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Abstract: Thermoplastic polyurethane (TPU) is a polymer used in a variety of fields, including
medical applications. Here, we aimed to verify if the brush and bar coater deposition techniques
did not alter TPU properties. The topography of the TPU-modified surfaces was studied via AFM
demonstrating no significant differences between brush and bar coater-modified surfaces, compared
to the un-modified TPU (TPU Film). The effect of the surfaces on planktonic bacteria, evaluated
by MTT assay, demonstrated their anti-adhesive effect on E. coli, while the bar coater significantly
reduced staphylococcal planktonic adhesion and both bacterial biofilms compared to other samples.
Interestingly, Pearson’s R coefficient analysis showed that Ra roughness and Haralick’s correlation
feature were trend predictors for planktonic bacterial cells adhesion. The surface adhesion property
was evaluated against NIH-3T3 murine fibroblasts by MTT and against human fibrinogen and human
platelet-rich plasma by ELISA and LDH assay, respectively. An indirect cytotoxicity experiment
against NIH-3T3 confirmed the biocompatibility of the TPUs. Overall, the results indicated that the
deposition techniques did not alter the antibacterial and anti-adhesive surface properties of modified
TPU compared to un-modified TPU, nor its bio- and hemocompatibility, confirming the suitability of
TPU brush and bar coater films in the biomedical and pharmaceutical fields.

Keywords: thermoplastic polyurethane (TPU); brush; bar coater; topography; atomic
force microscopy (AFM); Haralick texture analysis; bacteria; cell adhesion; hemocompatibility

1. Introduction

Microbial colonization and biofilm formation on medical devices is a major pub-
lic health concern [1]. Scientists are searching for effective strategies to prevent device-
associated infections because the implantable devices such as prostheses, mechanical heart
valves, stents, or urinary catheters, although they may improve patients’ lives, they could
be colonized by planktonic bacteria aggregating in biofilms and causing infectious dis-
eases [2,3], which can become chronic and difficult to treat with antibiotics [4,5].
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Today, the antimicrobial resistance is responsible for circa 700,000 deaths per year [6],
a number that is expected to rise to 10 million by 2050, according to the World Health
Organization (WHO) [7].

In the field of biomaterial science, researchers are designing devices that, thanks
to their properties (e.g., surface texture), modifications (e.g., physical, chemical) [8], or
presence of antimicrobial agents, could be able to hinder the bacterial adhesion [6]. Prior
to the functionalization of a biomaterial with antimicrobial agents, it is very important
to demonstrate its biocompatibility [9–12] and to characterize its surface properties since
they can influence the cell behavior [13,14] and differentiation [15]. Properties such as
topography, roughness, pore size [13], which determine the biomaterial surface texture, can
affect the protein adsorption and consequently the cell adhesion [12,13,16], so that studying
them is fundamental.

Various methods, such as atomic force microscopy (AFM), transmission electron
microscopy (TEM), field emission scanning electron microscopy (FESEM), X-ray diffrac-
tion [17,18], and Fourier transform infrared (FTIR) spectroscopy [19], are known to study
the surface characteristics. However, an interesting and innovative method, based on the
analysis of an image of the material surface, is the measure of the Haralick’s features [20]:
a gray-level co-occurrence matrix (GLCM) is extracted from the image and reveals the
distribution of co-occurring pixel grayscale values [21]. For instance, the GLCM and its
Haralick features (e.g., contrast, variance, and correlation) are used in medicine to analyze
tumor heterogeneity [22], in magnetic resonance imaging (MRI) or X-ray images, as well as
to predict the prokaryotic and eukaryotic cell behavior onto a biomaterial.

A very versatile biomaterial used in medical applications such as catheters, wound dress-
ings, coatings, and drug delivery systems is represented by polyurethane (PU) [23–26], in
particular by thermoplastic PU (TPU). This polymer is composed of soft and hard segments,
polyols and isocyanates, respectively [24,26], whose proportions determine a different degree
of flexibility, toughness, and softness [23] and confer good mechanical properties. In addition,
TPUs have been shown to be durable, biocompatible, biostable [27], and hemocompatible
[28–30], making them suitable for biomedical applications.

TPUs could be also functionalized with antibacterial molecules, including antibiotics
and/or nanoparticles [31], which can be released after bacterial contact or by physicochemi-
cal surface modifications [8] to either prevent or reduce the bacterial adhesion, for example,
in the medical or food industry [32], where the antimicrobial property is required [33].

In our previous works [34,35], compression-molded TPU films were prepared and
characterized for different mechanical (e.g., tensile and adhesive properties) and thermal
characteristics. Different agents such as titanium dioxide, chitosan and silver nanoparticles
were added in the TPU mother solutions, which were used to coat the surface of TPU
films, in order to provide antibacterial activities with the aim to use these materials as
medical devices (e.g., probes, catheters, dynamic stents). In the cited work [35], we studied
the antibacterial effect of modified polyurethane films, whose modification consisted in
depositing the antibacterial coatings with brush and bar coater applicators to homogenously
distribute the solution and have an equal release of antibacterial agents from the surfaces.
Bare TPU solutions (non-containing antibacterial agents) were deposited with a brush and
bar coater on TPU films as well to be used as control [35].

In the present work, we used the bare TPU films modified on the surface by the brush
and bar coater to provide a further characterization of surface topography through AFM in
order to verify whether the surface modification would not have altered the biocompatible
properties of TPU Brush and Bar Coater films compared to the un-modified sample, that is,
the TPU Film. We evaluated the anti-adhesive effect of the surfaces against the planktonic and
biofilm cultures of Gram-negative Escherichia coli and the Gram-positive Staphylococcus aureus
bacteria. Interestingly, we performed a Pearson’s R coefficient analysis, which showed that
both Ra roughness and Haralick’s correlation feature were trend predictors for the adhesion
of planktonic bacteria. Moreover, in this work, we provided a preliminary study of the
hemocompatibility (via human fibrinogen adsorption and human platelets adhesion) and



J. Funct. Biomater. 2024, 15, 24 3 of 15

further biocompatibility characterization, not performed in the previous works, of the TPU-
modified surfaces.

2. Materials and Methods
2.1. Material Preparation and Characterization

The thermoplastic polyurethane films studied in the present work were fabricated
and characterized as previously described [34,35]. Briefly, TPU films were prepared by
compression molding as substrate (named TPU Film) while TPU Brush and Bar Coater were
obtained by depositing mother solutions of TPU using a brush and a bar coater method,
respectively, which allowed a homogeneous distribution of the polymer solutions. The
materials’ characterizations like NMR spectroscopy, X-ray diffraction, thermogravimetric
analysis, differential scanning calorimetry as well as the wettability, have been described in
our previous works. In particular, the characterization analyses of TPU samples includ-
ing the main tensile properties (elastic modulus (E = 26.2 ± 1.4 MPa), maximum stress
(σmax = 36.4 ± 1.6 MPa), elongation at break (εbreak = 1075 ± 44%), and wettability (θ = ~90◦)
were published in the previous work [34], while the adhesion test results (maximum
force ~−0.3 N for compression and ~0.3 N for tension) of the bare TPU mother solution
were published in [35]. For further characterization, refer to the cited works.

