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Abstract

Introduction: Catheter-associated urinary tract infections (CAUTIs) caused by multidrug-
resistant (MDR) uropathogens pose a management challenge due to bacterial biofilm
formation and crystalline encrustation, especially those associated with Proteus mirabilis,
which result in persistent infections and catheter obstructions. Current catheter surface
coatings against CAUTIs target either the initial stages or later phases of such pathologies
separately. Aim: We report the design and characterization of a novel polyfunctional
coating comprised of polydopamine (PDA), genipin-crosslinked chitosan (GCS), and ZnO
nanoparticles capable of blocking bacterial attachment, biofilm formation, and mineral
encrustation. Methods: PDA-coated silicon surfaces were functionalized with genipin-
crosslinked GCS/ZnO nanocomposites and studied by means of TEM, XRD, FTIR, SEM,
AFM, water contact angle measurements, and zinc ion release tests. Antibacterial, an-
tibiofilm, anti-encrustation, and hemocompatibility activities were then assessed. Results:
ZnO nanoparticles were spherical, with an average particle size of 34.6 + 8.2 nm and a
highly crystalline hexagonal wurtzite structure. Coatings containing ZnO nanoparticles
retained hydrophilic surface properties and released Zn?* ions steadily. The G5 coating
(containing 0.2% ZnO) demonstrated an ability to decrease bacterial adherence by >4 log1g
CFU, lower biofilm biomass by 80-90% (p < 0.001), prevent mineral deposition by 67-70%
caused by Proteus mirabilis, and keep catheter patency for 14 days. Hemolysis was within
the ISO 10993-4 acceptance criteria. Conclusions: A rationally designed combination of
PDA, genipin-crosslinked GCS, and ZnO nanoparticles provided a multifunctional coating
with potent antibacterial, antibiofilm, anti-encrustation, and initial hemocompatibility activ-
ity, serving as a proof-of-concept platform for further cytotoxicity assessment, mechanical
durability studies, and preclinical evaluations prior to clinical implementation.

Keywords: biofilm inhibition; catheter-associated urinary tract infection (CAUTI); chitosan-ZnO
nanocomposite coating; multidrug-resistant (MDR) uropathogens; Proteus mirabilis encrustation

1. Introduction

Catheter-associated UTIs are among the most common healthcare-acquired infections
globally, causing significant morbidity, hospital stays, and healthcare costs, especially for

Micro 2026, 6, 71

https:/ /doi.org/10.3390 / micro6030071


https://crossmark.crossref.org/dialog?doi=10.3390/micro6030071&domain=pdf&date_stamp=2026-09-01
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/micro
https://www.mdpi.com
https://orcid.org/0009-0005-1189-6361
https://orcid.org/0000-0003-0658-9090
https://orcid.org/0000-0001-6385-8125
https://doi.org/10.3390/micro6030071

Micro 2026, 6, 71

20f27

extended catheterization [1-3]. The risk of developing bacteriuria is directly correlated
with catheter use time, with a daily incidence of 3-10% that leads to infections in most
chronically catheterized individuals [4]. Biofilm formation on the catheter surface provides
bacteria with protection from antibiotics and immune responses, increasing the risk of
reinfection [5]. Uropathogenic organisms, especially P. mirabilis, are difficult to treat because
their urease activity produces ammonia, thereby alkalizing the urine and promoting the
crystallization of apatite and struvite, which can lead to premature catheter obstruction
and failure [6,7].

Although many antimicrobial coatings for catheters have been synthesized, most
focus on bacterial adherence and do not address interrelated processes such as MDR
biofilm formation, urine alkalinization, crystallization, and catheter obstruction [8,9]. The
use of chitosan in coating materials is justified by its antimicrobial, antibiofilm, and bio-
compatible properties; nonetheless, its poor water stability limits its use. Crosslinking
of chitosan with genipin ensures increased stability and durability while maintaining
biocompatibility [10,11]. ZnO-NPs enhance the antimicrobial potential of chitosan through
the controlled release of zinc ions and the production of ROS [12,13].

Because blood exposure can occur during catheterization, another criterion coatings
must meet is hemocompatibility. Thus, the developed coatings must meet the existing
hemocompatibility requirements. However, it must be understood that hemocompatibility
alone does not confer full biocompatibility, and in the future, will have to be combined
with mammalian cell toxicity tests [14,15]. To facilitate better binding between the coating
and the silicone material, a widely used substance is polydopamine (PDA).

Recently, several multifunctional catheter coatings with antimicrobial properties have
been developed, including infection-responsive coatings [15], mussel-inspired dopamine-
based surface systems [16], mussel-inspired nanocomposite catheter coatings [17], silver-
based hydrogel coatings [18], and ZnO-based composite catheters [19]. Still, these ap-
proaches mostly consider the individual functions—antimicrobial action, antibiofilm effi-
ciency, drug delivery system, lubricity, infection-responsive release—but a simultaneous
comprehensive analysis of all mentioned functions as well as catheter encrustation, Zn?*
ions release kinetics, reactive oxygen species production, and hemocompatibility against
MDR clinical uropathogens in one multifunctional system is lacking. Also, while the appli-
cations of PDA, chitosan, and ZnO for biomedical surfaces have been reported individually,
the rational development of stable, multifunctional coatings that simultaneously control
different stages of the CAUTI infection process still requires further research. Nevertheless,
the aforementioned studies provide the scientific basis for the multifunctional approach
used in the present study.

Hence, the current study demonstrates a hierarchically designed multifunctional coat-
ing wherein polydopamine (PDA) acts as an adhesive primer to the silicone surface, genipin
provides structural stability to the chitosan-based coating material in the aqueous medium
of the urine, and ZnO nanoparticles contribute with concentration-dependent antibacterial
activity through zinc ion release and the generation of reactive oxygen species. The perfor-
mance of the coating was systematically assessed against multidrug-resistant pathogens
isolated from patients with UTIs, namely ureC-positive P. mirabilis, in human urine.

The novelty of this research lies not in the individual use of PDA, chitosan, genipin,
or ZnQO; all of these materials have already been used in biomedical surface engineering.
The novelty lies in the logical combination of these materials into a single multifunctional
coating and a comprehensive assessment of its effects across the consecutive phases of
CAUTI pathogenesis, including bacterial attachment, the formation of MDR biofilms,
urinary alkalinization via urease enzymes, crystalline mineral deposition, and catheter
occlusion. A comparative analysis of recent urinary catheter coatings is given in Table 1.
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Table 1. Concise comparison of representative recent urinary-catheter coatings and the present
multifunctional coating.

Study Coating System Main Evaluation Encrl?:;::tion MDI?OlCaltlenslcal Key Distinction
Antimicrobial
Ivanova et al.,, 2021 pSBMA /Polymyxin Antibacterial, No No peptide-based coating; no
[8] B nanoparticles antibiofilm Zn?* release or
encrustation model.
polySBMA-TA Antibacterial, hsrggtgrﬁfﬂtv;%
Miao et al., 2023 [9] pH-responsive pH-responsive Yes No y nai ocomposite
hydrogel release ovalua tli)on
Slate et al., 2023 Infecthn— Biofilm, blockage ]f:)rug-release system
[15] responsive warning Yes No ocused on blockage
theranostic coatin detection and delay.
g Yy
Puertas-Segura Gelatm/Ag—Au Antibacterial, In VI.VO an.tlrmcrobl?l
nanoparticle S No No coating without Zn
etal., 2024 [17] coatin antibiofilm ) ROS lvsi
g release or analysis.
Yang et al., 2024 PDA-assisted Ag Antibacterial, No No om }Slgzlir?yﬁfgii tion
[18] hydrogel antiadhesive arli) d biocor%lpa tibility.
Bulk ZnO-CNT catheter
Kim et al., 2025 ianI;?frl:tz d Antimicrobial, No No without encrustation or
19 antibiofilm emocompatibilit
[19] P biofil h patibility
catheter studies
. . Multifunctional platform
PDA /genipin- arﬁ‘ngf?fr’fnzai’z . integrating MDR
Present study crosslinked release R,OS Yes Yes evaluation, Zn2* release,
chitosan/ZnO T, ROS, and dynamic
hemocompatibility

anti-encrustation.

