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Durable Bio-Based Nanocomposite Coating on Urinary
Catheters Prevents Early-Stage CAUTI-Associated
Pathogenicity

Antonio Puertas-Segura, Kristina Ivanova, Leonardo Martín Pérez,
Bzazou El Ouazzani Zine El Abidine, Aleksandra Ivanova, Barış Gökalsın,
Gianluca Ciardelli, and Tzanko Tzanov*

Recurrent catheter-associated urinary tract infections (CAUTIs) in catheterized
patients, increase their morbidity and hospital stay at substantial costs for
healthcare systems. Hence, novel and efficient strategies for mitigating
CAUTIs are needed. In this work, a bio-based nanocomposite coating is
engineered with bactericidal, antibiofilm, and antioxidant properties on
commercial silicone catheters using a combined ultrasound/nanoparticles
(NPs) driven coating approach. This approach integrates citronellal-loaded
lauryl gallate NPs (CLG_NPs), as both antimicrobial and structural elements,
with chitosan (CS), in a substrate-independent sonochemical coating process.
The hybrid CS/CLG_NPs coating shows pH-dependent citronellal release,
strong antibacterial activity toward the common CAUTI pathogens Escherichia
coli and Staphylococcus aureus, alongside strong antioxidant activity, and
biocompatibility to fibroblast and keratinocytes. Moreover, the nano-enabled
coating significantly mitigated bacterial biofilm formation after a week in a
simulated human bladder environment, outperforming the
commercially-available silicone catheters. These results underscore the
potential of the novel biopolymer nanocomposites obtained by ultrasound
coating technology, offering a straightforward antimicrobial/antibiofilm
solution for indwelling medical devices.

1. Introduction

Catheter-associated urinary tract infections (CAUTIs) are preva-
lent (more than 75%) over other infections in hospitalized
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patients.[1] Indwelling catheters facilitate
the entrance of microbes into the blad-
der which leads to the development of
hard-to-treat urinary infections, as well
as catheter malfunctioning. For instance,
extraluminal colonization by the rich
periurethral flora occurs upon catheter
insertion, or later by microbes ascend-
ing along the catheter-urethra interface.
Therefore, even closed drainage systems
and aseptic care cannot prevent bacteri-
uria. Each successive day of catheter-
ization increases by ≈3–10% the risk
of acquiring persistent microbial infec-
tion. CAUTIs require intensive antibi-
otic therapies resulting in patient dis-
comfort, prolonged hospitalization, and
a substantial economic burden for the
healthcare system,[2,3] besides promoting
antimicrobial resistance (AMR). Biofilms
on the catheters provide an optimal en-
vironment for microbial gene transfer[4]

and further ease the AMR acquisition.
Therefore, the development and vali-
dation of efficient strategies for reduc-
ing CAUTIs are a continuing challenge

for device manufacturers. In this regard, replacing latex as a ma-
terial for the production of catheters with silicone derivatives
with reduced susceptibility to bacterial adhesion has proven to be
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ineffective.[5] Currently, the most promising strategies to prevent
biofilm formation on catheters, which have not yet been adopted
industrially, are based on nanostructured coatings.[6] Among
these, ultrasound-assisted coating technology has emerged as
one of the most straightforward tools for the functionalization
of catheters, upvoted by IUPAC as a top-ten emerging technol-
ogy in 2021.[7] This surface nano-enabling technology is rapid,
cost-effective, scalable, and environmentally sustainable. It is
water-based, operates at low temperatures, and provides durable,
ready-to-use surface nanostructured products.[8] We employed
the ultrasound-assisted process to develop different coatings
based on polymers, peptides, enzymes, metal, and hybrid metal-
biopolymer nanoparticles (NPs) to enhance the infection-free
lifespan of silicone catheters.[8–10] Unlike metal NPs, which may
pose human and environmental toxicity concerns, essential oils
(EOs) are natural, biodegradable, and generally non-toxic at ther-
apeutic doses. EOs demonstrated strong antibacterial and an-
tibiofilm efficacy against both Gram-positive and Gram-negative
bacteria, including those implicated in CAUTIs,[11–13] while effec-
tively circumventing the development of AMR.[14] However, the
inherent volatility and poor water solubility of EOs preclude their
use in direct clinical applications. To overcome these challenges,
nanoencapsulation laid out an effective solution for improved sta-
bility, bactericidal activity, and controlled release of EOs,[15–17] al-
though the use of nanoformulated EOs for catheter functional-
ization is scarcely reported.[18]