2.2. Scanning Electron Microscopy (SEM)

TPU film, brush, and bar coater were observed using a Zeiss EVO-MA10 scanning
electron microscope (Zeiss, Oberkochen, Germany) with an accelerating voltage of 20 kV,
at 10k× and 40k× magnification.

2.3. Atomic Force Microscopy (AFM)

AFM topography images were obtained using a Nanowizard 4XP AFM (Bruker Nano
GmbH, Berlin, Germany) coupled to an upright optical microscope (Axio Zoom.V16,
Carl Zeiss, Iena, Germany). All measurements were conducted at room temperature
(RT) in water solution (NaCl 0.9%). Topography was measured in contact mode, using a
commercial AFM rectangular cantilever characterized by a conical tip with a hard diamond-
like coating in order to prevent wearing over different scans (model HQ:CSC17/Hard/AI
BS, µ-Masch, Tallinn, Estonia). The tip radius is less than 20 nm with a full cone angle of
40◦ and a nominal tip height of 15 µm. The cantilever spring constant was determined
by means of the Sader method [36] and resulted to be K = 0.18 N/m. For each sample,
topography images (512 × 512 pixel) were collected on at least ten different, randomly
selected, 100 × 100 µm2 areas using a force setpoint of 30 nN.

AFM images were processed using the instrument software (JPKSPM Data Processing)
in order to remove tilt and calculate three surface roughness parameters: Ra (Arithmetic
Average Roughness), Rq (Root Mean Square Roughness), and Rt (Maximum Peak-to-
Valley Roughness).

2.4. Bacterial Cell Adhesion and Biofilm Formation
2.4.1. Bacterial Strains and Culture Conditions

The used microbial strains were Escherichia coli ATCC (American Type Culture Collec-
tion, Manassas, VA, USA) 25922 (E. coli) and Staphylococcus aureus ATCC 25923 (S. aureus).
E. coli bacteria were grown in Luria Bertani (LB) broth (ForMedium, Norfolk, UK), overnight,
under aerobic conditions at 37 ◦C using a shaker incubator (VDRL Stirrer 711/CT, Asal
S.r.l., Milan, Italy) and S. aureus in Tryptic Soy Broth (TSB) (ForMedium). The number
of bacterial cells/mL of both cultures was determined by comparing the optical density
(OD600) of the sample with a standard curve relating the OD to the cell number [37].

2.4.2. MTT Assay

Bacteria (105/sample) were inoculated for 6 h at 37 ◦C on sterile TPU samples and in
tissue culture plates (TCP) used as control. Planktonic bacteria contained in the supernatant,
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after the desired incubation time, were removed and the samples were gently washed with
PBS 1×. They were transferred in clean wells where the viability of adherent bacteria was
evaluated through 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
colorimetric assay (Sigma-Aldrich, St. Louis, MO, USA) as described in our previous
work [35]. The experiment was performed in triplicate and repeated twice.

2.4.3. Biofilm Formation

Overnight cultures of bacteria were diluted to 107/sample in LB containing 0.5%
glucose for E. coli and 0.25% for S. aureus [38] and incubated for 24 h at 37 ◦C on TPU film,
brush, and bar coater samples contained in 96-well culture plates (Euroclone S.p.a., Pero,
Italy). After the incubation time, the surfaces were washed and transferred, and the biofilm
viability assay was performed as previously described. The experiment was performed in
triplicate and repeated twice.

2.5. Texture Analysis of SEM Images

The texture of a gray-level image can be calculated through Haralick features; therefore,
it is possible to correlate these data with the observed biological parameters, namely the
number of bacteria in planktonic culture. For each SEM image of the materials without
bacteria, we have selected at least two regions of interest (ROIs) to measure the gray-
level co-occurrence matrix (GLCM) [39]. Then, for each GLCM, we have calculated one
Haralick’s feature: the “correlation” [20]. The correlation computes the amount of similarity
inside the GLCM and is a measure of the image’s pixel homogeneity.

2.6. Platelets’ Adhesion

Human platelet-rich plasma (hPRP) was obtained from Fondazione IRCCS Policlinico
San Matteo, Pavia (Italy). hPRP was isolated according to “Decreto Ministero della Salute
2 November 2015 n.69, Disposizioni relative ai requisiti di qualità e sicurezza del sangue e
degli emocomponenti” and “Accordo Stato-Regioni n.225/CSR 13 December 2018, Schema-
tipo di convenzione per la cessione del sangue e dei suoi prodotti per uso di laboratorio e
per la produzione di dispositivi medico-diagnostici in vitro”. The quantification of platelets’
adhesion to TPU samples was determined through lactate dehydrogenase (LDH) assay
(Sigma-Aldrich). Human platelets were diluted in 10 mM EDTA (VWR Chemicals, Milan,
Italy) at a concentration of 2 × 108 platelets/mL and seeded on sterile samples (film,
brush, bar coater) for 1 h at 37 ◦C [29]. After the incubation time, the supernatant was
removed, the samples washed three times with sterile PBS 1× and transferred into clean
Eppendorfs. Lysis of adherent platelets was performed with 300 µL of 1% Triton X-100 on
ice [29], for 30 min. The Eppendorfs were centrifuged at 15,000 rpm, for 30 min, at 4 ◦C
and the supernatant was used to quantify LDH release according to the manufacturer’s
instructions. A titration curve with known concentration of platelets/mL was used to plot
the obtained absorbance.

2.7. Enzyme-Linked Immunosorbent Assay (ELISA)

Human fibrinogen (10 µg/mL) was immobilized on the three TPU types, overnight
at 4 ◦C, on agitation. The wells were washed three times with PBST (PBS 1× + 0.05%
Tween 20) and then blocked with BSA (bovine serum albumin) 3% in PBST at RT. After
that, anti-fibrinogen-HRP conjugated antibody (1:10,000) (Rockland Immunochemicals Inc.,
Pottstown, PA, USA) was incubated for 1 h at RT, on agitation. The wells were washed, and
the reaction was developed through OPD tablets (Sigma-Aldrich). The absorbance was
read at 450 nm with a reference wavelength of 620 nm [12]. The obtained absorbance was
related to a calibration curve containing known amounts of fibrinogen and expressed as
[µg/mL]/cm2.
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2.8. Fibroblasts’ Viability

NIH-3T3 murine fibroblast cell line (ATCC CRL-1658) was obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA) and cultured as described in [40].
They were seeded either in wells or onto TPU samples to evaluate the biocompatibility of
TPU materials.