Despite recent advances, most antimicrobial coatings for urinary catheters still fo-
cus only on particular aspects of CAUTI development, such as bacteriostatic or biofilm-
inhibiting properties, but fail to adequately solve the problem of complex interrelated
processes starting with MDR bacterial colonization and moving further to the alkalinization
of urine, crystal-forming biofilm, catheter encrustation, and obstruction [8,9]. In addi-
tion, although ZnO nanoparticles and PDA-coated chitosan surfaces are known to have
impressive antimicrobial and stabilizing properties individually, combining them into a
single multifunctional coating that inhibits multiple stages of CAUTI pathogenesis remains
underexplored [12,18].

In translational research, commercially available antimicrobial urinary catheters, es-
pecially silver alloy or nitrofurazone-coated catheters, primarily prevent the early stages
of bacterial colonization but are less effective against mature biofilms, multidrug-resistant
uropathogens, urease-induced encrustation, and catheter occlusion. In contrast, the current
research introduces an innovative approach to address these interconnected pathophysio-
logical phenomena by synergistically integrating surface immobilization, controlled release
of Zn?* ions, antibiofilm effects, and crystallization prevention. While a direct compari-
son between our catheters and commercially available catheters was outside the scope of
this research, currently available data indicate that the proposed multifunctional concept
provides a strong basis for future comparative investigations.

Strategies for antimicrobial urinary catheter coatings that have been developed in
recent years are shown in Table 1. The scope of the new multifunctional platform was
compared to that of previous studies in this respect. Unlike studies that focused on antibac-
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terial activity, antibiofilm properties, drug-delivery responsiveness, lubricity, or infection-
responsive catheter protection in general, this study combines three aspects: PDA-based
adhesion, chitosan stabilization via genipin, and ZnO-based antimicrobial activity. The coat-
ing was evaluated for its effectiveness against multidrug-resistant clinical uropathogens,
Zn?* ion release, reactive oxygen species production, hemocompatibility, and performance
in a 14-day dynamic model of Proteus mirabilis encrustation and catheter obstruction.

2. Materials and Methods
2.1. Materials and Substrate Preparation

Medical-grade silicone substrates (1 x 1 cm) and sections of Foley catheters (2 cm)
were used. Dopamine hydrochloride (>98%), Tris (hydroxymethyl) aminomethane (Tris,
molecular biology grade), genipin (>98%), glacial acetic acid (ACS reagent grade), Tween®
80, nitric acid (HNOs, analytical grade), and PBS tablets were purchased from Sigma-
Aldrich (Merck, St. Louis, MO, USA). Chitosan (medium molecular weight, degree of
deacetylation 85%) was purchased from Sigma-Aldrich (Merck, St. Louis, MO, USA). Zinc
oxide nanoparticles (ZnO, particle size 20-50 nm, >99%) were provided by Merck KGaA
(Darmstadt, Germany). HTCC (N-(2-hydroxypropyl)-3-trimethylammonium chitosan
chloride) was purchased from Sigma-Aldrich (Merck, St. Louis, MO, USA). Only deionized
water was used in all of the experiments.

Substrates were cleaned by sonication in 70% ethanol for 5 min, then rinsed in deion-
ized water and dried. Activation was carried out by oxygen plasma treatment using a
PDC-32G plasma cleaner (Harrick Plasma, Ithaca, NY, USA) at 100-150 W and 0.3 mbar O,
under vacuum for 5 min. Priming layers of PDA were applied by incubating cleaned sub-
strates in dopamine hydrochloride (2 mg/mL) in 10 mM Tris-HCl solution (pH 8.5) for 3 h
at RT and in the dark, allowing dopamine polymerization and forming a poly(dopamine)
(PDA) layer. Subsequently, treated substrates were rinsed and dried, yielding PDA-coated
silicone (G1) [20,21].

2.2. Fabrication of Chitosan—Genipin &= ZnO Coatings

The solution of chitosan with a deacetylation degree of 85% was made in acetic acid
of 1% (v/v) concentration in order to prepare the 0.75% (w/v) solution of chitosan at
approximately pH 5.5. A parallel solution was prepared by mixing a 1% (w/v) HTCC
solution with the chitosan solution at a 1:1 ratio. This resulted in a coating solution
containing 0.5% chitosan, 0.5% HTCC, and 0.5% acetic acid [22,23].

ZnO with sizes between 20 and 50 nm was added to the polymer matrix in two different
concentrations of 0.05% and 0.20% (w/v compared to the amount of polymer). Before
adding the ZnO nanoparticles to the polymer mixture, they were ultrasonicated in a 70:30
(water:ethanol) mixture containing 0.1% Tween-80 for 30 min. After that, the dispersion
mixture was combined with the CS—genipin composite, stirred, and ultrasonicated for
5 min to prevent nanoparticle clustering [24,25].

The characterization of ZnO nanoparticles (ZnO NPs) prior to their use in preparing
the coating solution included transmission electron microscopy (TEM), dynamic light
scattering (DLS), zeta potential analysis, and X-ray diffraction (XRD). The TEM analysis
was carried out using a JEOL JEM-2100 transmission electron microscope (JEOL Ltd.,
Tokyo, Japan) operated at an acceleration voltage of 200 kV. For TEM analysis, the ZnO
nanoparticles were diluted, drop-cast onto a carbon-coated copper grid, and dried. The
DLS and zeta potential values of ZnO nanoparticles were measured by a Zetasizer Nano
ZS (Malvern Panalytical, Malvern, UK) at 25 °C. The XRD analysis of ZnO nanoparticles
was conducted using an X'Pert PRO diffractometer (Malvern Panalytical, Almelo, The
Netherlands) operated at 40 kV and 30 mA using Cu K« radiation (A = 1.5406 A). The XRD
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patterns were taken within the 20 range of 20-80°, with a step size of 0.02° and a scanning
speed of 2° min~! [26,27].

The substrates were dipped in a chitosan—ZnO solution (10-15 min) at a withdrawal
speed of 5 mm min~! to ensure a uniform coating thickness. After 12 h of air drying, the
coatings were chemically crosslinked with genipin dissolved in fresh solutions (0.25%, w/v
in 10 mM phosphate-buffered saline at pH 7.4) for 18 h at room temperature in the absence
of light. After washing and drying, chitosan—genipin-based hydrolytically stable coatings
were obtained. Coatings without ZnO are termed G3, while ZnO-containing coatings are
termed G4 (with 0.05% ZnO) and G5 (with 0.2% ZnO) [28-30].

Before performing the biological test, all sample containers were sterilized by exposure
to EtO gas at 37 °C for 12 h. After sterilization, all sample containers were handled
aseptically throughout the experiment [31].