In this work, we engineered bio-based nanocomposite coat-
ings using citronellal-loaded lauryl gallate NPs (CLG_NPs) act-
ing as both multifunctional (antibacterial, antibiofilm, and an-
tioxidant) and structural components, embedded in a chitosan
matrix on silicone catheters upon application of high-intensity
ultrasound (US). The proven anti-inflammatory, antimicrobial,
and antioxidant properties of citronellal, the principal active
of citronella oil, account for its wide use in different medical
applications.[19] The choice of an ester derivative of gallic acid,
lauryl gallate (LG), for citronellal encapsulation is based on its
ability to stabilize hydrophobic molecules by hydrophobic in-
teractions, enable controlled actives release, and synergistically
boost antimicrobial and antioxidant efficiency at lower, non-toxic
concentrations.[20,21] Furthermore, lauryl gallate forms pheno-
lic shell vesicles that promote interfacial interaction and self-
assembly with amino and hydroxyl groups of chitosan, emulat-
ing the mechanism of mussel-inspired adhesion.[22] This interac-
tion will be further enhanced by the ultrasound treatment, which
will improve the mass transfer and ensure coating attachment to
the otherwise inert catheter surface. Therefore, we first produced
stable CLG_NPs by ultrasonic nanoemulsification approach and
used them together with chitosan to coat sonochemically poly-
dimethylsiloxane (PDMS) catheters without any material pre-
activation. The successful deposition of the hybrid CS/CLG_NPs
coating was confirmed by atomic force microscopy (AFM), con-
focal microscopy, and contact angle measurements. The antimi-
crobial and antibiofilm properties of the coated catheters were
tested against the prevalent biofilm-forming CAUTI-associated
pathogens Staphylococcus aureus and Escherichia coli in a lab
model of the human bladder for up to 7 days, matching the time-
frame for initial catheter colonization by pathogens and infec-
tion occurrence.[23] Additionally, the stability of the nanocom-
posite coating was assessed within the typical pH range for nor-

mal urine by monitoring the release of citronellal using high-
performance liquid chromatography (HPLC). Finally, the bio-
compatibility of CS/CLG_NPs-coated catheters was validated in
vitro using human fibroblasts and keratinocytes due to their es-
sential roles in the architecture of bladder mucosa and epithelial
layer, respectively.

2. Experimental Section

2.1. Materials

Polydimethylsiloxane (PDMS) flat sheets and urinary catheters
were supplied by Degania Silicone Ltd. (Israel). Lauryl gallate, cit-
ronellal, tween 80, low molecular weight chitosan, Baird-Parker
agar, Coliform ChromoSelect agar, Luria-Bertani (LB) broth,
agar powder, nutrient broth (NB), N-acetyl homoserine lactone
(AHL), phosphate-buffered saline (PBS), sodium dodecyl sul-
fate (SDS), Nile red, fluorescein isocyanate (FITC), crystal violet,
2,2-diphenyl-1-picrylhydrazyl (DPPH) and Dulbecco’s modified
Eagle’s medium (DMEM) were purchased from Sigma–Aldrich
(Spain). Ethanol was purchased from Scharlab (Spain). Alamar
Blue cell viability reagent and Live/Dead BacLight kit were ob-
tained from Invitrogen (Spain). Staphylococcus aureus (ATCC
25 923), Escherichia coli (ATCC 25 922), human fibroblast (ATCC-
CRL-4001, BJ-5ta) and keratinocyte (HaCat) cells were obtained
from the American Type Culture Collection (ATCC LGC Stan-
dards, Spain). Chromobacterium violaceum (CECT 5999) was pur-
chased from the Spanish Type Culture Collection (CECT, Spain).

2.2. Preparation and Characterization of Citronellal-Loaded
Lauryl Gallate Nanoparticles (CLG_NPs)

Briefly, 0.02% (w/v) LG and 5% (v/v) citronellal were dissolved in
ethanol. The solution was mixed with 1% (v/v) tween 80 in wa-
ter in a 1:1 ratio and sonicated at 35% amplitude and 20 °C for
6 min in a VCX750 Sonics Vibra-Cell ultrasonic processor (Son-
ics and Materials Inc., USA). The sample was filtered by centrifu-
gation (filter pore size 100 KDa) for 15 min at 1500 rpm, resus-
pended in Milli-Q water, and stored at 4 °C until use. The size
of the CLG_NPs was determined by environmental electron mi-
croscopy (ESEM) in a Phenom Pro desktop scanning electron mi-
croscope (SEM) (Thermo-Fischer, USA). The NPs surface charge
(𝜁 -potential) was measured with a Zetasizer Nano Z (Malvern In-
struments, Netherlands). The amount of citronellal encapsula-
tion in the CLG_NPs was determined by measuring the concen-
tration of LG and citronellal before and after the synthesis using
HPLC (Agilent/Series 1200), as previously described.[24] The an-
tioxidant activity of the CLG_NPs was assessed by the DPPH free
radical scavenging method.[17] Minimal inhibitory concentration
(MIC) of the CLG_NPs against S. aureus (ATCC 25 923) and E. coli
(ATTC 25 922) was determined following the Clinical and Labo-
ratory Standards Institute recommendations.[25]