2.8.1. Indirect Experiment

DMEM medium was incubated overnight at 37 ◦C + 5% CO2 on TPU Film, Brush, and
Bar Coater to evaluate the sample’s cytotoxicity. At the end of the incubation time, the
solution was 2-fold serial diluted and incubated with NIH-3T3 cells (2 × 104/well) for 24 h
at 37 ◦C + 5% CO2. After incubation, the cells were washed with PBS 1× and incubated
with MTT (Sigma-Aldrich) for 3 h at 37 ◦C + 5% CO2 [41]. The reaction was read at 595 nm
with the reference wavelength of 655 nm. Titration curve interpolation was used to express
the number of cells in each sample. The results were normalized to the number of cells
grown in a tissue culture plate (TCP), which was used as a control.

2.8.2. Direct Experiment

NIH-3T3 cells (6 × 104) were seeded on TPU film, brush, and bar coater for 24 h at
37 ◦C + 5% CO2. Viability of cells was evaluated through MTT as previously described.

2.9. SEM of Cells and Platelets

Bacteria (planktonic cultures and biofilms), platelets, and fibroblasts were incubated on
the three surfaces as previously described. After the desired incubation time, the samples
were gently washed with PBS 1× and fixed with glutaraldehyde 2.5% (Sigma-Aldrich) and
treated as described in [12]. Images of bacterial planktonic adhesion were acquired at 6k×
and 15k× magnifications, with biofilms acquired at 6k× and 30k×, platelets at 3k× and
10k×, and fibroblasts at 3k×.

2.10. Statistical Analysis

Statistics regarding biological data was carried out by considering the mean of the
results (in triplicate) obtained from two separate experiments. The analysis was performed
using GraphPad Prism 9 (GraphPad Inc., Boston, MA, USA). The analysis was performed
using Student’s unpaired, two-sided t-test (significance level of 0.05) in comparison to the
TCP control. In addition, one-way analysis of variance (ANOVA), followed by Bonferroni’s
multiple comparisons test, was performed [12].

3. Results
3.1. Evaluation of Morphological and Topographical Properties of TPUs

Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were used
to visualize the surface (Figure 1A) and the topography (Figure 1B) of the TPU Film (a,d–g),
Brush (b,h–m), and Bar Coater (c,n–q). Figure 1B reports representative images of the
topography of each of the three samples under investigation: Film (d–g), Brush (h–m), and
Bar Coater (n–q). Images were obtained by scanning a 100 × 100 µm2 area in different
regions over the surface. No sample-distinctive structural features could be observed. Yet
it can be observed that the bar coater-modified surface (n–q) looked flatter than the others.
The roughness of the surface was calculated through AFM (C).

Figure 1C shows the distributions of the three surface roughness parameters that have
been measured from each topography image; it can be observed that the lowest roughness
values were obtained for the TPU Bar Coater, providing an indication of a smoother surface
among the three samples.
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whereas in panels (A,b) and (B,d–f) S. aureus data are reported. 

Figure 1. Thermoplastic polyurethane surface. Microscopic images (A) of thermoplastic polyurethane
(TPU) Film (a), Brush (b), and Bar Coater (c). SEM images were acquired at 10k× magnification
(scale bar 2 µm), and insets at 40k× (scale bar 1 µm). Morphological analysis (B) in four different
areas of TPU Film (d–g), Brush (h,i,l,m), and Bar Coater (n,o,p,q). Roughness values (C) calculated
for the three samples on n = 10 images (topography 100 × 100 µm2). Average Roughness Ra (a),
RMS Roughness Rq (b), Peak-to-Valley Roughness Rt (c) for Film (blue), Brush (green), and Bar
Coater (red).

3.2. Evaluation of Planktonic Bacterial Adhesion on TPUs

The ability of planktonic bacteria to adhere on the TPU Film, Brush, and Bar Coater
was evaluated through an MTT viability assay (Figure 2A). Figure 2 shows the E. coli
viability (A,a) and distribution (B,a–c) on the three samples after 6 h of adhesion time,
whereas in panels (A,b) and (B,d–f) S. aureus data are reported.

Figure 2A shows that only 1% of Gram-negative E. coli (a) was viable after 6 h of
adhesion on TPU with respect to the TCP control, represented by bacteria which adhered
on the well surface. The non-adhesive properties of TPU against E. coli are independent
from the type of deposition method. Panel (b) shows, on the contrary, the opposite behavior
of Gram-positive S. aureus on TPUs: S. aureus was viable on Film (~50%), Brush (~70%),
and Bar Coater (~25%). A comparative summary table (Table 1) is reported as follow. The
data are supported by SEM images (Figure 2B).
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Figure 2. Bacterial adhesion on TPUs. E. coli (A, a; B, a–c) and S. aureus (A, b; B, d–f) were incubated
for 6 h at 37 ◦C on Film, Brush, and Bar Coater. After removal of supernatant, the viability of adherent
bacteria has been determined through MTT (A). Cell viability (%) was represented with respect to the
TCP control, consisting of bacteria grown in medium and set as 100% (red line). Data are represented
as the mean values of the replicates (n = 3) ± the standard deviation (SD), represented by the error
bars. Statistical analysis (*, #) indicates the analysis vs. TCP: p < 0.0001 (****), p < 0.01 (**), p < 0.05 (*).
One-way analysis of variance (ANOVA), followed by Bonferroni’s test between samples (#) within
bacterium (p < 0.05), was performed. Data not significant (p > 0.05) for E. coli. SEM images (B) of
E. coli (a–c) and S. aureus (d–f) bacterial adhesion on Film (a,d), Brush (b,e) and Bar Coater (c,f) were
acquired at 6k× magnification (scale bar 8 µm), and insets at 15k× (scale bar 2 µm).

Table 1. Summary of the adhesion onto TPU surfaces.

TPU
Surface

Adhesion

Planktonic
Behavior

Predicted by
Haralick Analysis

Biofilm
PLTs hFg NIH-3T3

E. coli S. aureus E. coli S. aureus

Film ~1% ~50% 80% 50% <0.5% ~15% <2.5%

Brush ~1% ~70% 70% 70% <0.5% ~15% <2.5%

Bar
Coater ~1% ~25% 60% 20% <0.5% ~20% <2.5%

3.3. TEXTURE Analysis of the SEM Images for the Prediction of the Bacteria Number in
Planktonic Cultures

The Haralick’s texture analysis was performed on the TPU Film, Brush, and Bar Coater.
SEM images, at 40k× magnification, were used to extract the Haralick correlation feature



J. Funct. Biomater. 2024, 15, 24 8 of 15

and to analyze the link between this feature and the bacterial adhesion (Figure 3). Moreover,
we have correlated the Ra roughness to the bacterial adhesion (Figure 4).

In order to link the Haralick correlation feature of the material surface to the number
of bacteria in planktonic culture onto that surface, we have performed a Pearson analysis:
the Pearson R coefficient is the most common method to study a linear relationship; it is a
number between −1 and 1 that measures the strength and the direction of the relationship
between two variables, in our work, the Haralick correlation feature and the number of
bacteria in planktonic culture.