2.3. Bacterial Isolates and MDR Confirmation

The study involved five multidrug-resistant clinical uropathogens: E. coli, K. pneumo-
niae, P. aeruginosa, S. aureus, and P. mirabilis. The samples were collected from patients with
urinary tract infections and stored frozen at —80 °C. Ethically approved methods were
employed to process the samples. In selecting P. mirabilis, the decision was informed by the
bacterium’s high urease production and ureC-positive status [32].

The isolates were resuscitated in tryptic soy agar and then incubated overnight in
tryptic soy broth (TSB). Resistance to multiple drugs was assessed according to the CLSI
guidelines using the disk diffusion technique. To test resistance to multiple drugs, antibi-
otics from six classes were used. An isolate was said to be MDR when it showed resistance
to at least one drug belonging to three or more different classes. All isolates in the present
study were MDR, including ESBL-producing E. coli, K. pneumoniae, carbapenem-resistant P.
aeruginosa, MRSA, and multidrug-resistant P. mirabilis. The presence of the ureC gene in P.
mirabilis was confirmed by PCR using specific primers [33].

The presence of the ureC gene in Proteus mirabilis was confirmed by PCR using primers
reported in earlier studies. The DNA extraction process involved boiling in TE buffer, which
produced a 400-base-pair product. A urease-negative E. coli strain served as a negative
control, while a Proteus mirabilis reference strain acted as the positive control [32].

2.4. Biofilm Formation and Inhibition Assays in Urine

The static biofilm studies were conducted by collecting urine from 3 to 5 healthy
individuals using sterile techniques after obtaining informed consent. The urine samples
were combined to reduce differences in urine composition, filtered through a 0.45 pm
filter to remove particulate matter, and stored in the refrigerator until use. Within 24 h of
collection, the urine had a pH of approximately 6.2 [34].

The overnight cultures of bacteria were diluted in a composite urine medium to obtain
a final concentration of approximately 10° CFU/mL and inoculated into 24-well plates
with either coated or non-coated sterile silicon samples (n = 5 per group). After a 24-h
incubation period at 37 °C, the samples were washed with PBS followed by sonication with
1 mL PBS (at 40 kHz for 5 min) in order to detach the bacterial cells from the surface. Serial
dilutions and plating were carried out on tryptic soy agar plates, and the bacterial counts
were determined and recorded in logarithmic form, CFU/sample [35].

The biofilm biomass was determined using the crystal violet (CV) assay. Incubated
and washed samples were stained with 0.1% crystal violet solution for 15 min. After the
incubation period, excess dye was removed, and samples were destained with a 33% acetic
acid solution. The optical density (OD590) was recorded after the stain-destaining step and
corrected for sample surface area [36].
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The key criteria for effectiveness in this study were changes in the number of adherent
bacterial cells and biofilm biomass compared with the non-coated group. A good coating
was expected to lead to a 2-log;( reduction in adherent bacterial CFUs, along with a decrease
of >50% in biofilm biomass stained with crystal violet. Controls with sterile urine and
replicate testing were used to maintain validity across all studies conducted [37].

2.5. Dynamic Encrustation Model with P. mirabilis

Catheter encrustations were studied employing a dynamic model for Proteus mirabilis
urinary tract infections. Silicone catheter segments, 2 cm long with an internal diameter of
4 mm, were exposed to a constant urine flow rate of approximately 5 mL/h at 37 °C. To
provide a continuous challenge from P. mirabilis, fresh urine containing about 10° colony-
forming units per mL was used daily. Furthermore, in some cases, a semi-batch system
was also used, enabling daily urine changes [38,39].

The catheters from experimental groups G0, G3, and G5, each consisting of 5 samples,
were investigated for over 14 days, with assessments on day 7. Daily urine pH measure-
ments were performed to evaluate the effects of urease-induced alkalization and biofilm
formation associated with Proteus mirabilis infections. The patency of the catheters was
recorded during the experiment. On days 7 and 14, catheters were removed, and deposit
masses were measured by gravimetry. The dried samples were baked at 60 degrees Celsius
for 24 h, then washed, dried, and weighed again to determine the mineral mass. SEM/EDS
analysis of deposits was performed to assess the morphology and chemical composition
of crystals, focusing on magnesium, phosphorus, and calcium as markers of struvite and
hydroxyapatite. The locations of high pH in the biofilm were determined using the phe-
nolphthalein staining technique. The anti-encrustation efficiency was estimated as the ratio
of deposit masses across different experimental groups when the reduction was at least
60 percent [40-42].

2.6. Water Contact Angle (WCA)

Static water contact angle is the parameter used to quantify the interaction between
water and a solid surface at equilibrium. This parameter plays an important role in
understanding wetting phenomena and surface energies because it is the ratio of adhesion
forces at the liquid—solid interface to cohesion forces within the liquid. Small contact
angles indicate hydrophilicity, which allows water to spread, while high contact angles
indicate hydrophobicity, preventing water from spreading. This parameter is of paramount
importance in materials science, coatings, and surface treatments. The contact angle of
5 uL of distilled water was measured on surfaces GO-G5 before and after 7- and 14-day
immersion in sterile urine at 37 °C [43,44].

2.7. Fourier Transform Infrared Spectroscopy (FTIR)

In the current research, infrared spectroscopy was performed on PDA-coated silicone,
CS—genipin coatings (both with and without ZnO addition), and ZnO nanoparticles alone.
Scans were made within the wavenumber range of 4000400 cm ™! with a resolution of

4cm!

, using 32 scans per spectrum. This was conducted to reveal characteristic absorption
peaks of PDA, chitosan, and the crosslinking agent genipin, as well as interactions between

Zn and O atoms [45-47].

2.8. Scanning Electron Microscopy (SEM)

The surface morphological features were analyzed using a JSM-IT500 scanning electron
microscope (JEOL Ltd., Tokyo, Japan) equipped with energy-dispersive X-ray spectroscopy
(EDS) at an accelerating voltage of 5 kV, with gold /palladium-sputtered sample surfaces.
The tests were carried out to analyze the distribution, uniformity, thickness, morphology,
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post-biofilm formation, and crystallite deposition. Energy-dispersive X-ray spectroscopy
(EDS) mapping was employed to verify the distribution and retention of zinc during
immersion in urine [48-50].

2.9. Atomic Force Microscopy (AFM)

The surface roughness was determined using tapping-mode Atomic Force Microscopy
(AFM) with a Dimension Icon atomic force microscope (Bruker, Billerica, MA, USA),
scanning over a 5 um square area. Root mean square roughness (Rq) was determined to
analyze the impact of PDA coating, formation of chitosan-genipin coating, and addition of
Zn0O nanoparticles on the nano-topography of the samples [51].

2.10. ZnO Content and Zinc Release Kinetics

The total amount of zinc was calculated by dissolving a specific area of the coating
in a 2% HNOj solution, and Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES; Agilent 5110, Agilent Technologies, Santa Clara, CA, USA) was then used to
analyze the resulting solution. Using these calculations, the base zinc loading (11g/cm?) for
coatings containing ZnO (ZnO) could be determined [52,53].

Zinc ion elution studies involved exposing G4 and G5 coatings to sterile human urine
at 37 °C for a total volume of 5 mL. Samples were collected at 6 h, 24 h, 72 h, 7 days, and
14 days, then subjected to acidification with 2% nitric acid. This was followed by analysis
using inductively coupled plasma-optical emission spectroscopy (ICP-OES). The volume of
urine samples was replenished after each sample was taken to maintain sink conditions
throughout the test period [48,54,55].