2.3. Quorum Sensing (QS) Inhibition Assay

The efficacy of the CLG_NPs for inhibiting biofilm formation
was validated by assessing the NPs quorum sensing (QS) inhi-
bition performance using two different approaches. Briefly, the
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inhibition of QS in Gram-negative bacteria was studied using
C. violaceum like bacteria model, which produces violacein in
the presence of AHL, a signal compound involved in cell-to-cell
communication.[26] C. violaceum was incubated in LB broth at
27 °C and 180 rpm for 16 h. After incubation, the culture was
mixed with LB soft agar supplemented with kanamycin (25 μm),
and the suspension was adjusted to a final optical density at
600 nm (OD600) of 0.01. Then, 5 mL of the mixture was poured
into previously prepared LB agar plates to grow a bacterial lawn.
The QS inhibition assay was performed by mixing 10 μM of the
QS inducer AHL plus 100 μL of 5 mm PBS (pH 7.4) (control) or
100 μL of CLG_NPs diluted 1:1000 in 5 mM PBS (pH 7.4). Later,
10 μL of each reaction mixture was soaked on a sterile filter disk
(5.5 mm diameter) and gently placed on the surface of LB agar
plates pre-inoculated with C. violaceum and incubated for 16 h
at 27 °C. The anti-QS activity of the CLG_NPs was confirmed by
measuring the size of the violet halo around the disks and com-
pared to the control condition (i.e., disk containing AHL without
CLG_NPs addition). Finally, images of the plates were taken and
analyzed using the software ImageJ.

Alternatively, to assess QS inhibition in a Gram-positive bacte-
rial model, a genetically modified strain of methicillin-resistant
S. aureus (USA300 LAC) that expresses green fluorescent pro-
tein (GFP) under a QS-dependent promoter was used.[27] This
strain, USA300agr IR P2-GFP, contains a gfp transcriptional fusion
linked to the P2 promoter, which regulates the agr QS system.
Briefly, overnight cultures of S. aureus (USA300agr IR P2-GFP) were
grown in tryptic soy broth (TSB) at 37 °C with shaking and di-
luted to an OD600 = 0.01 in LB. Then, 50 μL of CLG _NPs, bulk
LG, citronellal, or LG_NPs were incubated with 50 μL of the bac-
terial culture for 12 h at 37 °C with shaking. After incubation, the
expression driven by the QS-dependent promoter was measured
fluorometrically at 𝜆ex485/ 𝜆em535 nm at room temperature us-
ing a microplate reader (Infinite M200, TECAN, Austria).

2.4. Polydimethylsiloxane Functionalization

Laminar pieces (1 × 1 cm) of PDMS, from which the urinary
catheters were produced, were washed sequentially with 0.1%
(w/v) SDS solution, deionized water, and 96% ethanol. Then, the
PDMS samples were incubated in a buffered solution (pH = 5)
consisting of CS 0.5% (w/v) and CLG_NPs in a 2:1 ratio. The
solution was sonicated for 30 min at 20 °C in a VCX750 Sonics
Vibra-Cell ultrasonic processor (Sonics and Materials Inc., USA)
set at 50% amplitude.

2.5. Coating Characterization

2.5.1. Microscopy Analysis

The surface topography of pristine PDMS samples and those
coated with CS, CLG_NPs, or CS/CLG_NPs was assessed by
AFM in a Multimode Nanoscope 8 system (Bruker, USA) un-
der ambient conditions. Coated and uncoated PDMS pieces (1
× 1 cm) were fixed to a poly(tetrafluoroethylene) (PTFE) sur-
face, and subsequently adhered onto a metallic AFM disc. The
Nanoscope Analysis v1.5 software was used for images process-

ing. Additionally, the coatings on the surface of the PDMS sam-
ples were visualized using confocal scanning laser microscopy
(CSLM, Zeiss LSM 800 system, Carl Zeiss, Germany) by labelling
the CLG_NPs with Nile red fluorophore[28] and CS with green
FITC fluorophore.[29]

2.5.2. Water Contact Angle (WCA)

The WCA of pristine and coated PDMS samples was quantified
using a DSA25 Drop Shape Analyzer (Krüss GmbH, Germany)
and the Krüss Advanced software (v1.13.0.21301). The sessile
drop method was used to measure the contact angle as previously
described.[30] The stability of the coating on the PDMS surface
was evaluated by comparing the difference in the contact angle
between freshly coated samples and those incubated for 7 days
(37 °C, 100 rpm) in deionized water after coating.[9]

2.5.3. Citronellal Release Kinetics

The release of citronellal from CLG_NPs and CS/CLG_NPs
coated PMDS was assessed by HPLC at different pHs. Briefly,
coated PDMS samples (1 × 1 cm) were immersed in 2.0 mL ster-
ile PBS adjusted to pH 6 – 8 (pH values within the normal hu-
man urine range) and incubated at 37 °C in a water bath with
shaking (100 rpm). Every 24 h the samples were removed and
immersed in fresh PBS solution. The release of citronellal was
assessed using an Agilent Technologies 1200 Series HPLC sys-
tem (Agilent Technologies, USA) equipped with a Microsorb-MV
C-18 reversed-phase column (150 × 4.6 mm2; particle size, 5 μm;
Agilent Technologies, USA). A gradient elution was used with
H2O: acetonitrile (1:5) as the mobile phase at a flow rate of 0.5 mL
min−1. A Citronellal signal was detected using a diode array de-
tector set at 285 nm. For building the calibration curve, standard
solutions of citronellal (0.02, 0.03, 0.06, 0.13, 0.25, 0.50, 1.00, and
2.00 mg L−1) were employed. The calibration process displayed
reproducible linear relationship (R2 > 0.995).