In Figure 3, we can see that the Haralick correlation is a trend predictor for the number
of bacteria (in fact, |R| > 0.9 for both bacteria). In particular, for E. coli, the number of
bacteria increases with an increasing Haralick’s correlation; on the other hand, for S. aureus,
the number of bacteria decreases with an increasing Haralick’s correlation. In addition,
major differences were found for the brush-modified surface, whereas minor differences
were found for the bar coater-modifiedsurface.
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Figure 4 reports the rugosity Ra, which is a trend predictor for the number of bacteria
(in fact, |R| > 0.85 for both bacteria). In particular, for E. coli, the number of bacteria
decreases with an increasing rugosity Ra; on the other hand, for S. aureus, the number of
bacteria increases with an increasing rugosity Ra. In addition, major differences were found
for the Brush surface, whereas minor differences were observed for the Bar Coater surface.
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3.4. Effect of TPU Surfaces on Bacterial Biofilms

After the adhesion of planktonic bacteria, we have evaluated the ability of that bacteria
to form biofilms on the surfaces. Figure 5 shows that the bacterial biofilms grew on all
samples, although the bar coater-modified surface is able to reduce the E. coli biofilm
viability by circa 40% (A,a) and the S. aureus biofilm viability by circa 80% (A,b, Table 1).
The film surface can reduce the E. coli biofilm by circa 20% and the staphylococcal one by
circa 50%. The brush-modified surface, instead, showed the same percentage of reduction
(circa 30%) for both bacterial biofilms (A, Table 1). Panel B shows the SEM images of the
bacterial biofilms.

As reported in numerous papers in the literature [13,42,43], the surface roughness
is often correlated with high levels of biofilm formation as it increases the surface area
available for bacterial attachment. This helps to explain why, particularly on the TPU Brush
samples (which had the highest roughness compared to the Film and Bar Coater samples),
the biofilm viability of S. aureus was higher.
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Figure 5. Bacterial biofilm on TPUs. E. coli (A, a; B, a–c) and S. aureus (A, b; B, d–f) were incubated in
biofilm conditions on TPU Film, Brush, and Bar Coater for 24 h at 37 ◦C. After removal of supernatant,
viability of biofilms was determined through MTT (A). Biofilm viabilities (%) were reported with
respect to the TCP control, represented by biofilm grown in medium and set as 100% (red line). Data
are represented as the mean values of the replicates (n = 3) ± the standard deviation (SD), represented
by the error bars. Statistical analysis (*, #) indicates the analysis vs. TCP: p < 0.001 (***), p < 0.01 (**), p
< 0.05 (*). One-way analysis of variance (ANOVA), followed by Bonferroni’s test between samples
(#) within bacterium, was performed: p < 0.05 (#) and p < 0.01 (##). SEM images (B) of E. coli (a–c)
and S. aureus (d–f) biofilms on Film (a,d), Brush (b,e), and Bar Coater (c,f) were acquired at 6k×
magnification (scale bar 8 µm), and insets at 30k× (scale bar 2 µm).

3.5. Evaluation of TPU Surface Effect on Platelets, Fibrinogen, and Cells Adhesion

To further characterize the biological properties of the TPU surfaces, the adhesion of
platelets, fibrinogen [44,45], and eukaryotic cells was evaluated [46].

Figure 6 shows data regarding platelets seeded for 1 h at 37 ◦C on the TPU Film, Brush,
and Bar Coater compared to the TCP control, represented by platelets adhered on a well
(red line). The data demonstrate that there is no significant difference between samples
and all three surfaces did not allow platelets to adhere (A) (<0.5% adhesion vs. TCP). The
results were due to the hydrophobicity of TPU, already reported by Villani et al. [34], and
our findings are in accordance with the literature [44,45]. Quantitative data are supported
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by SEM images (B). No activation of platelets was observed on either the control or samples,
since no bulbous and pseudopodia were present on the adhered platelet’s surface [46–48].
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Figure 6. Platelets adhesion. Platelets (PLT) were incubated for 1 h at 37 ◦C + 5% CO2 on TPU samples:
Film, Brush, and Bar Coater. Viability has been determined through LDH assay on supernatant (A).
Data are represented as percentage of adherent platelets on TPUs with respect to the TCP control,
denoted by the platelets seeded in a well and set as 100% (red line). Data are shown as the mean values
of the replicates (n = 3) ± the standard deviation (SD), represented by the error bars. Statistically
significant differences of samples vs. TCP were reported: p < 0.0001 (****). One-way analysis of
variance (ANOVA), followed by Bonferroni’s test between samples, showed no significant difference
between samples. After removal of supernatant, the adherent platelets on TPU surfaces and on
control glass were fixed and the SEM images (B) were acquired at 3k× magnification (scale bar
20 µm), and insets at 10k× (scale bar 2 µm). Platelets are indicated by arrows on the TPU samples.
No pseudopodia, characteristics of activated PLTs, were observed on either the control or the samples.

Furthermore, the capacity of fibrinogen to adhere on modified TPU surfaces was
evaluated, since the importance for platelets adhesion. The results, shown in Figure 7 and
Table 1, confirmed that a low percentage, with respect to the TCP control, could bind to
the surface [44]. There is no significant difference between film and brush, whose surfaces
displayed circa 15% of fibrinogen adhesion. The Bar Coater surface, on the contrary,
demonstrated an ability to bind circa 20% of the protein compared to TCP control.
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Figure 7. Fibrinogen quantification. Human fibrinogen (hFg) was incubated, overnight at 4
◦C, on TPU Film, Brush, and Bar Coater. The adherent protein on TPU was detected through
an anti-fibrinogen HRP-conjugated antibody and quantified via ELISA assay. Data are represented as
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percentage of adherent hFg on TPU materials with respect to the TCP control (red line). Data are
shown as the mean values of the replicates (n = 3) ± the standard deviation (SD), represented by the
error bars. Statistically significant differences of samples vs. TCP were reported: p < 0.0001 (****),
p < 0.01 (**). One-way analysis of variance (ANOVA), followed by Bonferroni’s test between samples
(#), was performed: p < 0.05.

Finally, the biocompatibility and the adhesive properties of TPU vs. NIH-3T3 fibrob-
lasts were assessed [49,50] and are shown in Figure 8 and summarized in Table 1. Panel
A reports data obtained from the indirect cytotoxicity assay, where the content of TPU,
released overnight in the cell medium, was tested on cells. As shown in the figure, only the
undiluted solutions, recovered from Film and Bar Coater, reduced the fibroblast viability of
circa 20% with respect to the TCP control (red line), represented by cells grown in a well.
On the other hand, the more diluted solutions were not toxic for the cells, as illustrated
in the figure. No significant differences between samples were observed. Finally, panel
B reports the percentage and the SEM images of NIH-3T3 cells’ adhesion onto the three
surfaces. Fibroblasts’ adhesion on all surfaces was <2.5% with respect to TCP control.
Significant differences were observed with respect to the TCP. The very low fibroblast
adhesion was due to the hydrophobic nature of the TPU [35], which led to a reduction in
protein adsorption (Figure 7) and, consequently, to low cell adhesion [51].
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Figure 8. Cell viability (A) and adhesion (B). NIH-3T3 cell medium was incubated with TPU samples
overnight at 37 ◦C + 5% CO2. The released content of polymer from the samples was 2-fold diluted
and incubated with NIH-3T3 cells for 24 h. The viability was evaluated through MTT colorimetric test
(A). Data are shown as percentage of cell viability with respect to TCP control (red line) represented
by cells grown in a well. Statistical analysis reported no significant differences (p > 0.05) with respect
to TCP control and between samples. Cells were seeded on TPU samples for 24 h at 37 ◦C + 5% CO2

(B). The viability of adherent cells was evaluated through MTT. Data are shown as percentage of
cell adhesion with respect to TCP control (red line). Data are represented as the mean values of the
replicates (n = 3) ± the standard deviation (SD), denoted by the error bars. Statistics indicates the
analysis vs. TCP: p < 0.0001 (****). ANOVA analysis was performed, and no significant differences
(p > 0.05) were observed. SEM images of the cell adhesion on TPU surfaces were acquired at 3k×
(scale bar 20 µm).

