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-enzymatic approach to build
antimicrobial and antifouling nano-enabled
coatings on urinary catheters

Antonio Puertas-Segura, a Leonardo Mart́ın Pérez, a Paul Savage, b

Kristina Ivanova, a Gianluca Ciardelli c and Tzanko Tzanov *a

In this work, an antifouling and antibacterial nano-enabled coating for urinary catheters was synthesised

using a bottom-up sono-enzymatic approach. Ceragenin CSA-131, an antimicrobial peptide, and lauryl

gallate were nanoformulated into colloidal nanoparticles using high-intensity ultrasound. The obtained

nanoparticles (GaCeNPs) were sonochemically deposited, together with sulfobetaine methacrylate (SB),

and grafted enzymatically onto APTES-aminated silicone catheter material using laccase. Simultaneously,

laccase-oxidised phenolic groups on GaCeNPs mediated the in situ radical polymerisation of the

zwitterionic vinyl moieties into polysulfobetaine yielding a functional GaCeNPs_pSB coating. This coating

effectively suppressed non-specific protein adsorption, as shown by reduced attachment of FITC-

labelled bovine serum albumin, and achieved up to 3-log reduction in the growth of planktonic E. coli

and S. aureus after 24 h. Contact angle measurements confirmed surface hydrophilicity (z85°) of

GaCeNPs_pSB-coated silicone for at least 7 days. Biofilm formation on Foley catheters functionalised

with GaCeNPs_pSB was reduced by 70% upon incubation for a week in an artificial bladder model with

continuous recirculation of infected urine. No adverse effects on fibroblast viability were observed over

the same period of time in contact with the coated silicones, demonstrating their excellent

biocompatibility (>90%). Altogether, this sono-enzymatically engineered, bio-based coating offers

a promising strategy to reduce bacterial colonisation and biofilm formation on urinary indwelling devices

and consequently the risk of infection in catheterised patients.
1. Introduction

Urinary tract infections associated with catheter use (i.e., CAU-
TIs) are a major clinical concern and a key driver for developing
advanced antimicrobial coatings on indwelling medical
devices.1,2 CAUTIs account for nearly 40% of all hospital-
acquired infections, contributing to substantial morbidity and
healthcare costs. Fitting of catheters facilitates microbial colo-
nisation by enabling bacterial access to the patient's urinary
tract through both extraluminal and intraluminal routes, even
when closed drainage systems and aseptic protocols are
routinely employed. Bacterial adhesion to catheter surfaces
begins within hours, forming initial single-species biolms that
can develop into complex, antibiotic-resistant multispecies
communities. These biolms contribute to infections in up to
50% of patients during a typical 7-day catheterisation and oen
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necessitate repeated catheter replacement and intensive anti-
microbial therapy. Such interventions increase patient
discomfort and drive the emergence of antimicrobial resis-
tance, a major healthcare challenge.3–5

Silicone is the most widely employed material for
manufacturing of urinary catheters due to its biocompatibility
and reduced risk of allergic reactions, though it still fails to
prevent microbial biolm formation.3 This has prompted the
development of multifunctional surface coatings with both
antibacterial and antifouling protection.1,2,6,7 For this purpose,
waterborne sonochemical functionalisation of polymer surfaces
stands out as an environmentally friendly method for immo-
bilisation of bioactive compounds. Our group has previously
developed a laccase-assisted strategy to engineer phenolic–
zwitterionic coatings on silicone urinary catheters. This
approach enabled the covalent graing of antifouling zwitter-
ionic moieties onto aminated silicone surfaces through enzy-
matic phenol oxidation and in situ radical polymerisation.8

While the initial system employed simple phenolic precursors
such as gallic acid, subsequent optimisation included the use of
silver-loaded phenolated lignin nanoparticles, which enhanced
antimicrobial efficacy.2 However, concerns regarding silver
cytotoxicity and environmental accumulation due to medical
© 2025 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
materials' disposal,9 justify the transition toward metal-free,
fully organic alternatives.