2.6. Radical Scavenging Activity of the Coating

The antioxidant activity of pristine and coated PDMS samples
(1 × 1 cm) was assessed by the DPPH free radical scavenging
method.[31] Samples were immersed in a solution containing
60 μM DPPH. After 1 h incubation in the dark, the absorbance
of the samples was measured at 517 nm. A solution of ascorbic
acid (1.0 mg mL−1) was used as the positive control for the assay.

2.7. Antimicrobial and Antibiofilm Properties

2.7.1. Antimicrobial Activity Against Planktonic Bacteria

The antimicrobial activity of pristine and coated PDMS sam-
ples was assessed following the ASTM-E2149-20 method. Single
colonies of E. coli (ATCC 25 922) and S. aureus (ATCC 25 923)
were cultured overnight in 5 mL sterile Mueller-Hinton broth at
37 °C and 230 rpm. The cultures were then diluted with ster-
ile PBS (pH = 7.4) to an OD600 = 0.28. Subsequently, the solu-
tion was further diluted to 1:1000 in sterile PBS (pH = 7.4), and
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the PDMS samples (1 × 1 cm) were incubated with 1.5 mL of
the diluted bacterial suspension. After 24-h incubation (37 °C,
230 rpm) the surviving bacteria were quantified by colony count-
ing on Coliform ChromoSelect or Baird-Parker agar for E. coli and
S. aureus growth, respectively.

2.7.2. Biofilm-Forming Assay

The efficacy of the developed coating for inhibiting biofilm for-
mation was evaluated using the crystal violet staining method.[32]

Briefly, pristine and CS-, CLG_NPs- and CS/CLG_NPs- coated
PDMS samples (1 × 1 cm) were incubated in a 24-well microplate
with 1.5 mL (OD600 = 0.01) of a bacterial suspension (E. coli or S.
aureus) prepared in TSB. The microplate was incubated for 24 h
at 37 °C under static conditions, allowing bacteria to colonize the
PDMS surface and form biofilm. Following incubation, the non-
adhered bacterial cells were removed by washing the samples
with sterile PBS (pH 7.4). Later, the bacterial biofilms attached
to the surface of the PDMS pieces were dried at 60 °C for 60 min,
and stained with 1 mL of 0.1% (w/v) crystal violet solution for an-
other 15 min. Subsequently, the PDMS pieces were placed with
1 mL of 30% acetic acid (v/v) to solubilize the crystal violet dye
on the samples. Finally, 200 μL of this solution was transferred to
a new 96-well plate and the absorbance was measured at 595 nm
in a TECAN Infinite M200 microplate reader (TECAN, Austria).
The assay was performed in triplicates (n = 3).

2.7.3. Bacterial Viability Quantification in Biofilms

Pristine, CS-, CLG_NPs- and CS/CLG_NPs- coated PDMS sam-
ples (1 × 1 cm) were incubated in a 24-well microplate for 24 h at
37 °C under static conditions with 1.0 mL of E. coli or S. aureus
suspension (OD600 = 0.01) prepared in TSB. After incubation,
the samples were washed 3 times with 1 mL of sterile PBS (pH =
7.4) to remove the non-attached cells and transferred into 15 mL
test tubes containing 2 mL of sterile PBS (pH = 7.4). Later, the
tubes were vortexed for 3 min and placed in an ultrasonic bath
for 20 min for detaching bacteria. Finally, the number of viable
E. coli and S. aureus was determined by plating 10 μL of the su-
pernatant (diluted from 1 to 10−6) on Coliform CromoSelect or
Baird-Parker agar plates, respectively. Additionally, a qualitative
evaluation of the viability of the biofilm attached to the surface
of pristine and coated PDMS samples was performed using the
Live/Dead BacLight kit following the supplier´s recommenda-
tions. Confocal fluorescence micrographs were taken with an in-
verted laser scanning microscope at 𝜆ex480/ 𝜆em500 nm for Syto
9 detection (green-fluorescent probe for live bacteria staining)
and at 𝜆ex490/𝜆em635 nm for propidium iodide detection (red-
fluorescent probe for dead bacteria staining).

2.7.4. In Vitro Dynamic Model of Catheterized Bladder for Biofilm
Testing

An in vitro model that simulates a catheterized human bladder
environment was used to assess the efficacy of the CS/CLG_NPs
coating for inhibiting biofilm formation on catheters under dy-
namic conditions.[30] Both pristine and CS/CLG_NPs-coated sil-
icone Foley catheters were inserted into the system, and the

Figure 1. Scheme of the experimental setup simulating a human bladder
used for testing the antibiofilm performance of coated catheters.

catheters’ balloons were filled with 5 mL of 100 mm PBS
(pH= 7.4). Subsequently, the artificial bladder was filled up to the
catheter’s eye with sterile artificial urine (adjusted to pH = 6.8)
prepared following the UNE EN1616 (Sterile Urethral Catheters
for Single Use) guidelines and supplemented with 1 mg mL−1

TSB, Gram-negative E. coli, and Gram-positive S. aureus (OD600 =
0.005 for each bacteria culture) (Figure 1). The system was main-
tained at 37 °C for 7 days with a continuous supply of fresh ster-
ile artificial urine at a flow rate of 1 mL min−1. After this period,
the catheter was removed and the bacterial biomass (i.e., biofilm)
formed on the catheter tip and the balloon was assessed by crystal
violet staining as described in Section 2.6.2.