4. Discussion

The development of biomaterials with specific characteristics is crucial for their appli-
cation in medicine and in tissue engineering. Surface topography as well as wettability [13]
play an important role in prokaryotic and eukaryotic cells’ adhesion.

In this work, we studied whether the different deposition methods of a TPU solution,
distributed by brush and bar coater applicators on TPU substrates (TPU film) [35], would
have altered the TPU-modified surfaces’ topography and would have affected their anti-
adhesive and biological properties.

In this study, the texture analysis of three surfaces has been performed by AFM,
which provided information regarding the TPU-modified surfaces’ roughness, compared
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to the un-modified one (TPU Film). The roughness parameters [13,52], which measure the
different height between areas of a surface [53], are important for evaluating prokaryotic
and eukaryotic cells-biomaterial interaction.

The obtained AFM topography data confirmed that no characteristic traits were
present on the surfaces. They were smooth, but the bar coater-modified surface was flatter
than the others, probably due to the type of TPU deposition [35]. What further bolstered our
findings was the fact that the bar coater sample displayed a notably narrower dispersion of
results when compared to Brush and Film. As reported by the literature [2,54] the different
type of deposition methods can vary the roughness of the surface and, consequently, the
interaction with cells. The anti-adhesive effect of the modified surfaces was evaluated
against planktonic cultures of Gram-negative E. coli and Gram-positive S. aureus. Briefly,
the viability of planktonic adherent bacteria was assessed after 6 h vs. the TCP control,
represented by bacteria grown in a well. The obtained data demonstrated the anti-adhesive
effect of Film, Brush and Bar Coater surfaces against E. coli. Staphylococcal cells, instead,
displayed major adhesion on the brush-modified surface and minor adhesion on the Bar
Coater’s. As known in the literature, the surface characteristics such as roughness, wettabil-
ity (hydrophilicity and hydrophobicity), play a fundamental role for cell adhesion [13,52].
A better adhesion of prokaryotic and eukaryotic cells, indeed, is observable both on rough
surfaces, since they present more areas to let cells anchor [55], and on hydrophilic sur-
faces [13]. For this reason, we explain why the higher staphylococcal adhesion is observable
on the brush-modified surface [2]. However, the opposite bacterial behavior, displayed by
planktonic E. coli and S. aureus bacteria, could be explained by their different characteristics
mainly in the cell wall and motility [56–58] since they belong to Gram-negative and Gram-
positive strain, respectively. Interestingly, we performed Pearson’s R coefficient analysis,
which showed that both Ra roughness and Haralick correlation feature [59–61], were trend
predictors for the adhesion of planktonic bacterial cells.

We evaluated the ability of adherent bacteria to form biofilms, which are complex
microbial communities protected by a self-produced polysaccharide matrix [2,62,63]. The
obtained data showed that the brush-modified surface favored, as supported by the litera-
ture [2], the formation of both biofilms, whereas the bar coater’s smooth surface reduced
them. The surfaces, since they did not contain antibacterial agents, were not able to inhibit
the formation of both biofilms, as reported in the literature [64].

Furthermore, we evaluated the platelets’ adhesion and the fibrinogen adsorption on
brush- and bar coater-modified surfaces, and their biocompatibility for a potential use as
coatings in cardiovascular devices. Our findings showed that both surfaces, compared
to the TPU Film, did not release any toxic compound for cells [28]. Moreover, from
platelets’ adhesion and fibrinogen adsorption analyses [27–29], important for a preliminary
evaluation of the hemocompatibility [65], and from the assessment of fibroblasts’ adhesion,
we confirmed the anti-adhesive effect of TPU and of its brush- and bar coater-modified
surfaces. These results are supported by the hydrophobic nature of the TPU [34], which
causes proteins to be adsorbed onto the surface in a denatured state [13], not allowing
platelets [27–29] and fibroblasts to adhere [66].

5. Conclusions

In this study, a brush and bar coater, both interesting for the deposition of polymer
solutions on TPU films, were able to modify the surface topography of the TPU material
by changing the surface roughness. However, these changes did not significantly alter the
anti-adhesive properties of the TPU-modified surfaces, as well as their ability to hinder hu-
man fibrinogen adsorption, human platelets’, and fibroblasts’ adhesion. However, further
analyses, both in vitro and in vivo, will be required to confirm all this experimental evi-
dence. Finally, using Pearson’s analysis to correlate the bacterial adhesion with roughness
data and with Haralick’s correlation feature, we confirmed how important it is to have a
good characterization of the surface as a predictor of the cell–material interaction.
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P.; Víchová, Z.; et al. Chitosan/dialdehyde cellulose hydrogels with covalently anchored polypyrrole: Novel conductive,
antibacterial, antioxidant, immunomodulatory, and anti-inflammatory materials. Carbohydr. Polym. 2024, 327, 121640. [CrossRef]

12. Restivo, E.; Pugliese, D.; Gallichi-Nottiani, D.; Sammartino, J.C.; Bloise, N.; Peluso, E.; Percivalle, E.; Janner, D.; Milanese, D.;
Visai, L. Effect of Low Copper Doping on the Optical, Cytocompatible, Antibacterial, and SARS-CoV-2 Trapping Properties of
Calcium Phosphate Glasses. ACS Omega 2023, 8, 42264–42274. [CrossRef]

13. Cai, S.; Wu, C.; Yang, W.; Liang, W.; Yu, H.; Liu, L. Recent advance in surface modification for regulating cell adhesion and
behaviors. Nanotechnol. Rev. 2020, 9, 971–989. [CrossRef]

14. Tudureanu, R.; Handrea-Dragan, I.M.; Boca, S.; Botiz, I. Insight and Recent Advances into the Role of Topography on the Cell
Differentiation and Proliferation on Biopolymeric Surfaces. Int. J. Mol. Sci. 2022, 23, 7731. [CrossRef]

15. Clarke, D.E.; Mccullen, S.D.; Chow, A.; Stevens, M.M. 5.02 Functional Biomaterials. In Comprehensive Biotechnology, 2nd ed.;
Pergamon: Oxford, UK, 2011; pp. 3–10.