In this work, we report a rened, ultrasound-assisted
bottom-up coating strategy for functionalisation of urinary
catheters that combines laccase-mediated covalent graing of
antibacterial nanoparticles with in situ initiated radical poly-
merisation of a biocompatible zwitterionic methacrylate for
antifouling, yielding a dual-functional surface. First, nano-
particles composed of lauryl gallate, an ester derivative of gallic
acid, and ceragenin CSA-131, a cholic acid-based antimicrobial
peptide,10,11 were prepared using ultrasonic emulsication.
Lauryl gallate contributes antioxidant and antibiolm proper-
ties12,13 and provides phenolic moieties that serve as reactive
sites for laccase-mediated anchoring onto aminated silicone
surfaces. Concurrently, CSA-131 imparts non-specic bacteri-
cidal activity through membrane disruption and induction of
oxidative stress.14,15 These nanoparticles (named GaCeNPs) were
enzymatically graed onto silicone surfaces that were plasma-
preactivated and subsequently aminated. Furthermore, oxi-
dised phenolic groups initiated the in situ radical polymerisa-
tion of sulfobetaine methacrylate (SB), resulting in a covalently
bonded poly(sulfobetaine) (pSB) layer. The polyzwitterionic
nano-enabled coating confers antifouling behaviour to the
silicone materials by preventing non-specic adsorption of
proteins and bacterial adhesion. Its antibacterial and anti-
biolm efficacy was challenged against E. coli and S. aureus,
clinically relevant CAUTI pathogens,16 under both static and
dynamic conditions in an articial bladder model with
continuous recirculation of infected urine. In parallel, the
durability of the antibiolm effect and biocompatibility of the
nanocomposite coating was assessed over a week as a necessary
step preceding further pre-clinical and clinical validations.
2. Experimental section
2.1 Materials

Polydimethylsiloxane (PDMS) urinary (Foley) catheters (16
French) and at sheets of the same material were supplied by
Degania Silicone Ltd (Israel). Ceragenin CSA-131 was syn-
thesised via a cholic acid scaffolding approach, as previously
reported.17 Ethanol was purchased from Scharlab (Spain). Acetic
acid, sodium acetate, dimethyl sulfoxide (DMSO), lauryl gallate,
(3-aminopropyl) triethoxysilane (APTES), Tween® 80,
phosphate-buffered saline (PBS), Muller-Hinton broth (MHB),
tryptic soy broth (TSB), sulfobetaine methacrylate (SB), Baird-
Parker agar, coliform agar, Dulbecco's modied Eagle's
medium (DMEM), sodium dodecyl sulphate (SDS), uorescein
isothiocyanate-labelled bovine serum albumin (FITC-BSA), 2,2-
diphenyl-1-picrylhydrazyl (DPPH), crystal violet and XTT cell
proliferation kit II were purchased from Sigma-Aldrich (Spain).
AlamarBlue cell viability reagent, and Live/Dead BacLight kit
(L7012) were obtained from Invitrogen (Spain). Commercial
laccase Novozym® 51003 from Myceliophthora thermophila (EC
1.10.3.2) was provided by Novozymes Spain S.A. (Spain).
Staphylococcus aureus (ATCC 25923), Escherichia coli (ATCC
25922) and human broblast (ATCC-CRL-4001, BJ-5ta) cells
© 2025 The Author(s). Published by the Royal Society of Chemistry
were obtained from the American Type Culture Collection
(ATCC® LGC Standards, Spain).

2.2 Synthesis and characterisation of GaCeNPs

Initially, 14 mL of a 0.02% (w/v) lauryl gallate solution in
ethanol were mixed with 1 mL of a 100 mg per mL ceragenin
CSA-131 dissolved in DMSO. The resulting mixture was
combined in a 1 : 1 ratio with a 1% (v/v) aqueous solution of
Tween® 80 and sonicated for 6 min at 20 °C (20 kHz, 35%
amplitude) using a titanium horn ultrasonic processor
(VCX750, Sonics & Materials Inc., USA). Following sonication,
the nanoparticles (GaCeNPs) were centrifuged at 1500×g for
10 min and subsequently resuspended in deionised water. The
relative amounts of lauryl gallate and ceragenin CSA-131 in the
obtained GaCeNPs were estimated by quantifying the phenolic
and amino content using Folin–Ciocalteu18 and uorescamine19

assays, respectively. GaCeNPs were characterised by measuring
their surface charge (z-potential) with a Zetasizer Nano Z
(Malvern Instruments, Netherlands), particle size via trans-
mission electron microscopy (TEM) using a JEOL JEM 2010F
(JEOL Ltd, Japan), and antioxidant activity by the DPPH free
radical scavenging method.20 Antibacterial and antibiolm
properties were assessed by resazurin-based viability assay21

and crystal violet staining,22 respectively.