2.8. Assessment of Coating Biocompatibility and Antioxidant
Activity

Fibroblasts (BJ-5ta) and keratinocytes (HaCat) were previously
seeded at a density of 4.5 × 104 cells per well on a sterile 24−well
tissue culture polystyrene plate. For the cytotoxicity assessment,
pristine and CS/LG_NPs-coated PDMS pieces (1 × 1 cm) were
placed in direct contact with the cells. Then, 0.75 mL of complete
growth medium (DMEM) was added to each well and the plate
was incubated at 37 °C in a humidified atmosphere of 5% CO2 for
24 h. Later, the cells were examined for signs of toxicity using the
Alamar Blue assay kit, following the supplier’s recommendation.
Cells subjected to the same conditions but without the presence
of PDMS were used as controls. Furthermore, the viability of fi-
broblasts and keratinocytes was assessed using the Live/Dead Vi-
ability/Cytotoxicity kit, according to the manufacturer’s instruc-
tions.

2.9. Statistical Analysis

All reported data were presented as the mean value ± standard
deviation (S.D.). Multiple comparisons were performed using the
GraphPad Prism Software (version 5.04). One-way analysis of
variance (ANOVA) followed by either a post-hoc Tukey’s test or
the unpaired two-tailed Student’s t-test method was applied. Sta-
tistical significance was defined as p-values less than 0.05 (*), 0.01
(**), or 0.001 (***), denoting different levels of significance in the
statistical analysis.
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Figure 2. A) Antibiofilm and B) antimicrobial activity of LG_NPs and CLG_NPs against S. aureus and E. coli. Quorum quenching activity of LG_NPs and
CLG_NPs against C) S. aureus USA300agr IR P2-GFP and D) C. violaceum. Data are presented as the mean value ± S.D. (n = 3).

3. Results and Discussion

3.1. Synthesis and Characterization of CLG_NPs

The US-assisted emulsification method used in this work for the
synthesis of CLG_NPs (Figure S1, Supporting Information) is a
simple approach for preparing stable core-shell NPs, where the
hydrophobic aliphatic tails of LG are oriented inward, while the
phenolic heads face outward, forming a protective shell around
the citronellal core.[33] The sonication conditions (e.g., tempera-
ture, time, and amplitude) employed during CLG_NPs synthesis
ensured the production of particles with a homogeneous size of
≈700 nm as confirmed by SEM imaging (Figure S2, Supporting
Information), and 𝜁 -potential of −35 ± 1 mV, indicating good
colloidal stability. In contrast, the control LG_NPs, synthesized
in the absence of citronellal, showed 𝜁 -potential of −25 ± 1 mV,
but the resulting suspension was unstable and precipitated af-

ter 24 h storage (Figure S3, Supporting Information). We believe
this difference in the stability is due to the hydrophobic interac-
tions between LG alkyl chain and citronellal, which facilitate the
formation of the NPs core, while the hydrophilic phenolic shell
stabilizes the NPs in the water suspension.[34] Additionally, 95%
of LG were successfully nanoformulated during the synthesis of
CLG_NPs, compared to only 75% in the case of LG_NPs. This
suggests that the presence of citronellal improves the efficiency
of LG-based NPs synthesis (serving as both encapsulating and
structural agents in the coating) and enhances their stability, pos-
sibly due to hydrophobic interactions with the aliphatic tails of
LG. Moreover, a 40% citronellal encapsulation in CLG_NPs was
achieved during synthesis, as determined by HPLC.

Both LG_NPs and CLG_NPs inhibited the biofilm formation
of S. aureus and E. coli (Figure 2A,B), two of the most common
pathogens found in biofilm-associated CAUTIs.[35] These re-
sults align with our expectations, given the known antimicrobial
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Figure 3. A) Schematic representation of Nile red-stained CLG_NPs and FITC-stained CS. B) Confocal micrographs of silicone (PDMS) surface after the
sonochemical deposition of CS (green), CLG_NPs (red) or the hybrid CS/CLG_NPs coating (orange).

properties of both LG and citronellal.[19,36] Nevertheless, the in-
clusion of citronellal in LG_NPs (i.e., CLG_NPs), not only en-
hanced their antimicrobial and antibiofilm activities at lower con-
centrations, but also provided an additional mechanism for in-
hibiting biofilm formation by interfering with bacterial quorum
sensing (QS) process (Figure 2C,D). These results agreed with
previous reports demonstrating alkyl gallate potential for affect-
ing biofilm formation and QS in other bacterial species of clinical
relevance, e.g., Pseudomonas aeruginosa.[37,38] Notably, our results
are the first to describe anti-QS activity of citronellal, in particular,
against both Gram-positive and Gram-negative bacteria, adding
to the growing knowledge on the QS-regulation and antibiofilm
effect of EOs.[13,14]