2.11. Zn?* Release and Mechanistic Analyses

ROS production was assessed using the DCFH-DA fluorescence assay. The samples
obtained from groups G0, G3, G4, and G5 were mixed with PBS containing 10 uM DCFH-
DA at 37 °C for 2 h. Subsequently, fluorescence intensity was analyzed using a Synergy H1
microplate reader (Agilent Technologies, Santa Clara, CA, USA) at an excitation wavelength
of 485 nm and an emission wavelength of 530 nm. RFU values were calculated per square
centimeter of sample surface area [56,57].

The kinetic studies of the total release of Zn* ions were carried out using four popular
mathematical models: zero-order, first-order, Higuchi, and Korsmeyer-Peppas models in
order to investigate the release mechanism that dominates in the synthesized nanocompos-
ite coating. The applicability of the models mentioned was estimated using the coefficient
of determination (R?), root mean square error (RMSE), and Akaike information criterion
(AIC). Furthermore, the 95% confidence interval (95% CI) was calculated for the model pa-
rameters to assess their accuracy. The residual analysis involved plotting residuals against
sampling time to assess model fit and systematic differences between the experimental and
predicted data [58].

2.12. Hemocompatibility Evaluation

Blood from healthy volunteers was collected with their permission in accordance
with the institution’s ethics protocol. Hemocompatibility was evaluated in accordance
with ISO 10993-4 using hemolysis and morphology tests. Isolation of the erythrocytes
and preparation of the 2% suspension were performed. Samples belonging to G0-G5
were exposed to erythrocytes at 37 °C for 1 h. Phosphate-buffered saline and distilled
water were used as negative and positive controls. The rate of hemolysis was quantified
using a UV-1900i UV-Vis spectrophotometer (Shimadzu Corporation, Kyoto, Japan) at
540 nm [59,60].
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After coating the surfaces, the erythrocytes were fixed with 2.5% glutaraldehyde, then
dehydrated in ethanol at different concentrations. Scanning electron microscopy was used
to observe the structure of the erythrocytes and assess the condition of their membranes to
examine the impact of the materials being examined [61,62].

2.13. Statistical Analysis

All experimental assays used three to five independent biological replicates, as re-
quired, with values expressed as mean =+ standard deviation (SD). Normality of the data
was first established before any statistical test. Datasets that exhibited normal distribution
were subjected to one-way ANOVA and Tukey’s multiple comparisons test. When the
assumptions of the parametric tests were not met, the nonparametric Kruskal-Wallis test
was used. Statistical significance was set at a p value of less than 0.05. Statistical analysis
was carried out using GraphPad Prism, version 9 (GraphPad Software, San Diego, CA,
USA) [63].

3. Results
3.1. Physicochemical Characterization of ZnO Nanoparticles

ZnO nanoparticle characterization before the coating deposition was carried out by
means of TEM, DLS, zeta potential measurements, and X-ray diffraction (XRD). According
to TEM studies, the predominant shape of the nanoparticles was spherical, with the average
diameter of 34.6 £ 8.2 nm. The XRD pattern (Figure 1C) had typical diffraction peaks at
20 angles of 31.8°, 34.4°, 36.3°, 47.5°, 56.6°, 62.8°, and 67.9° for the (100), (002), (101), (102),
(110), (103), and (112) crystallographic planes, respectively, of hexagonal wurtzite ZnO
(JCPDS No. 36-1451). No additional peaks attributable to secondary phases were detected in
the diffraction pattern, confirming the phase purity of the nanoparticles. Average crystallite
size estimated by means of the Debye-Scherrer equation was 32.8 & 2.1 nm, which correlates
well with the particle diameter determined by TEM, i.e., 34.6 £ 8.2 nm. The slight difference
is expected, since XRD provides information on the coherent crystalline domain size,
whereas TEM characterizes the particle diameter. Therefore, good agreement between XRD
and TEM indicates that the synthesized ZnO nanoparticles are highly crystallized. The
main physicochemical parameters of the ZnO nanoparticles are presented in Table 2.

% ~
62.4nm %
20
15
:\; ~
- 3 g
g g < g
Z-avg: 62.4 nm, o
%10 ety 8 | g=vmse34 mvi %‘ ~
S [ | 7] ~
£ ° g g ~
= £ 10 = S =] ~
: £ = 2
4 jw
5
5
i
P R e e e S A A i 20.0 ....... 3(,)0 ....... 4 (,).o ....... 5(,)0 ....... 6(.)0 ....... 7(.)° ....... é0°
Particle Size (nm) Zeta Potential (mV)
20 (degrees)

Figure 1. (A) TEM micrograph of ZnO nanoparticles showing particle morphology and size distri-
bution. (B) Hydrodynamic size distribution and zeta potential of ZnO nanoparticles determined by
DLS analysis. (C) XRD pattern of ZnO nanoparticles.
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Table 2. Physicochemical properties of ZnO nanoparticles.
Parameter Value Characterization Method
Particle size (nm) 34.6 + 8.2 TEM
Crystallite size (nm) 328 £21 XRD (Debye-Scherrer equation)

Hydrodynamic diameter (nm) 624 +11.7 DLS

Zeta potential (mV) +28.6 =34 Zeta potential analysis
Particle morphology Predominantly spherical to slightly hexagonal TEM
Crystal structure Hexagonal wurtzite XRD
Major diffraction peaks (26, ©) 31.8,34.4,36.3,47.5,56.6, 62.8,67.9 XRD
Phase purity No detectable impurity phases XRD

Colloidal stability Moderate stability Zeta potential analysis

3.2. Reactive Oxygen Species Generation

The addition of ZnO significantly increased ROS production, as illustrated in Table 3
and Figure 2. Groups GO and G3 showed almost identical fluorescence, but the addition of
ZnO greatly increased ROS production. The amount of ROS was 258 + 18 RFU in G4 and
451 + 25 RFU in G5, corresponding to approximately 2.6- and 4.5-fold higher ROS levels
than those of the control group (p < 0.001). ZnO incorporation significantly increased ROS
generation, with G5 showing the highest fluorescence intensity across all groups (p < 0.001).

Table 3. Reactive oxygen species (ROS) generation by different coating formulations.

Group Relative ROS (RFU)
GO 100 = 8
G3 112 + 10
G4 258 + 18
G5 451 £ 25
*okok
_. 500+
)
L.
.
= 4004
'.g *kk
©
2 300- o
)
& A
3 ns Y
2004
(1
o | |
=
5 100
[0)
(1'd
0- T
GO G3 G4 G5
Uncoated CS-Genipin CS—-Genipin CS—-Genipin
Silicone +0.05% ZnO + 0.2% ZnO

Figure 2. Reactive oxygen species (ROS) generation by the coated silicone surfaces was measured
using the DCFH-DA assay. Values represent mean + SD (n = 3). *** p < 0.001; ns, not significant.
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The concentration-dependent ROS generation behavior of the coatings is illustrated in
Figure 2.

The increase in ROS generation with increasing ZnO content indicates that the oxida-
tion process is strongly correlated with the number of nanoparticles in the coating matrix.
Much higher fluorescence intensity was observed in G5 than in G4, and the data confirm
that a higher zinc oxide concentration increases the coating surface’s oxidation capacity. The
correlation between this effect and the antibacterial action of zinc oxide coatings confirms
that ROS is one of the main mechanisms involved in bacterial growth inhibition. Together
with the continuous release of ions, as confirmed in the current study, these data indicate
that the coating under study exerts antimicrobial action via oxidative and ionic mechanisms
rather than a single mechanism.