https://doi.org/10.1002/jbm.a.37369
https://doi.org/10.1021/bm500168s
https://www.ncbi.nlm.nih.gov/pubmed/24833130
https://doi.org/10.1016/j.actbio.2018.07.002
https://www.ncbi.nlm.nih.gov/pubmed/30078425
https://doi.org/10.1155/2016/1851242
https://www.ncbi.nlm.nih.gov/pubmed/27872845
https://doi.org/10.1016/j.cmi.2020.02.027
https://doi.org/10.1016/j.jiph.2021.10.020
https://www.ncbi.nlm.nih.gov/pubmed/34756812
https://amr-review.org/sites/default/files/160518_Final%20paper_with%20cover.pdf
https://doi.org/10.1039/D2TB01555B
https://doi.org/10.1177/1934578X20972525
https://doi.org/10.1177/00220345231216660
https://doi.org/10.1016/j.carbpol.2023.121640
https://doi.org/10.1021/acsomega.3c04293
https://doi.org/10.1515/ntrev-2020-0076
https://doi.org/10.3390/ijms23147731


J. Funct. Biomater. 2024, 15, 24 14 of 15

16. Kulangara, K.; Leong, K.W. Substrate topography shapes cell function. Soft Matter 2009, 5, 4072–4076. [CrossRef]
17. Yu, H.; Xu, Y.; Zhang, M.; Zhang, L.; Wu, W.; Huang, K. Magnetically-separable cobalt catalyst embedded in metal nitrate-

promoted hierarchically porous N-doped carbon nanospheres for hydrodeoxygenation of lignin-derived species. Fuel 2023, 331,
125917. [CrossRef]

18. Yu, H.; Xu, Y.; Havener, K.; Zhang, L.; Wu, W.; Liao, X.; Huang, K. Efficient catalysis using honeycomb-like N-doped porous
carbon supported Pt nanoparticles for the hydrogenation of cinnamaldehyde in water. Mol. Catal. 2022, 525, 112343. [CrossRef]

19. Vishnoi, M.; Kumar, P.; Murtaza, Q. Surface texturing techniques to enhance tribological performance: A review. Surf. Interfaces
2021, 27, 101463. [CrossRef]

20. Haralick, R.; Shanmugam, K.; Dinstein, I. Textural Features for Image Classification. IEEE Trans. Syst. Man. Cybern. 1973, 3,
610–621. [CrossRef]

21. Brynolfsson, P.; Nilsson, D.; Torheim, T.; Asklund, T.; Karlsson, C.T.; Trygg, J.; Nyholm, T.; Garpebring, A. Haralick texture
features from apparent diffusion coefficient (ADC) MRI images depend on imaging and pre-processing parameters. Sci. Rep.
2017, 7, 4041. [CrossRef]

22. Vrbik, I.; Van Nest, S.J.; Meksiarun, P.; Loeppky, J.; Brolo, A.; Lum, J.J.; Jirasek, A. Haralick texture feature analysis for quantifying
radiation response heterogeneity in murine models observed using Raman spectroscopic mapping. PLoS ONE 2019, 14, e0212225.
[CrossRef]

23. Das, A.; Mahanwar, P. A brief discussion on advances in polyurethane applications. Adv. Ind. Eng. Polym. Res. 2020, 3, 93–101.
[CrossRef]

24. Maestri, C.; Plancher, L.; Duthoit, A.; Hébert, R.L.; Di Martino, P. Fungal Biodegradation of Polyurethanes. J. Fungi 2023, 9, 760.
[CrossRef]

25. Borcan, F.; Vlase, T.; Vlase, G.; Popescu, R.; Soica, C.M. The Influence of an Isocyanate Structure on a Polyurethane Delivery
System for 2′-Deoxycytidine-5′-monophosphate. J. Funct. Biomater. 2023, 14, 526. [CrossRef]

26. Wang, J.; Dai, D.; Xie, H.; Li, D.; Xiong, G.; Zhang, C. Biological Effects, Applications and Design Strategies of Medical
Polyurethanes Modified by Nanomaterials. Int. J. Nanomed. 2022, 17, 6791–6819. [CrossRef]

27. Cortella, L.R.X.; Cestari, I.A.; Guenther, D.; Lasagni, A.F.; Cestari, I.N. Endothelial cell responses to castor oil-based polyurethane
substrates functionalized by direct laser ablation. Biomed. Mater. 2017, 12, 065010. [CrossRef] [PubMed]

28. Navas-Gómez, K.; Valero, M.F. Why polyurethanes have been used in the manufacture and design of cardiovascular devices: A
systematic review. Materials 2020, 13, 3250. [CrossRef] [PubMed]

29. Fernandes, K.R.; Zhang, Y.; Magri, A.M.P.; Renno, A.C.M.; Van Den Beucken, J.J.J.P. Biomaterial Property Effects on Platelets and
Macrophages: An in Vitro Study. ACS Biomater. Sci. Eng. 2017, 3, 3318–3327. [CrossRef]

30. Pavithra, D.; Doble, M. Biofilm formation, bacterial adhesion and host response on polymeric implants—Issues and prevention.
Biomed. Mater. 2008, 3, 034003. [CrossRef] [PubMed]

31. Ekonomou, S.; Soe, S.; Stratakos, A.C. An explorative study on the antimicrobial effects and mechanical properties of 3D printed
PLA and TPU surfaces loaded with Ag and Cu against nosocomial and foodborne pathogens. J. Mech. Behav. Biomed. Mater. 2023,
137, 105536. [CrossRef]

32. Feng, Q.; Fan, B.; He, Y.-C.; Ma, C. Antibacterial, antioxidant and fruit packaging ability of biochar-based silver nanoparticles-
polyvinyl alcohol-chitosan composite film. Int. J. Biol. Macromol. 2023, 256, 128297. [CrossRef]

33. Fu, Y.; Dudley, E.G. Antimicrobial-coated films as food packaging: A review. Compr. Rev. Food Sci. Food Saf. 2021, 20, 3404–3437.
[CrossRef]

34. Villani, M.; Consonni, R.; Canetti, M.; Bertoglio, F.; Iervese, S.; Bruni, G.; Visai, L.; Iannace, S.; Bertini, F. Polyurethane-based composites:
Effects of antibacterial fillers on the physical-mechanical behavior of thermoplastic polyurethanes. Polymers 2020, 12, 362. [CrossRef]
[PubMed]

35. Villani, M.; Bertoglio, F.; Restivo, E.; Bruni, G.; Iervese, S.; Arciola, C.R.; Carulli, F.; Iannace, S.; Bertini, F.; Visai, L. Polyurethane-
based coatings with promising antibacterial properties. Materials 2020, 13, 4296. [CrossRef] [PubMed]

36. Sader, J.E.; Chon, J.W.M.; Mulvaney, P. Calibration of rectangular atomic force microscope cantilevers. Rev. Sci. Instrum. 1999, 70,
3967–3969. [CrossRef]

