and 1596 cm™! associated to the benzene ring. The
additional bands at 1225, 1182 and 984 cm ™! from symmetric stretching
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vibrations of the SO3~ group and the bands at 636 cm™! and 610 cm™!
associated to the bending vibrations of SO?C, characteristic of BaSO4
[46,47] were also observed for all TPU/BaSOy films. Considering the
films coated with MgO particles, the bands at 600 and 410 cm ™
correspond to the Mg-O vibrational mode, which became more evident
as the MgO concentration increased. Also, it is possible to observe the
appearance of a new band for the highest MgO concentrations, at 3700
cm ! related with the stretching vibrations of OH™ groups, that were
adsorbed on the MgO surface [48]. FTIR spectra of MgO particles were
also carried out and the MgO characteristic bands are represented on
Fig. S2 C (Supplementary Material).

3.1.3. Wettability

In terms of surface wettability, all materials presented similar water
contact angles, approximately 90°, indicating a moderately hydrophobic
surface (Fig. 5). Other authors, who also produced TPU films by solvent
casting technique, reported similar water contact angles [49]. However,
the introduction of MgO coating revealed significant differences
compared to TPUs. The incorporation of 0.05, 0.13, 0.50 and 1.0 %
(w/v) MgO led to a significant increase in TPU hydrophobicity, which an
increase in contact angle ranging from 5° to 10°. For instance, the
addition of 1.0 % MgO to the TPU/BaSO, surface film slightly increased
the contact angle to 103.8° + 13.9°. Souza et al. also observed an in-
crease in the water contact angle with the addition of MgO to a poly-
meric matrix [35].

3.1.4. Surface charge

Table 1 shows the average zeta potential of TPU, TPU/BaSOy4 films and
TPU/BaSO4- MgO coated films. All materials presented negative charge.
The presence of MgO might be the main factor contributing to the alter-
ation in zeta potential, with coatings containing higher MgO concentra-
tions showing more negative charges. The charge properties of both
bacteria and material surfaces play a crucial role in bacterial adhesion.
Bacteria typically have a negative charge at biological pH [50], which
may result in electrostatic repulsion when in contact with material sur-
faces with similar negative charges, potentially inhibiting adhesion.

TPU/BaSO,

0.13 % (w/v) MgO

Back-scattered electrons

X- ray mapping
Mg

Ba

w/iv) MgO

0.50 % (w/v) MgO 1.0 %

Fig. 3. Backscattered electrons (BSE) images and corresponding X-ray mapping of TPU/BaSO, films coated with different percentages of MgO. The X-ray maps show
the distribution of MgO particles across the film surfaces (highlighted in green). BSE images present the same regions, with MgO particles in dark grey and BaSO4
particles in light grey. Magnification for all images: 1000 (scale bar = 10 pm, HV 15 kV). (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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Fig. 4. — FTIR spectra of TPU and TPU/BaSO, films coated with different concentrations of MgO, highlighting key absorption peaks: A) The peak at 3700 cm ™’
corresponding to the Hydroxyl (O-H) stretch; B) The peak at 420 cm ™' indicative of the Mg-O vibration; C) The peaks at 1225, 1182 cm ™! and D) 984 cm™!
characteristic of sulfate (SO3") stretch; E) The peaks at 636 and 610 cm ™! associated with the SO3~ bending vibrations. These spectra provide insights into the
chemical bonding and interactions within the coatings at different MgO concentrations.
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Fig. 5. — Water contact angle measurement using the captive bubble method on
TPU/BaSO, films coated with different MgO concentrations, indicating the
wettability of the surfaces. Statistically significant differences are as follows: *
(p < 0.05), ** (p < 0.001), and **** (p < 0.0001), comparing each coated film
to the TPU/BaSO; films as the control (One-way Anova analysis).

Table 1

— Results of Zeta potential measurements of TPU/BaSO4 films
coated with different MgO concentrations. Statistically significant
differences compared to TPU/BaSO, films are indicated as *** (p
< 0.001) and **** (p < 0.0001) (One-way Anova analysis).