3.2. Physicochemical Characterization of the Nanocomposite
Coatings

The CLG_NPs and CS were co-deposited onto PDMS catheter
material using high-intensity US process. This waterborne
method avoids the use of harsh reaction conditions and toxic
compounds to efficiently coat substrates with various sur-
face chemistries,[9] aligning with sustainability goals in indus-
trial manufacturing. During the sonochemical process, both
CLG_NPs and CS are projected toward the silicone surface upon
the collapse of cavitation bubbles, building the coating, without
the need for silicone surface pre-activation.[39] The adherence of
the coating to the inert silicone material is primarily attributed

to the interaction and self-assembly of phenolic shell NPs with
amino and hydroxyl groups of chitosan, leading to adherence and
insolubility of the coating. This interaction mimics the strong
surface adhesion mechanisms of the mussel-inspired chemistry,
a simple and efficient strategy previously used in our group for
the generation of durable NP-coatings on silicone material.[9] Ad-
ditionally, under the US field, the generated high-energy micro-
jets drive the coating components (i.e., nanoparticles, chitosan)
onto the silicone surface, where they adhered firmly through
physicochemical interactions.

The hybrid CS/CLG_NPs coating on the surface of silicone
samples was visualized by confocal microscopy using two distinc-
tive fluorescent probes: Nile red encapsulation (red fluorescence)
for labelling CLG_NPs and FITC-grafting (green fluorescence)
for CS (Figure 3A). The PDMS sample coated with CS/CLG_NPs
exhibited an orange fluorescence, characteristic of the combined
fluorescence signals from the green-labelled CS and the red-
labelled CLG_NPs (red), confirming the successful deposition of
both components on the silicone surface.

Additionally, the surface morphology of silicone samples
coated with CS, CLG_NPs, and CS/CLG_NPs was investigated
by AFM (Figure 4). The presence of CS alone did not exhibit
a significant difference compared to the pristine PDMS sam-
ple (Figure 4A,B). However, the surface heterogeneity of both
CLG_NPs- and CS/CLG_NPs-coated material notably increased
compared to the pristine silicone. The average roughness value
(RA) and the root-mean-square roughness (RQ) increased from
6.2 ± 2.8 μm and 8.8 ± 4.8 μm to 12.3 ± 7.6 μm and 17.8

Adv. Mater. Interfaces 2025, 2401016 2401016 (6 of 12) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. AFM surface micrographs of A) pristine silicone and silicone after the sonochemical deposition of B) CS, C) CLG_NPs, and D) the hybrid
CS/CLG_NPs composite.

± 10.7 μm for the CLG_NPs, and to 18.0 and 18.0 ± 4.9 μm and
23.5 ± 6.9 μm for the hybrid CS/CLG_NPs, proving the coatings
were successfully built-up on the PDMS surface. Despite this, the
nanometric scale of the surface roughness of the coating ensures
that it would not cause discomfort in the catheterized patient.

In addition, coating deposition was further confirmed by the
reduction of PDMS hydrophobicity (Figure 5A) due to the in-
herent hydrophilic nature of CS (containing amino groups) and
CLG_NPs (containing phenolic groups). This increase in surface
hydrophilicity provides an additional advantage, as it would fa-
cilitate the catheterization procedure serving as a lubricant. The
data in Figure 5A showed that the hybrid coating remained on
the PDMS sample after a 7-day incubation in water, as no signif-
icant changes were detected in the WCA values between T0 and
T7. The stability of the CS/CLG_NPs coating is likely attributed
to multiple interactions, including electrostatic forces between
CS and CLG_NPs.[40,41] Hydrophobic interactions, supported by
dispersive forces (e.g., van der Waals), between the LG chains
and the hydrophobic regions of CS (acetyl groups), along with
hydrogen bonding between LG hydroxyl groups and CS polar
groups, further provide coating stabilization. These interactions
can result in denser and more durable monolayers,[42] which is
critical for preventing catheter surface colonization, particularly
when using bio-based composite materials with antimicrobial
properties.[43]

Finally, both CLG_NPs and CS/CLG_NPs demonstrated an-
tioxidant capacity due to the presence of citronellal and gal-
late in their composition (Figure 5B). Reactive oxygen species
(ROS) scavenging would preserve the urinary tract from biofilm-
associated oxidative stress. For instance, tissue damage caused
by uropathogenic E. coli is associated with increased production
of ROS.[44,45] During infections like CAUTIs, immune responses

also generate ROS to combat pathogens. Excess ROS can inad-
vertently harm the bladder’s epithelial cells and impair their bar-
rier function.[46] Therefore, antioxidant activity represents a novel
feature in catheter coatings, whereas the primary focus has tradi-
tionally been on antimicrobial and antibiofilm activities.