37. Trespidi, G.; Scoffone, V.C.; Barbieri, G.; Marchesini, F.; Abualsha’ar, A.; Coenye, T.; Ungaro, F.; Makarov, V.; Migliavacca, R.; De Rossi, E.;
et al. Antistaphylococcal activity of the FtsZ inhibitor C109. Pathogens 2021, 10, 886. [CrossRef]

38. Pallavicini, P.; Arciola, C.R.; Bertoglio, F.; Curtosi, S.; Dacarro, G.; D’Agostino, A.; Ferrari, F.; Merli, D.; Milanese, C.; Rossi, S.;
et al. Silver nanoparticles synthesized and coated with pectin: An ideal compromise for anti-bacterial and anti-biofilm action
combined with wound-healing properties. J. Colloid Interface Sci. 2017, 498, 271–281. [CrossRef] [PubMed]

39. Bloise, N.; Fassina, L.; Focarete, M.L.; Lotti, N.; Visai, L. Haralick’s texture analysis to predict cellular proliferation on randomly
oriented electrospun nanomaterials. Nanoscale Adv. 2022, 4, 1330–1335. [CrossRef]

40. Guerra-Flórez, D.Y.; Valencia-Osorio, L.M.; Zapata-González, A.F.; Álvarez-Láinez, M.L.; Cadavid-Torres, E.; Meneses-Ramírez,
E.A.; Torres-Osorio, V.; Botero-Valencia, J.S.; Pareja-López, A. In vitro toxicity of fine and coarse particulate matter on the skin,
ocular and lung microphysiological cell-culture systems. Toxicology 2023, 500, 153685. [CrossRef] [PubMed]

41. Gatto, M.L.; Furlani, M.; Giuliani, A.; Cabibbo, M.; Bloise, N.; Fassina, L.; Petruczuk, M.; Visai, L.; Mengucci, P. Combined
Effects of HA Concentration and Unit Cell Geometry on the Biomechanical Behavior of PCL/HA Scaffold for Tissue Engineering
Applications Produced by LPBF. Materials 2023, 16, 4950. [CrossRef] [PubMed]

https://doi.org/10.1039/b910132m
https://doi.org/10.1016/j.fuel.2022.125917
https://doi.org/10.1016/j.mcat.2022.112343
https://doi.org/10.1016/j.surfin.2021.101463
https://doi.org/10.1109/TSMC.1973.4309314
https://doi.org/10.1038/s41598-017-04151-4
https://doi.org/10.1371/journal.pone.0212225
https://doi.org/10.1016/j.aiepr.2020.07.002
https://doi.org/10.3390/jof9070760
https://doi.org/10.3390/jfb14100526
https://doi.org/10.2147/IJN.S393207
https://doi.org/10.1088/1748-605X/aa8353
https://www.ncbi.nlm.nih.gov/pubmed/28762961
https://doi.org/10.3390/ma13153250
https://www.ncbi.nlm.nih.gov/pubmed/32707852
https://doi.org/10.1021/acsbiomaterials.7b00679
https://doi.org/10.1088/1748-6041/3/3/034003
https://www.ncbi.nlm.nih.gov/pubmed/18689922
https://doi.org/10.1016/j.jmbbm.2022.105536
https://doi.org/10.1016/j.ijbiomac.2023.128297
https://doi.org/10.1111/1541-4337.12769
https://doi.org/10.3390/polym12020362
https://www.ncbi.nlm.nih.gov/pubmed/32041343
https://doi.org/10.3390/ma13194296
https://www.ncbi.nlm.nih.gov/pubmed/32993029
https://doi.org/10.1063/1.1150021
https://doi.org/10.3390/pathogens10070886
https://doi.org/10.1016/j.jcis.2017.03.062
https://www.ncbi.nlm.nih.gov/pubmed/28342310
https://doi.org/10.1039/D1NA00890K
https://doi.org/10.1016/j.tox.2023.153685
https://www.ncbi.nlm.nih.gov/pubmed/38029955
https://doi.org/10.3390/ma16144950
https://www.ncbi.nlm.nih.gov/pubmed/37512225


J. Funct. Biomater. 2024, 15, 24 15 of 15

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

43. Sharma, S.; Jaimes-Lizcano, Y.A.; McLay, R.B.; Cirino, P.C.; Conrad, J.C. Subnanometric Roughness Affects the Deposition and
Mobile Adhesion of Escherichia coli on Silanized Glass Surfaces. Langmuir 2016, 32, 5422–5433. [CrossRef]

44. Wu, X.; Jia, H.; Fu, W.; Li, M.; Pan, Y. Enhanced Tensile Properties, Biostability, and Biocompatibility of Siloxane–Cross-Linked
Polyurethane Containing Ordered Hard Segments for Durable Implant Application. Molecules 2023, 28, 2464. [CrossRef] [PubMed]

45. Lee, J.H.; Ju, Y.M.; Kim, D.M. Platelet adhesion onto segmented polyurethane film surfaces modified by addition and crosslinking
of PEO-containing block copolymers. Biomaterials 2000, 21, 683–691. [CrossRef]

46. Shin, E.K.; Park, H.; Noh, J.Y.; Lim, K.M.; Chung, J.H. Platelet shape changes and cytoskeleton dynamics as novel therapeutic
targets for anti-thrombotic drugs. Biomol. Ther. 2017, 25, 223–230. [CrossRef]

47. Cho, J.; Kim, H.; Song, J.; Cheong, J.W.; Shin, J.W.; Yang, W.I.; Kim, H.O. Platelet storage induces accelerated desialylation of
platelets and increases hepatic thrombopoietin production. J. Transl. Med. 2018, 16, 1–9. [CrossRef] [PubMed]

48. Apte, G.; Börke, J.; Rothe, H.; Liefeith, K.; Nguyen, T.H. Modulation of Platelet-Surface Activation: Current State and Future
Perspectives. ACS Appl. Bio. Mater. 2020, 3, 5574–5589. [CrossRef] [PubMed]

49. Al Nakib, R.; Toncheva, A.; Fontaine, V.; Vanheuverzwijn, J.; Raquez, J.M.; Meyer, F. Design of Thermoplastic Polyurethanes with
Conferred Antibacterial, Mechanical, and Cytotoxic Properties for Catheter Application. ACS Appl. Bio. Mater. 2022, 5, 5532–5544.
[CrossRef]

50. Ensoylu, M.; Deliormanli, A.M.; Atmaca, H. Preparation, Characterization, and Drug Delivery of Hexagonal Boron Nitride-Borate
Bioactive Glass Biomimetic Scaffolds for Bone Tissue Engineering. Biomimetics 2023, 8, 10. [CrossRef]

51. Gautrot, J.E.; Trappmann, B.; Oceguera-Yanez, F.; Connelly, J.; He, X.; Watt, F.M.; Huck, W.T.S. Exploiting the superior protein
resistance of polymer brushes to control single cell adhesion and polarisation at the micron scale. Biomaterials 2010, 31, 5030–5041.
[CrossRef]

52. Robotti, F.; Bottan, S.; Fraschetti, F.; Mallone, A.; Pellegrini, G.; Lindenblatt, N.; Starck, C.; Falk, V.; Poulikakos, D.; Ferrari, A. A
micron-scale surface topography design reducing cell adhesion to implanted materials. Sci. Rep. 2018, 8, 10887. [CrossRef]

53. Gorji Kandi, S.; Panahi, B.; Zoghi, N. Impact of surface texture from fine to coarse on perceptual and instrumental gloss. Prog.
Org. Coat. 2022, 171, 107028. [CrossRef]

54. Rastogi, V.K.; Samyn, P. Bio-based coatings for paper applications. Coatings 2015, 5, 887–930. [CrossRef]
55. Crawford, R.J.; Webb, H.K.; Truong, V.K.; Hasan, J.; Ivanova, E.P. Surface topographical factors influencing bacterial attachment.