3.3. Coating Formation and Characterization

CS—genipin + ZnO coatings could be uniformly deposited onto the surface of the
silicone substrates. It was noted that a polydopamine (PDA) primer coating followed
by genipin crosslinking enabled the formation of stable, adherent films with no peeling
observed. The introduction of ZnO into the coating composition had no adverse effect,
except for an increase in surface roughness at a ZnO concentration of 0.2%.

Measurement of the water contact angle showed an effective improvement in surface
hydrophilicity (Figure 3). While for non-coated silicone, the contact angle value was
approximately 98°, for substrates with the PDA coating, it dropped to around 72°, and
for substrates with the CS—genipin coating, it dropped to about 45-50°. At the same time,
ZnO did not affect the initial surface wetting properties. After two weeks of incubation
in artificial urine, the contact angles remained below 60° under all studied conditions,
indicating the preservation of hydrophilic properties.

1104
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100- eig BN Day 14
2 80- 5
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f:_, Hydrophilic threshold (60°)
- 60t+1-- -~ - -----gm—------ ==
S 5 @ 4 ‘i‘
o)
O 40-
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©
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GO G1 G3 G4 G5
Pristine PDA-Coated CS-Genipin CS-Genipin CS-Genipin
Silicone Silicone +0.05% ZnO + 0.2% ZnO

Surface Treatment Groups

Figure 3. Water contact angle of uncoated and coated silicone surfaces at baseline and after 14 days
of immersion in human urine (37 °C). Values represent mean =+ SD (n = 3).

The observed absorption peaks were consistent with the expected chemical structures
of PDA, genipin-crosslinked chitosan, and ZnO nanoparticles, and the absence of additional
absorption peaks indicated no undesirable side reactions or impurities.

The ATR-FTIR spectra (Figure 4) provide evidence of the stepwise formation of a
multifunctional coating. A broad band at approximately 3300 cm ™! is related to overlapping
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O-H and N-H stretching vibrations due to hydroxyl and amino groups in PDA and chitosan.
The peak at 1720 cm ™! represents the presence of C=O stretching vibrations belonging
to ester and carbonyl groups due to the crosslinking reaction of genipin. The peak at
1637 cm ™! is assigned to the amide I band (stretching C=0) and the C=N stretch (Schiff
base), indicating successful covalent crosslinking between genipin and the amino groups
of chitosan. The peak at 1155 cm ™! represents the asymmetric stretching vibration of the
glycosidic C-O-C bridge within the chitosan chain. The peaks at 1076 cm ! and 1028 cm ™!
correspond to C-O stretching vibrations in the polysaccharide backbone, indicating that
chitosan’s molecular structure is preserved after crosslinking. Finally, the peak at 430 cm ™!
corresponds to Zn-O lattice-stretching vibrations in ZnO nanoparticles, confirming their
presence in the resulting coating.

3300
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Figure 4. ATR-FTIR spectra of the uncoated and coated silicone surfaces showing characteristic
functional groups of PDA, CS-genipin, and ZnO-containing coatings.

The study, carried out using a scanning electron microscope (SEM), revealed a ho-
mogeneous surface coating and a uniform distribution of nanoparticles (Figure 5A). The
quantitative analysis of the SEM images (1 = 186 particles) revealed an average nanoparticle
size of 35.2 £ 8.1 nm (median = 34.8 nm), which was similar to the particle size determined
by TEM: 34.6 £ 8.2 nm. The coating that did not have any ZnO showed some wrinkling
and porosity, while the ZnO-containing coating revealed uniformly distributed nanopar-
ticles with some small aggregates without any sign of phase segregation. Moreover, the
distribution of zinc was confirmed using EDS mapping.

From the AFM analysis (as shown in Figure 5B), a gradual increase in surface rough-
ness was observed after the addition of PDA, followed by the addition of the CS-genipin
coating and the further addition of ZnO. RMS roughness increased from about 4 nm for the
bare silicone surface to 40-60 nm for the ZnO-containing coatings. This is consistent with
nanoparticle loading and was confirmed by the scanning electron microscopy (SEM) results.

The coatings showed good adherence and resistance. It was found that there was no
peel-off of the coating in the tape adhesion test and that the genipin crosslinking successfully
prevented dissolution when the tape was exposed to urine for an extended period. The
CS—genipin coatings were better at maintaining their structure over the duration of the
experiment than the non-crosslinked chitosan coatings. Ethylene oxide sterilization also
had no negative effect on the coatings’ properties and appearance.
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Figure 5. (A) Representative SEM micrographs and EDS elemental mapping of the uncoated and
coated silicone surfaces. (a) Uncoated silicone substrate. (b) Genipin-crosslinked chitosan coating.
(c) CS—genipin coating containing ZnO nanoparticles. (d) Corresponding Zn elemental EDS mapping
showing the homogeneous distribution of ZnO nanoparticles. Quantitative SEM image analysis
(n =186 particles) yielded a mean particle size of 35.2 + 8.1 nm (median = 34.8 nm). (B) Surface
roughness (Rq) of the uncoated and coated silicone surfaces measured by AFM. Values represent
mean + SD. *** p < 0.001 indicates a statistically significant difference.
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While prolonged aging studies lasting months could not be performed in the current
study, several pieces of evidence support the initial stability of the obtained coating under
physiological conditions. No observable signs of coating delamination or deterioration,
such as surface cracks, were observed during the 14 days of continuous immersion in urine
or during the dynamic encrustation test. Hydrophilicity of the coating, maintenance of its
morphological properties, detection of zinc by EDS, and preservation of antimicrobial and
anti-encrustation activities suggest that the PDA-mediated crosslinked polymeric coating is
stable during prolonged immersion in an aqueous environment. However, further studies
to assess long-term stability will include accelerated aging, repeated sterilization cycles,
cyclic mechanical loading, and storage stability testing.

3.4. Antibacterial and Anti-Biofilm Efficacy

The antimicrobial and anti-biofilm activities of these coating formulations were as-
sessed for multidrug-resistant uropathogens grown in human urine samples for 24 h of
incubation at 37 °C. While the chitosan—genipin coatings demonstrated reduced bacte-
rial attachment and biofilm formation, the ZnO coatings exhibited the greatest inhibitory
activity (Figure 6).

It can be seen from Figure 6A that strong biofilms developed on plain silicone surfaces,
achieving 7.5 logyg CFU of E. coli and 7.0 log1g CFU of P. mirabilis bacteria. Isolation of
bacteria on PDA had little influence on bacterial adhesion. Conversely, the CS—genipin
coatings reduced bacterial adhesion by nearly 1.5 log;g CFU for both bacterial types,
resulting in an inhibition rate close to 97%.

The CS-genipin coating with 0.2% ZnO (G5) exhibited the strongest antibacterial activ-
ity. On the G5-coated surfaces, adherent bacterial counts decreased to 3.5 log;g CFU/sample
for E. coli and 3.0 log1g CFU/sample for P. mirabilis, representing reductions of more than
4 logyp CFU relative to the uncoated controls (p < 0.001). The coating with 0.05% ZnO
(G4) resulted in an intermediate level of reduction. Generally, the G5 coating showed the
best antibacterial effect, while the G4 coating showed the second-best reduction due to its
ZnO content.