Films surfaces Zeta potential (mV)

TPU —13.33 £ 2.76
TPU/BaSO4 —12.42 + 2.47
0.05 % (w/v) MgO —16.71 + 1. 56%****
0.13 % (w/v) MgO —16.17 & 0.89****

—15.95 + 2.64***
—20.35 + 1.71%***

0.50 % (w/v) MgO
1.0 % (w/v) MgO

3.2. Degradation studies

The chemical degradation of the different materials was evaluated
according to ISO 10993-14:2001 standard using Tris-HCl as immersive
media [38]. The degradation behavior was studied in terms of Mg

release quantified through ICP and weight loss. Fig. 6 depicts the Mg
concentration over immersion time. It was observed that an increase in
MgO concentration coating on TPU/BaSOy4 films resulted in higher
amounts of Mg released, as expected. Those samples coated with the
lowest percentage of coating showed no release, with values close to 0,
namely 0.31 + 0.04 mg/L after day 1 and 0.42 + 0.02 mg/L after 28
days. Samples with 0.13 % MgO coating released 0.97 + 0.13 mg/L after
day 1, maintaining values close to 1 mg/L at all time points up to day 28
with 1.17 + 0.04 mg/L. Meanwhile, films with 0.50 % and 1.0 % MgO
released 4.44 + 0.54 mg/L and 10.0 + 0.20 after day 1 and 4.66 + 0.37
mg/L and 12.31 + 0.87 mg/L after 28 days, respectively. All materials,
independently of the MgO amount, showed a burst release after day 1,
which remained constant for all 28 days.

In terms of weight loss, all samples maintained their weight
throughout all time points, with no significant differences observed. This
reinforces the stability of the materials and the coating over time.

The degradation tests were conducted with the primary objective to
prove the stability of the coating over time since it is a crucial factor for
the development of medical devices, namely the CVC. A release of MgO
in large quantities could induce associated cytotoxicity effects. It is
important to emphasize that the objective of this study was to ensure
antibacterial performance while also guaranteeing biosafety. In this
regard, as observed in the degradation studies, the coatings showed
minimal release of MgO, particularly in the case materials with lower

15
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Fig. 6. — Amount of MgO released from TPU/BaSO4 - MgO coated films over
time, via inductively coupled plasma (ICP) analysis under degradation studies
performed on materials for 28 days. The data highlights the stability of the MgO
coating during the degradation process.
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percentages of coating.
3.3. Antibacterial characterization

In previous studies reported in the literature on antimicrobial
properties of MgO evaluation, different experimental techniques were
used, different sizes and MgO nanoparticles concentrations, as well as
varying initial seeding densities of bacteria. Consequently, the results
from these studies are not directly comparable to each other and cannot
be directly applied to the design of all antimicrobial materials formu-
lations. For this purpose, the antibacterial properties of MgO used in this
study were assessed by viable plate count method for MIC and MBC
determination against S. epidermidis.

3.3.1. Minimum inhibitory concentration and minimum bactericidal
concentration determination

CFUs quantification showed that the viability of bacteria was
dependent on MgO concentration. The number of cultivable bacteria of

log4o (CFU/mL)
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S. epidermidis showed that concentrations of MgO above 0.5 mg/mL
present a strong and significant reduction of bacterial growth, by
approximately 99.98 % (4 logs) compared to bacteria control, and for
higher concentrations, no bacterial growth was observed. MgO con-
centrations equal or above 1 mg/mL killed all the bacterial population
during 24 h. The MIC and MBC for S. epidermidis were determined at 0.5
mg/mL and 1 mg/mL, respectively and the results are represented in
Fig. S2 C (Supplementary Material).

The determination of the MIC for this oxide served as the baseline for
defining the range of coating concentrations for the materials, starting
from formulations with 0.05 % MgO (0.5 mg/mL).