Adv. Colloid Interface Sci. 2012, 179–182, 142–149. [CrossRef] [PubMed]
56. Wu, S.; Zhang, B.; Liu, Y.; Suo, X.; Li, H. Influence of surface topography on bacterial adhesion: A review (Review). Biointerphases

2018, 13, 60801. [CrossRef] [PubMed]
57. Silhavy, T.J.; Kahne, D.; Walker, S. The bacterial cell envelope. Cold Spring Harb. Perspect. Biol. 2010, 2, a000414. [CrossRef]
58. Zheng, S.; Bawazir, M.; Dhall, A.; Kim, H.E.; He, L.; Heo, J.; Hwang, G. Implication of Surface Properties, Bacterial Motility, and

Hydrodynamic Conditions on Bacterial Surface Sensing and Their Initial Adhesion. Front. Bioeng. Biotechnol. 2021, 9, 643722.
[CrossRef]

59. Xu, L.; Dara, Y.; Magar, S.; Badughaish, A.; Xiao, F. Morphological and rheological investigation of emulsified asphalt/polymer
composite based on gray-level co-occurrence matrix. Int. J. Transp. Sci. Technol. 2023, 1–18. [CrossRef]

60. Liang, Y.; Kou, W.; Lai, H.; Wang, J.; Wang, Q.; Xu, W.; Wang, H.; Lu, N. Improved estimation of aboveground biomass in rubber
plantations by fusing spectral and textural information from UAV-based RGB imagery. Ecol. Indic. 2022, 142, 109286. [CrossRef]

61. Mansour, I.R.; Thomson, R.M. Haralick texture feature analysis for characterization of specific energy and absorbed dose
distributions across cellular to patient length scales. Phys. Med. Biol. 2023, 68, 075006. [CrossRef]

62. Pathak, R.; Bierman, S.F.; D’arnaud, P. Inhibition of bacterial attachment and biofilm formation by a novel intravenous catheter
material using an in vitro percutaneous catheter insertion model. Med. Devices Evid. Res. 2018, 11, 427–432. [CrossRef]

63. Schelin, J.; Wallin-Carlquist, N.; Cohn, M.T.; Lindqvist, R.; Barker, G.C.; Rådström, P. The formation of Staphylococcus aureus
enterotoxin in food environments and advances in risk assessment. Virulence 2011, 2, 580–592. [CrossRef] [PubMed]

64. Uneputty, A.; Dávila-Lezama, A.; Garibo, D.; Oknianska, A.; Bogdanchikova, N.; Hernández-Sánchez, J.F.; Susarrey-Arce, A.
Strategies applied to modify structured and smooth surfaces: A step closer to reduce bacterial adhesion and biofilm formation.
Colloids Interface Sci. Commun. 2022, 46, 100560. [CrossRef]

65. Weber, M.; Steinle, H.; Golombek, S.; Hann, L.; Schlensak, C.; Wendel, H.P.; Avci-Adali, M. Blood-Contacting Biomaterials: In
Vitro Evaluation of the Hemocompatibility. Front. Bioeng. Biotechnol. 2018, 6, 99. [CrossRef] [PubMed]

66. Khorasani, M.T.; MoemenBellah, S.; Mirzadeh, H.; Sadatnia, B. Effect of surface charge and hydrophobicity of polyurethanes and
silicone rubbers on L929 cells response. Colloids Surf. B Biointerfaces 2006, 51, 112–119. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1039/c3ra40497h
https://doi.org/10.1021/acs.langmuir.6b00883
https://doi.org/10.3390/molecules28062464
https://www.ncbi.nlm.nih.gov/pubmed/36985436
https://doi.org/10.1016/S0142-9612(99)00197-0
https://doi.org/10.4062/biomolther.2016.138
https://doi.org/10.1186/s12967-018-1576-6
https://www.ncbi.nlm.nih.gov/pubmed/30021591
https://doi.org/10.1021/acsabm.0c00822
https://www.ncbi.nlm.nih.gov/pubmed/35021790
https://doi.org/10.1021/acsabm.2c00531
https://doi.org/10.3390/biomimetics8010010
https://doi.org/10.1016/j.biomaterials.2010.02.066
https://doi.org/10.1038/s41598-018-29167-2
https://doi.org/10.1016/j.porgcoat.2022.107028
https://doi.org/10.3390/coatings5040887
https://doi.org/10.1016/j.cis.2012.06.015
https://www.ncbi.nlm.nih.gov/pubmed/22841530
https://doi.org/10.1116/1.5054057
https://www.ncbi.nlm.nih.gov/pubmed/30482024
https://doi.org/10.1101/cshperspect.a000414
https://doi.org/10.3389/fbioe.2021.643722
https://doi.org/10.1016/j.ijtst.2023.05.004
https://doi.org/10.1016/j.ecolind.2022.109286
https://doi.org/10.1088/1361-6560/acb885
https://doi.org/10.2147/MDER.S183409
https://doi.org/10.4161/viru.2.6.18122
https://www.ncbi.nlm.nih.gov/pubmed/22030860
https://doi.org/10.1016/j.colcom.2021.100560
https://doi.org/10.3389/fbioe.2018.00099
https://www.ncbi.nlm.nih.gov/pubmed/30062094
https://doi.org/10.1016/j.colsurfb.2006.06.002

	Introduction 
	Materials and Methods 
	Material Preparation and Characterization 
	Scanning Electron Microscopy (SEM) 
	Atomic Force Microscopy (AFM) 
	Bacterial Cell Adhesion and Biofilm Formation 
	Bacterial Strains and Culture Conditions 
	MTT Assay 
	Biofilm Formation 

	Texture Analysis of SEM Images 
	Platelets’ Adhesion 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Fibroblasts’ Viability 
	Indirect Experiment 
	Direct Experiment 

	SEM of Cells and Platelets 
	Statistical Analysis 

	Results 
	Evaluation of Morphological and Topographical Properties of TPUs 
	Evaluation of Planktonic Bacterial Adhesion on TPUs 
	TEXTURE Analysis of the SEM Images for the Prediction of the Bacteria Number in Planktonic Cultures 
	Effect of TPU Surfaces on Bacterial Biofilms 
	Evaluation of TPU Surface Effect on Platelets, Fibrinogen, and Cells Adhesion 

	Discussion 
	Conclusions 
	References