Similar results were obtained for K. pneumoniae, P. aeruginosa, and S. aureus. Combina-
tions of chitosan and genipin coatings reduced biofilm growth by 1-2 log;y CFU. However,
for the ZnO coatings, the reduction rate exceeded 3 logyg CFU for all tested bacteria. This
enhanced antibacterial activity is likely associated with the sustained Zn?* release and
concentration-dependent ROS generation provided by the incorporated ZnO nanoparticles.

Crystal violet staining experiments supported the above observations. OD590 for
uncoated silicone ranged from 1.0 to 1.5. In contrast, the chitosan and genipin coatings
decreased the biofilm biomass by 50-70%, while the additional presence of ZnO resulted in
an 80-90% reduction and near-baseline OD590 readings.

Consistent results were shown by visual and scanning electron microscopy analyses.
The surface of the uncoated silicone was colonized by tightly packed bacterial colonies in
the ECM matrix, whereas ZnO coatings contained only isolated bacterial cells, suggesting
compromised membrane integrity.

Opverall, the new coatings surpassed existing performance standards, resulting in more
than 2 log;y CFU reductions and considerable inhibition of biofilm biomass. The presence
of ZnO (ZnO) significantly improved antimicrobial activity across the entire spectrum
against the MDR strain set.

ANOVA statistical tests confirmed significant variations between experimental groups
(p < 0.0001). Specifically, CS-genipin and CS—genipin + ZnO were found to be superior to
the control in reducing bacterial adhesion. On the other hand, the coating with 0.2% ZnO
proved more effective than that with 0.05%.

https:/ /doi.org/10.3390 / micro6030071


https://doi.org/10.3390/micro6030071

Micro 2026, 6, 71

14 of 27

b

E. coli (MDR) P. mirabilis (ureC+ MDR)
9' k% 9" %%
! *k k¥ I I k¥ k¥ !
E 8 I ] | 8- | ] 1
Q.
5 71 7-
Y
T 6 T 6
(&)
g’ 54 54
£ 4- 4-
S :
% 3-
=
o
2 2 :
2 E GO - Uncoated Silicone
11 Bl G3-CS-Genipin
B G5 - CS-Genipin + 0.2% ZnO
0-
GO G3 G5 GO G3 G5
Surface Treatment Groups
(A)
a b
E. coli (MDR) 8 P. mirabilis (ureC* MDR)
o | | o
o
e e
8 | J
o o
SEE SN
=
& !
o ]
= 5 5
E | .
=
o 4 4-
- o ; 3
g
i
i
T .
<
2 1 1 I 2 1 1 1
GO0 G3 G5 GO0 G3 G5

Surface Treatment Group
(B)

Figure 6. (A) Adherent biofilm counts (log;g CFU/sample) of (a) MDR Escherichia coli and (b) ureC-
positive MDR Proteus mirabilis recovered from coated and uncoated silicone surfaces after 24 h
incubation in human urine. Values represent mean + SD (n = 5). (B) Individual replicate values of
adherent bacterial counts recovered from the coated and uncoated silicone surfaces. Horizontal lines
indicate mean + SD (1 = 5). ** p < 0.01 indicates a statistically significant difference.
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3.5. Inhibition of Encrustation and Blockage in the P. mirabilis Urine Model

The effectiveness of the coating in reducing encrustations was assessed based on an
experiment conducted in a dynamic urine model using bacteria (Proteus mirabilis). The
results showed that uncoated catheters formed a crystalline biofilm within several hours,
accompanied by increased bacterial growth, alkalization of the solution, and eventual
blockage. Struvite and hydroxyapatite were found in considerable quantities, resulting in
complete obstruction of the catheters within 4-5 days.

On the other hand, the CS-genipin + ZnO (G5) coatings were highly effective at
preventing encrustation and keeping catheters open during the experiment. The pH of
the solution increased more slowly than in the control catheters and stabilized at 7.2-7.5
for two days, then reached 8.0 after 7 days (compared with more than 8.5 in the uncoated
system). It was shown that during a 14-day test period, no ZnO-coated catheters had full
obstruction, whereas control catheters were completely blocked by day 7 (p < 0.01).

Mineral accumulation on the uncoated catheters was approximately 60 mg, whereas
the G5-coated catheters exhibited a residual deposit mass of approximately 18-20 mg.
Accordingly, the G5 coating reduced mineral deposition by approximately 67-70% relative
to the uncoated control (p < 0.01) (Figure 7).
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Figure 7. Encrustation mass of catheter segments after 14 days in the Proteus mirabilis urine infection
model. Values represent mean + SD (1 = 5). ** p < 0.01.

A decline in encrustation mass of more than 60% was achieved in both groups and
was statistically significant (p < 0.001), with a larger effect seen in G5. Replicate results are
shown in Table 4 and illustrated graphically in Figure 8.

Table 4. Individual encrustation mass measurements after 14 days in the P. mirabilis model.

Replicate GO (mg) G5 (mg)
1 56 18
2 63 20
3 59 19
4 62 17
5 60 21
Mean + SD 60.0 £2.7 190+ 1.6
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Figure 8. Individual encrustation measurements of catheter segments after 14 days in the Proteus
mirabilis urine infection model. Horizontal bars indicate mean 4+ SD (n = 5).

The distribution of individual encrustation values is shown in Figure 8.

The SEM and EDS analyses supported these findings. Untreated catheters had con-
siderable amounts of biofilm in the form of crystals, with struvite and hydroxyapatite
significantly enriched in Mg, P, and Ca. In contrast, ZnO-coated surfaces exhibited small,
minimally sized crystals with large areas lacking biofilm, indicating inhibition of bacterial
adhesion and crystal formation.

CS—-genipin coatings without ZnO were effective at reducing encrustations and deposit
formation; however, their effectiveness was lower than that of coatings containing ZnO.
This highlights the importance of the continuous release of antibacterial Zn?* ions in
blocking crystal formation by inhibiting urease activity.

The integrity of the coatings was preserved during all experiments. The ZnO coatings
had a contact angle less than 55°, a surface zinc content, and no degradation upon extended
exposure to alkaline urine and bacterial strains.

In conclusion, the CS—genipin + ZnO coating is highly effective at preventing biofilm
crystallization, resulting in a 70% reduction in encrustation. Furthermore, it delays urine
alkalinization and prevents catheter obstruction for at least 2 weeks, providing significant
protection against complications associated with Proteus mirabilis infections.

3.6. Hemolysis and Hemocompatibility Results

All tested coatings had low hemolytic potential, with hemolysis levels ranging from
1.8 £ 0.4% (G3) to 3.4 £ 0.5% (G5), and none exceeding 5%, as defined by ISO 10993-4
(Figure 9). No statistically significant differences were observed between the zinc oxide
coatings and the other experimental groups (p > 0.05). Using scanning electron microscopy
(SEM), intact erythrocyte membranes were observed in all samples of coated materials,
while the positive control exhibited ruptured membranes. Overall, the results show that
the created coatings are hemocompatible under the present experimental conditions. The
hemolysis values and ISO classifications for all experimental groups are listed in Table 5.
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Figure 9. Hemolysis of coated and uncoated catheter surfaces following incubation with human
erythrocytes. The dashed line indicates the ISO 10993-4 hemocompatibility threshold.

Table 5. Hemocompatibility assessment of the coated and uncoated silicone surfaces.