3.3.2. Antibacterial activity of TPU/BaSO4 — MgO coated films

The antibacterial performance of different TPU/BaSO4 films coated
with MgO on the growth of S. epidermidis is presented in Fig. 7 A, and B.
The antibacterial activity was evaluated in terms of planktonic and
sessile bacteria and the results are expressed as log;o (CFU/mL). For the
0.13 % concentration of MgO coating, a trend towards a decrease in the
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©
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TPU TPU/BaSO, 0.05 0.13 0.50 1.0

% (wiv) MgO

0.05 % (w/v) MgO

Fig. 7. Antibacterial activity of films coated with different concentrations of MgO after 24 h of incubation with S. epidermidis. A) Population of planktonic bacteria
expressed in log;o (CFU/mL), and B) Population of sessile bacteria expressed in log;o (CFU/mL). C) SEM images of adherent S. epidermidis on the surfaces of TPU,
TPU/BaS04, and TPU/BaSO,4 — MgO coated films. White circles were used to better visualize and highlight the presence of adhered bacteria to the surface (scale bar
= 5 pm, magnification 20000x, HV 15 kV, SE mode). (***) Statistically significant differences compared to TPU/BaSO, films without MgO (p < 0.001; Kruskal-

Wallis test).
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number of viable bacteria is observed, with a 3-log reduction in plank-
tonic bacteria and a 2-log reduction in adhered bacteria. For higher
concentrations, bacterial growth inhibition becomes evident. Films
coated with 0.50 and 1.0 % of MgO were able to completely inhibit
planktonic growth (Fig. 7A) and adherent bacteria (Fig. 7B) after 24 h
incubation, compared to the TPU/BaSO4 films without MgO. On the
contrary, there was no effect observed for 0.05 % MgO coated films in
both assays.

The results from the bacterial adhesion assay were further supported
by SEM analysis (Fig. 7C), which also displayed a similar reduction
trend. Films coated with 0.50 % and 1.0 % MgO inhibited bacterial
adhesion onto films’ surfaces. Also, the SEM images show a significant
decrease in the number of bacteria adhered to the surface for films with
0.13 % MgO. Furthermore, it is also clear that they lose their typical
smooth shaped surface, which may have caused damage to the bacteria.
SEM images also showed the typical spherical coccus morphology of
S. epidermidis and bacteria clusters formation on surfaces without
coating or with coatings but presenting the lowest MgO percentage.

The results obtained are in agreement with previous studies stating
that MgO is capable of inhibiting gram-positive bacteria [51,52] and the
antibacterial effect is dependent on the MgO concentration [40,53]. The
antibacterial effect observed mainly in planktonic bacteria may be
attributed to Mg ions release. As observed in previous degradation tests
by ICP, increased loading in the coating led to higher Mg ions release
into the medium after 24 h. In fact, the release of free ions is often
referred as a mechanism for the toxicity of metal oxides [24]. MgO
nanoparticles release Mg ions which can disrupt bacterial cell membrane
and interfere with cellular processes, leading to cell death [30]. How-
ever, Nguyen et al. showed that the released Mg?" ions from MgO was
not the predominant mechanism since Mg2* ions release and changes in
pH were non-toxic and did not influence antibacterial activity of
S. epidermidis [29].

A study by Leung et al. proposed that the primary mechanism of
action of MgO involves the interaction between MgO nanoparticles and
bacteria, resulting in cell membrane damage. It also suggested that the
mechanism may be enhanced by combining with other phenomena like
increased pH and Mg2+ release [28]. The direct interaction of bacteria
membrane with the nanoparticle may cause cellular damage, the high
surface area-to-volume ratio of MgO nanoparticles facilitates close
contact with bacterial cells, promoting the efficient generation and
diffusion of ROS into bacterial cells, enhancing their antimicrobial ac-
tivity [54].