3.3. Citronellal Release Kinetics

The amount of citronellal released from PDMS samples coated
with CLG_NPs or CS/CLG_NPs was quantified using HPLC. The
pH of the medium in contact with the coated material varied from
6 to 8 (normal pH values of urine). The released EO from the
samples coated with the hybrid CS/CLG_NPs coating was less
than 30% in all cases.

In general, the presence of CS in the hybrid coating reduced
the release of citronellal compared to the CLG_NPs-coated PDMS
samples at all tested pHs (Figure 6). This can be attributed
to multiple non-covalent interactions, e.g., electrostatic, disper-
sive, hydrophobic, and hydrogen bonding between CS and the
CLG_NPs and citronellal alone, which hinder the release of EO.
Reduced porosity of the coating as a result of CS molecular self-
assembly[15] may further retard the EO release. These findings
are also supported by the higher stability of the hybrid coating
after 7 days of incubation (Figure 5).[47,48]

Notably, at pH 6, the release of citronellal from CLG_NPs-
coated PDMS samples was significantly higher compared to
the citronellal loss from the silicone material coated with
CS/CLG_NPs. The pH of the medium plays a crucial role in the
interaction of CS with charged molecules due to partial proto-
nation or deprotonation of its amine groups. The NH2 of CS
(pKa ∼6.5) can be partially protonated in weakly-acidic media

Adv. Mater. Interfaces 2025, 2401016 2401016 (7 of 12) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. A) The water contact angle of coated silicone samples. The dark
blue bars represent the values obtained immediately after the coating de-
position, while the light blue ones report data obtained after 7-day incu-
bation in water (at 25 °C, with 100 rpm shaking). Data are presented as
mean value ± S.D. (n = 10). B) Antioxidant activity of uncoated (pristine)
and CS-, CLG_NPs- and CS/CLG_NPs- coated PDMS samples. Ascorbic
acid (1.0 mg mL−1) was used as the positive control (C+). Data are pre-
sented as the mean value ± S.D. (n = 3).

causing an increase in the electrostatic forces that attract an-
ionic molecules. Therefore, a stronger interaction between the
anionic CLG_NPs and CS could be expected at pH 6, thus lim-
iting citronellal release. The opposite can be observed at pH val-
ues over 6.5 due to NH2 group deprotonation. In fact, at neutral-
basic pHs (7 – 8) citronellal release from the hybrid coating was
higher than at pH 6, and comparable to the values obtained for
the CLG_NPs-coated material at pH 8. This result is interesting
since consistently alkaline urine with pH > 7 can be supportive
of urinary tract infections associated with urease-producing or-
ganisms such as P. aeruginosa, S. aureus, and Proteus spp.[49] The

Figure 6. Kinetics of citronellal release from CLG_NP and CS/CLG_NPs-
coated PDMS samples at different pHs. Data are presented as the mean
value ± S.D. (n = 3).

hybrid coating releases more antimicrobial citronellal at neutral-
basic pHs in response to potential bacteriuria.

At acidic pHs lower than pH 6, a higher protonation of the
─NH2 groups of CS occurs, increasing its solubility and conse-
quently instability of the hybrid coating. In line with the pH val-
ues commonly observed in human urine from patients with uri-
nary tract infections, our study focused on the pH range from
6 to 8, considering that different uropathogenic bacteria can in-
fluence urine acidity through their metabolism when interacting
with the host.[49]

3.4. Antimicrobial and Antibiofilm Properties of the
Nanocomposite Coatings

The viability of E. coli and S. aureus decreased by 2–3 logs for
CLG_NPs- and CS/CLG_NPs-coated PDMS samples after 24 h
incubation in a PBS-buffered solution at pH 7.4 (Figure 7). These
results correlate with the increased release of antimicrobial cit-
ronellal from the coating at pH 7–8 (Figure 6). Despite the

Figure 7. Antibacterial activity against planktonic bacteria of coated sili-
cone samples. Data are presented as the mean value ± S.D. (n = 3).
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Figure 8. A) Biofilm inhibition and B) Biofilm viability assessment on coated and uncoated silicone samples in static conditions after 24 h. C) Fluo-
rescence microscopy images of live (green) and dead (red) bacteria on coated and uncoated silicone samples. Green and red fluorescence images are
overlapped. Scale bar 100 μm.

intrinsic antimicrobial properties reported for CS, no significant
reduction in the viability of planktonic bacteria was observed
for the CS-coated silicone samples compared to the uncoated
material.