Group Hemolysis (%) ISO Classification
GO 29405 Non-Hemolytic
G3 1.8+ 04 Non-Hemolytic
G4 21£03 Non-Hemolytic
G5 34405 Non-Hemolytic

3.7. Zinc Release Profile

Zinc release studies were performed to evaluate the sustained-release behavior of the
ZnO-containing coatings (Figure 10).

164
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Figure 10. Cumulative Zn?* release from the CS-genipin coatings containing 0.05% and 0.2% ZnO
nanoparticles during immersion in human urine at 37 °C over 14 days. Values represent the mean of
three independent samples.
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The introduction of ZnO into both of the materials caused a gradual release of Zn?*
ions during 14 days. Particularly, the level of G5 increased from 2.1 ug/mL at 6 h to
14.0 pg/mL on day 14, whereas G4 increased from 0.8 pg/mL to 7.1 ng/mL (Figure 10).
It was observed that there were no signs of a burst-release effect in either material. It has
been shown that the genipin crosslinked scaffold has the potential to control the diffusion
rate of Zn?* ions.

Statistical evaluation of four kinetic models was carried out using the coefficient of
determination (R?), root mean square error (RMSE), Akaike information criterion (AIC),
and 95% confidence intervals (95% CI) for the fitted parameters (Table 6). Furthermore, a
residual analysis was conducted to assess the adequacy of the model fit (Figure 11).

Table 6. Statistical comparison of 7Zn?* release kinetic models.

Model Parameter(s) R? RMSE AIC 95% CI
Zero-order ko = 4.68 pg-em~2-day ! 0.946 2.91 31.8 4.11-5.25
First-order k1 =0.182 day~! 0.962 2.21 27.6 0.161-0.203

Higuchi kH = 18.74 pg-cm—2-day 0.992 0.71 154 17.82-19.66
Korsmeyer-Peppas kKP =14.9,n =0.46 0.988 0.95 18.1 k: 14.1-15.7; n: 0.42-0.50
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Figure 11. Residual plot of the best-fitting Higuchi model showing the distribution of residuals across
the experimental sampling times.

Of the tested models, the Higuchi model showed the best overall fit, with the highest
coefficient of determination (R? = 0.992), the lowest RMSE (0.71), and the lowest AIC (15.4).
Furthermore, the narrow 95% confidence interval for the fitted model parameter indicates
high precision in its estimate. As can be seen from the residual plot, the residuals were
randomly distributed around zero, indicating adequate model fit and the absence of bias.

Taken together, the statistical data presented above show that the Higuchi model ade-
quately describes the release pattern of Zn?* from the developed coating of PDA /genipin-
crosslinked chitosan/ZnO. Diffusion control is likely to prevail in this case.

3.8. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC)
of ZnO Nanoparticles

The antibacterial effect of ZnO nanoparticles on MDR E. coli and ureC-positive MDR
P. mirabilis followed a dose-dependent relationship, as presented in Table 7. The MIC
and MBC values for MDR E. coli and ureC-positive MDR P. mirabilis were 4 and 8 pg/mL
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and 6 and 12 pg/mlL, respectively. Consistent with the sustained zinc-release behavior,
the G5 coating delivered incrementally higher zinc-ion levels that reached or exceeded
the MIC values toward the latter stages of the release phase. This continuous release of
ions, along with the dose-dependent production of ROS, explains the notable decrease in
bacterial adherence, biofilm formation, and catheter encrustation. Overall, the findings
show a complementary antimicrobial mechanism that includes chitosan-mediated contact
inhibition and a sustained Zn?* antimicrobial effect.

Table 7. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of
ZnO nanoparticles against representative MDR uropathogens.

Bacterial Isolate MIC (ug/mL) MBC (ug/mL)
MDR E. coli 4 8
MDR P. mirabilis (ureC+) 6 12

4. Discussion
4.1. Physicochemical Characteristics of ZnO Nanoparticles

Physicochemical characterization revealed that the embedded ZnO nanoparticles
possess properties favorable for biomedical surface modification. The results obtained
from TEM, DLS, zeta potential, and XRD analyses reveal the presence of nanometer-sized
particles with moderate colloidal stability and high crystallinity. It is important to note here
that the physicochemical properties of nanoparticles are found to affect the Zn?* ion release
rate, production of ROS, antimicrobial effects, and interaction of nanoparticles with the
surface. Therefore, the improved biological performance of the coatings is possibly due to
the well-defined physicochemical properties of the embedded ZnO nanoparticles [64—66].

4.2. Antibacterial and Anti-Biofilm Performance

The CS-genipin—ZnO coating exhibited significant antibacterial and antibiofilm prop-
erties against MDR uropathogens, demonstrating reductions of >3-4 log;g CFU in bacterial
adhesion and biofilm formation. These findings are consistent with previous studies that
have described the antibacterial properties of ZnO-based coatings against uropathogens
and on medical devices with biofilms. Significantly, the CS-genipin—ZnO coating main-
tained its antibacterial activity despite being stable in the presence of urine over an extended
period [67-69].

The increased antimicrobial efficacy observed in this study is consistent with the
concentration-dependent formation of reactive oxygen species (ROS) and the continuous
release of Zn?* ions, both of which were determined in this study. The results are consistent
with the established antimicrobial mechanisms of chitosan and zinc oxide (ZnO) nanoparti-
cles from previous research. It is believed that chitosan acts by blocking bacterial adhesion
through electrostatic interactions between chitosan and the negatively charged bacterial
envelope. Meanwhile, the mechanism of ZnO nanoparticles involves ROS formation and
the continuous release of Zn?* ions. However, since the mechanisms were not studied in
this experiment, they can only be considered plausible biological mechanisms [70-72].

The considerable decrease in bacterial load (>3 log;g CFU) for all MDR uropathogens
tested aligns with the suggested complementary actions of the coating against bacteria. The
positively charged chitosan matrix is most likely responsible for the decreased bacterial
adhesion. In contrast, the continuous release of Zn2* ions, along with the formation of reac-
tive oxygen species by ZnO nanoparticles, which increases with increasing concentration,
probably disrupts bacterial cell membrane metabolism.

There is synergy between the polymer matrix and nanoparticles, leading to greater
effectiveness of the ZnO-coated substrates than the chitosan—genipin coating. This is also
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consistent with reports from previous studies in which the presence of nanoparticles within
chitosan-based metal oxides increased their effectiveness in inhibiting biofilm formation
and their antibacterial activity [66,73,74].

4.3. Minimum Inhibitory and Bactericidal Activity of ZnO Nanoparticles

The MIC and MBC values provide further evidence of the coating’s antibacterial
potential. Zinc oxide nanoparticles exhibited fairly low MIC/MBC values against the
multiresistant strains of Escherichia coli (MIC/MBC 4/8 nug/mL) and ureC-positive, multire-
sistant Proteus mirabilis (MIC/MBC 6/12 pg/mL). The continuous release of Zn>* ions from
the G5 coating reached or exceeded these MIC/MBC levels, suggesting that the reduced
adhesion, biofilm formation, and encrustation of catheters by bacteria were attributable
to sustained Zn?* ion release along with the production of reactive oxygen species and
membrane damage. These observations are consistent with previous studies implicating the
antimicrobial properties of ZnO nanoparticles in Zn?* ion release and membrane damage.
The slightly higher MIC/MBC values for P. mirabilis compared with E. coli may be related
to species-specific features of cell envelopes [64,65].