Other mechanism of action can be attributed to the antibacterial
activity, MgO nanoparticles can generate reactive oxygen species (ROS)
such as hydrogen peroxide (H,0), hydroxyl (OH®) and superoxide
radicals (0%, that may induce oxidative stress in bacterial cells,
damaging bacterial cell membranes, proteins, DNA, ultimately leading
to bacterial cell death [32]. Several authors have attributed the anti-
bacterial activity of MgO to the ROS production [25,30,55]. Krishna-
moorthy et al. evaluated the antibacterial activity of MgO against
gram-positive bacteria and proposed that the mechanism of the MgO
antibacterial activity was due to the presence of defects or oxygen va-
cancies at the nanoparticles’ surface, which caused formation of ROS
and consequently led to the lipid peroxidation [32]. Sawai et al. inves-
tigated the bactericidal activity of MgO nanoparticles against both
Gram-positive and Gram-negative bacteria. They suggested that the
presence of active oxygen on the MgO surfaces, such as superoxide, is
one of the key factors influencing their antibacterial activity [55].

Furthermore, MgO may disrupt bacterial adhesion and biofilm for-
mation through physical and electrostatic interactions with bacterial
cells. The negatively charged surface of MgO nanoparticles may repel
negatively charged bacterial cells, thereby inhibiting their attachment to
the coated surface.

Overall, these mechanisms of action of MgO coatings collectively
contribute to their effective antibacterial properties. The hypothesis
above may explain the good performance in terms of antibacterial
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behavior displayed by the coating samples on planktonic and adherent
bacteria and may explain the differences observed between samples.

3.4. In vitro cytotoxicity of TPU/BaSO4 — MgO coated films

Fig. 8 (A, B) shows the biocompatibility assessment results of the
coatings using L929 mouse fibroblasts, with both direct and indirect
contact assays performed according to ISO 10993-5 [43]. According to
this ISO, a metabolic activity below 70 % indicates cytotoxic potential.
After 24 h incubation, the metabolic activity of L929 cells in direct contact
with our materials did not differ significantly from the negative control,
suggesting that the materials are non-cytotoxic to L929 fibroblasts. For
the indirect contact assay, where cell metabolic activity was measured
after exposure to extracts of the coated films, all samples showed cell
metabolic activity above 70 %, indicating no cytotoxicity. The exception
was the 1 % MgO coated films, where a slight decrease in metabolic ac-
tivity was observed. This reduction is probably due to the higher release
of MgO at this concentration, as confirmed by ICP analysis. However, the
metabolic activity remained above the limit for biocompatibility.

Fluorescence microscopy images from Live/dead cell viability assay
(Fig. 8C) further support these findings. Most cells were viable and
stained green, with a small number of dead cells visible in red, similar to
the negative control 1L929.

The biocompatibility of the MgO coated films was evaluated by
incubating viable fibroblasts in direct contact with the materials and by
using extracts from the films to indirect contact. The direct contact test
showed that the materials did not cause cytotoxicity, while indirect
contact test ensured that any leachable species, did not induce cytotoxic
effects. This biocompatible behavior is in accordance with findings re-
ported by Krishnamoorthy et al., where no cytotoxicity towards human
lung fibroblasts was observed [32].

3.5. Hemocompatibility of TPU/BaSOy4 - MgO coated films

The hemocompatibility of the developed films, both with or without
MgO coating was also assessed by evaluating their hemolytic and
antithrombogenicity potential (Fig. 9).

Studies depicted in Fig. 9A revealed that all surfaces exhibited he-
molysis percentages below 5 %, thereby meeting the criteria outlined in
ISO 10993-Biological evaluation of medical devices — Part 4: Selection of
tests for interactions with blood, indicative of hemocompatible perfor-
mance [56]. Considering the clotting time (Fig. 9B), the positive control
(glass) exhibited complete clotting formation after 5 min incubation,
while negative control (polystyrene, PS) showed clotting after 13 min.
The control films without MgO coating (TPU and TPU/BaSO,4) exhibited
an average clotting time of 15 and 13 min, respectively and films coated
with MgO at different concentrations presented similar clotting forma-
tion times among themselves, closely resembling those of the controls
and PS, approximately 12 min.

The potential to use these coated films for blood contact applications
was also confirmed through in vitro hemocompatibility assays, which
showed no hemolytic effects, and clotting time after contact with blood was
similar to negative control. Since TPU and TPU with BaSO,4 are already
used to produce CVGCs, it is already known to be hemocompatible. The
addition of a coating of MgO on the surface of TPU/BaSO4 did not affect this
property. These findings are in agreement with previously published data,
indicating that MgO does not induce a hemolytic effect [57].