CS-coated PDMS showed, however, a significant reduction in
the amount of biofilm formed on the material compared to the
pristine PDMS (Figure 8). Coatings containing CLG_NPs proved
to be more efficient in preventing biofilm formation as supported
by the higher reduction of S. aureus and E. coli biomass deposited
on CLG_NPs- and CS/CLG_NPs-coated materials (Figure 8A),
corroborating the results for the antibacterial activity of the coat-
ing against planktonic bacteria as well (Figure 7). Moreover, the
viability of the surface-attached microbial cells was reduced by
2 logs on the silicone samples coated with CLG_NPs and
the hybrid CS/CLG_NPs composite (Figure 8B). Fluorescence
microscopy observations further demonstrated higher biofilm
formation on pristine and CS-coated samples compared to
CLG_NPs- and CS/CLG_NPs-coated PDMS (Figure 8C). The
highest antibiofilm activity was achieved for the hybrid coating,
suggesting a synergistic effect of CS and CLG_NPs. The absence
of red fluorescence in Figure 8C indicates that the predominant
mechanism of biofilm inhibition is preventing bacterial adhe-
sion to the coated material and/or reducing the number of viable
planktonic cells (Figure 7), rather than affecting sessile bacteria
on the silicone surface.

The antibiofilm performance of the nanocomposite coating
was also assessed in an in vitro dynamic model simulating the
urinary tract environment. Pristine and CS/CLG_NPs coated
catheters were introduced into an artificial bladder inoculated
with bacteria and supplied with sterile artificial urine (pH 6.8)

at a flow rate of 1 mL min−1. These conditions replicate the flow
in urinary catheters connected to drainage bags, mimicking the
daily urine production by an adult (0.8–2.0 L).[10] After 7 days
urine recirculation, the catheters were collected, sectioned, and
stained with crystal violet to assess the amount of biofilm de-
posited on the catheter’s surface. The hybrid CS/CLG_NPs coat-
ing substantially prevented biofilm formation (Figure 9) indi-
cating durable antibiofilm performance under close-to-real ap-
plication conditions. Therefore, the durability of the coating

Figure 9. Biofilm biomass quantification by crystal violet staining on pris-
tine and CS/CLG_NPs coated catheter sections (tip and balloon) after
7 days of infected urine recirculation in an artificial bladder. Data are pre-
sented as the mean value ± S.D. (n = 3).
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Figure 10. Viability of fibroblast (BJ-5ta) and keratinocyte (HaCat) cell line after 24 h exposure to uncoated (pristine) or coated silicone samples. A) Cell
viability was assessed by the Alamar Blue colorimetric test. Data are presented as the mean value ± S.D. (n = 3). B) Representative images of Live/Dead
staining of fibroblasts and keratinocyte cells after being co-cultured with pristine or CS/CLG_NPs-coated PDMS samples. The green and red fluorescence
images are overlapped. Scale bars 100 μm.

(Figure 5), combined with its ability to maintain antimicro-
bial/antibiofilm activity under continuous urine flow, represents
a substantial advancement in the design of catheter coatings
since most studies report antimicrobial efficacy for shorter pe-
riods (e.g., 24–72 h) or under static conditions.

3.5. Coatings Biocompatibility

Biocompatibility is a critical property for the validation of in-
dwelling medical devices. Testing fibroblast and keratinocyte vi-
ability is crucial when assessing catheter coating biocompati-

bility, as these cell types represent different aspects of the tis-
sue response. Fibroblasts reflect the subcutaneous tissue inter-
action, while keratinocytes help evaluate potential inflamma-
tory or cytotoxic effects from prolonged catheter surface con-
tact. No significant alteration of human fibroblasts and ker-
atinocyte viability was detected after 24 h of direct contact with
the hybrid CS/CLG_NPs coating, confirming its biocompatibility
(Figure 10A). Moreover, the coating did not induce any morpho-
logical changes in the tested human cells suggesting its suit-
ability for biomedical application (Figure 10B). On the other
hand, CLG_NPs-coated PDMS samples slightly affected cell vi-
ability, probably due to the higher amount of citronellal released

Adv. Mater. Interfaces 2025, 2401016 2401016 (10 of 12) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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from those samples (Figure 6), which indicates the importance of
coating stability for minimizing cytotoxic effects. These findings
demonstrate that the hybrid CS/CLG_NPs coating is safe, with
durable functionality, and hence suitable for clinical use.

4. Conclusion

In this study, we developed a bio-based nanocomposite coating
on urinary catheters using a fast and simple waterborne sono-
chemical process. CLG_NPs in the coating served both as struc-
tural elements and as antimicrobial, antibiofilm, and antioxidant
agents. Adhesive interactions between CS and CLG_NPs pro-
vided coating stability, durability, and controlled, pH-dependent
citronellal release, without inducing cytotoxicity to human cells.
In vitro tests demonstrated the coating’s ability to prevent biofilm
formation by inhibiting bacterial QS, while its antioxidant prop-
erties could mitigate the oxidative stress from both inflamma-
tion and bacterial activity in the urinary tract. The durable antimi-
crobial/antibiofilm performance of the coated catheters was val-
idated in a simulated bladder environment, maintaining efficacy
for at least one week of catheterization. The hybrid CS/CLG_NPs
coating simultaneously addresses several early-stage pathogenic
factors associated with CAUTIs, demonstrating the potential for
preventing microbial adherence, colonization, and subsequent
infection. Finally, the findings reported in this work contribute
to the understanding of the efficacy, safety, and potential for clin-
ical use of essential oils in catheter coatings.
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