The agreement between the Zn?* release profile and the measured MIC/MBC values
suggests that the coating maintained biologically relevant antimicrobial concentrations
throughout the experimental period, thereby supporting its sustained antibacterial activity.

4.4. Hemocompatibility Assessment

All coating compositions complied with the hemocompatibility requirements set
by ISO 10993-4, as the hemolysis percentage did not exceed the critical value of 5%. In
addition, SEM observations showed that erythrocyte morphology was maintained after
contact with the coated materials, indicating negligible acute blood cell damage. The
findings are consistent with earlier studies on the blood compatibility of chitosan and ZnO
biomaterials [59,75,76].

4.5. Anti-Encrustation Effects

One of the key observations from this study was the significant anti-encrustation activ-
ity exhibited by the ZnO-based coating against P. mirabilis. It inhibited urine alkalinization,
prevented mineral deposition by about 70%, and maintained catheter patency for 14 days.
In contrast to other previously developed antimicrobial catheter coatings that focused on
preventing bacterial colonization, the current multifunctional coating not only restricted
the formation of crystalline biofilms, but also prevented catheter obstruction [77-79].

There are several complementary modes of action for the anti-entrapment properties
noted: the first being that 7Zn%* can interfere with the urease reaction, followed by the
suppression of mineral formation and the prevention of biofilm maturation. The significant
reduction in bacterial load, coupled with the presence of the hydrophilic chitosan substrate,
may have decreased crystal formation, leading to less mineral deposition on the catheter
surface [80,81].

In general, the study results demonstrate that the multicomponent film acts as an
anti-encrustation coating by preventing bacterial colonization, sustaining the release of
Zn2*, delaying urine alkalinization, and decreasing mineral deposition [82,83].

4.6. Controlled Zinc Release Behavior and Kinetic Interpretation

Zn?* sustained release becomes one of the key features of the proposed coating. Since
there is no burst-release stage and the agreement with the Higuchi kinetic equation is
quite good, zinc ion release from the genipin crosslinked polymer can be assumed to occur
mainly via diffusion. This would allow the antimicrobial effect to be maintained while
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minimizing excessive zinc release. Diffusion-controlled release has been reported for other
crosslinked chitosan-based antimicrobial systems [84-86].

4.7. Biocompatibility Considerations

However, the biocompatibility of the elements used in the coating has already been
well-studied and shows satisfactory results. In addition, in this study, Zn?" concentra-
tions remained within the range where cytotoxic effects were not expected. However, it
cannot be concluded that these elements provide complete biological safety. A thorough
biocompatibility test in accordance with ISO 10993-5, followed by preclinical testing, is still
necessary before the clinical application of this new coating [87-89].

4.8. Comparison to Other Coatings and Clinical Context

In contrast to traditional antibiotic-coated, silver-coated, hydrogel, and other mono-
functionalized urine catheters, the current system incorporates multiple functionalities,
including contact-active antibacterial properties, Zn?* delivery, anti-biofilm properties,
and protection against crystallization. The multi-functionality approach aims to address
various phases of the CAUTI mechanism rather than focusing solely on bacterial adhesion.
Therefore, the new catheter coating has the potential to prevent the development of biofilms
and encrustation by MDR bacteria, but further investigations comparing the novel catheter
system with commercially available catheters are required [90-93].

4.9. Innovation and Novelty

The key strength of the current investigation lies in the rational combination of PDA-
enabled surface adhesion, genipin-crosslinked chitosan, and zinc oxide nanoparticles into a
unified multifunctional coating system. While introducing a novel material does not seem
to be an issue here, what is really unique about the current research is the development of a
coating that incorporates several already existing biomaterials to perform several functions
at once: prevent bacterial adhesion and biofilm formation, demonstrate antimicrobial
properties, and avoid crystalline encrustation and catheter occlusion.

4.10. Limitations

There are various limitations of this study that need to be noted before interpreting
the results. Although the hemocompatibility of the coating was analyzed in accordance
with ISO 10993-4, the mammalian cell cytotoxicity test according to ISO 10993-5 was not
included in this proof-of-concept experiment. Therefore, the presented results are func-
tional performance and preliminary blood-compatibility test results, rather than a complete
biological safety assessment. Future experiments will need to include standardized cyto-
toxicity assays for the relevant urothelial and fibroblast cell lines and the following in vivo
preclinical evaluation.

Although the coating showed good adhesion, retained its structure after ethylene
oxide sterilization, and maintained stability during long-term urine immersion, durability
tests were not performed. For future experiments, it is necessary to conduct clinically
relevant mechanical tests including abrasion resistance, cyclic bending, friction during
insertion, repeated mechanical stress, accelerated aging, storage stability, and resistance to
repeated sterilizations.

The final limitation is that even though all the antibacterial, antibiofilm, ROS gen-
eration, Zn?* release, and anti-encrustation properties of the coating indicate a multi-
mechanism antimicrobial effect, the quantitative contribution of each mechanism to the
total effect was not measured. Future experiments will help deepen our understanding of
the coating’s mechanism of action.
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4.11. Potential Clinical Impact

Upon successful implementation in clinical settings, this multifunctional coating could
help reduce the risk of CAUTIs and catheter encrustation by simultaneously inhibiting
MDR biofilms and Proteus mirabilis encrustation. Given the ease with which such coatings
can be manufactured from readily available biomaterials, this technology may be scalable.
It can help prolong the functional lifespan of catheters and reduce catheter changeovers and
antibiotic use, leading to potential savings for patients and the healthcare system overall.
However, all of the above-mentioned advantages need to be validated in future clinical
studies [8,94-96].

The present work presents initial data on blood compatibility tested according to the
ISO 10993-4 hemocompatibility assay. Low hemolysis and the absence of any changes in
erythrocyte shape indicate negligible acute injury to blood cells during the experiment.
However, it must be kept in mind that hemocompatibility is only one aspect of biological
compatibility and cannot serve as an indicator of overall biocompatibility.

4.12. Future Directions

In future studies, the long-term stability, durability, and biological activity of the
coating need to be tested under clinical conditions. Future studies need to include animal
experiments, scalability and sterilization of the coating, and a comparison of the developed
coating with commercial antimicrobial catheters. Moreover, the use of this coating method
in other urinary devices, such as ureteral stents and nephrostomy tubes, could provide
additional applications for this technique. Finally, the use of additional antimicrobial or
anti-inflammatory agents could improve the coating’s effectiveness.

5. Conclusions

The current research outlines an intelligent design and provides a complete charac-
terization of a multifunctional coating for the surface modification of a urinary catheter,
including the development of a polydopamine (PDA)-based, genipin-crosslinked chi-
tosan/ZnO nanocomposite coating. This coating shows excellent physicochemical stability,
a constant release of zinc ions, the generation of reactive oxygen species (ROS) that depends
on their concentration, and initial hemocompatibility under the defined experimental con-
ditions. In terms of functionality, this coating efficiently prevents adhesion and biofilm
formation by multidrug-resistant (MDR) pathogens and Proteus mirabilis-associated crys-
tallization and maintains the catheter’s patency in a 14-day dynamic urine model. Thus,
these findings show that a combination of the PDA-based surface attachment, genipin-
crosslinked chitosan, and ZnO nanoparticles in a single multifunctional coating system
can exert simultaneous effects across several steps of CAUTI pathogenesis. Further stud-
ies are needed on cytotoxicity, durability, and preclinical testing before any clinical use;
however, the developed coating is a prospective platform for next-generation antimicrobial
urinary catheters.
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