Regarding the antithrombogenic effect of the films, previous studies
have suggested that Mg ions [34] and MgO [58] may influence blood
clotting and consequently act as anticoagulants. Jankun et al. found that
magnesium increases the clotting time in both plasma and whole blood
in a concentration dependent manner [34]. Although our results did not
directly demonstrate this effect on human plasma, it is important to note
that the inclusion of MgO coating did not affect the clotting time of
medical grade TPU and TPU/BaSOq4,

Films containing 0.50 % and 1.0 % MgO proved to be significantly
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Fig. 8. — Evaluation of cytotoxicity of TPU/BaSO4 — MgO coated films on L929
via direct contact using the resazurin assay, highlighting the impact of direct ma
via indirect contact assay, evaluating the effects of leachable substances from

100 pm 100 pm

fibroblasts after 24 h of incubation. A) Metabolic activity of L929 fibroblasts assessed
terial-cell interactions on fibroblasts activity. B) Metabolic activity of L929 fibroblasts
material extracts on fibroblast metabolic activity. Results are expressed as the per-

centage of metabolic activity relative to the negative control. C) Representative fluorescence microscopy images from the Live/dead viability assay, where viable cells
are stained green and dead cells are stained red (scale bar = 100 pm). (**) Statistically significant differences compared to the negative control (p < 0.01; Kruskal-
Wallis test). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

antibacterial against a major pathogen associated with central venous
catheter infections while also maintaining biocompatibility and hemo-
compatibility. These two coatings showed a significant release of Mg
compared to the films without MgO, with the 1.0 % MgO coating,
releasing twice the amount of magnesium when compared to 0.50 %
MgO coating. Although the 1.0 % MgO coating formulation was not
cytotoxic against fibroblasts, a decrease in metabolic activity was

observed in indirect cell contact assays. Thus, the newly TPU/BaSO4 —
0.50 % MgO coating appears to be the most advantageous, as it ensures
the desired properties using a smaller amount of MgO, which may
represent a significant reduction in economic terms. Given the
expanding central venous catheter market, valued at over $2.6 billion in
2022 and growing at a compound annual growth rate (CAGR) of 6.4 %
until 2032 with a projected valuation of $4.7 billion, the use of a reduced
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materials (p < 0.05; One-way Anova), (B) In vitro antithrombogenicity assay results, measuring the clotting potential of human recalcified plasma in contact with

materials. **Statistically significant differences compared to the polystyrene (PS) (p < 0.01; One-way Anova).

amount of coating not only ensures significant economic savings but also
enhances market viability [59].

4. Conclusions

This study successfully developed a novel coated surface for poten-
tial application in central venous catheters, addressing the critical need
for infection prevention in medical devices. The incorporation of mag-
nesium oxide (MgO) nanoparticles onto the TPU/BaSO4 surface com-
bined the inherent biocompatible and physicochemical properties of
TPU while providing effective antibacterial functionality.

The study showed that MgO coatings, at concentrations of at least
0.50 % (w/v), completely eradicated both planktonic and adherent
Staphylococcus epidermidis. Furthermore, comprehensive biocompati-
bility assessments demonstrated excellent biological safety. The coatings
exhibited no significant cytotoxicity to fibroblasts showing also to be
non-hemolytic and non-thrombogenic. Therefore, these coatings are
suitable for blood-contact applications.

The straightforward and cost-effective coating method developed in
this study maintains the intrinsic physical and chemical properties of
TPU, supporting its scalability and practicality for industrial production.
This versatile technique is not only suitable for central venous catheters
but also adaptable for other medical devices, paving the way for broader
applications of antimicrobial materials in healthcare. While this study
represents a significant advancement in the development of antimicro-
bial coatings, future research should focus on investigating the mecha-
nisms underlying the antibacterial activity of MgO. Understanding these
mechanisms could further optimize the coating performance and expand
its applicability in medical technology.
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