2.3 Surface functionalisation of silicone materials

Laminar pieces (1× 1 cm, n= 10) of PDMS, used for production
of urinary catheters, were washed sequentially with 0.1% (w/v)
SDS solution, deionised water, and 96% ethanol. The pieces
were then activated for 10 min with oxygen plasma in a reactor
operating at 13.56 MHz frequency and 100 W power (Plasma
System PE-25, Plasma Etch Inc., USA). Then, the samples were
immersed in a 5% APTES (v/v) solution prepared in 96% ethanol
and incubated for 24 h at room temperature. Aer washing with
96% ethanol to remove unbound APTES from the surface, the
PDMS samples were incubated in 0.05 M acetate buffer solution
(pH 5.0) containing 13.12 U mL−1 of laccase and 30% (v/v) of
GaCeNPs. Subsequently, SB (0.5 M nal concentration) was
added to the solution and sonicated at 20 °C for 1 h with 50%
ultrasound amplitude. Finally, the samples were rinsed with
deionised water to eliminate the unbound reagents and dried
under nitrogen gas ow. For the in vitro tests conducted in the
hydrodynamic model of catheterised bladder, entire Foley
catheters (size 16 French) were coated sono-enzymatically
following the above described procedure.

2.4 Coating characterisation

Attenuated Total Reectance-Fourier Transformed infrared
(ATR-FTIR) spectra of both pristine and coated PDMS samples
were recorded over the range of 650–4000 cm−1 using a Perki-
nElmer Spectrum 100 FTIR spectrometer (USA). Each spectrum
was acquired by averaging 32 scans at a resolution of 4 cm−1.
The chemical composition of the coatings was characterised by
X-ray photoelectron spectroscopy (XPS) using a SPECS Surface
Nano Analysis system (SPECS Surface Nano Analysis GmbH),
equipped with a high-intensity XR50 twin-anode X-ray source
Nanoscale Adv., 2025, 7, 5658–5669 | 5659
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(Mg/Al at 1253 eV/1487 eV) operating at 150 W. The X-ray source
was aligned perpendicular to the analyser axis, and a Phoibos
150 MCD-9 XP detector was employed for signal collection.
Survey and high-resolution spectra were acquired at pass ener-
gies of 25 eV and 0.1 eV, respectively. Charge compensation was
achieved using a dual system of electron and argon ion ood
guns, with electron energy/emission current set to 4 eV/0.35 mA
and 0 eV/0.1 mA, respectively. Spectra were recorded in 0.1 eV
steps at a pass energy of 25 eV under ultrahigh vacuum condi-
tions (pressure <6 × 10−9 mbar). Standard charge neutralisa-
tion parameters were applied to ensure a uniform surface
potential. The C 1s peak at 285.0 eV was used as an internal
reference for binding energy calibration. The surface topog-
raphy of both uncoated and coated samples was analysed by
atomic force microscopy (AFM) (Dimension 3100 AFM system
from Veeco, USA) operating in tapping mode, and the acquired
images were processed using the Nanotec WSxM soware
(version Beta 9.2).23 Water contact angles (WCA) of differently
treated PDMS samples were measured using the sessile drop
method with a Krüss DSA 25 (Germany) analyser. Data acqui-
sition and analysis were performed with the Advanced
v1.13.0.21301 soware (Krüss), using the tangential method for
WCA calculation. The stability of the coatings on the silicone
materials was indirectly assessed by measuring the WCA of
freshly treated PDMS samples and those incubated for 7 days
(37 °C, 100 rpm) in ultrapure water.
2.5 Antibacterial, antifouling, and antibiolm properties

2.5.1 Initial protein attachment. Silicone samples (1 × 1
cm) were incubated for 30 min in FITC-BSA solution (1 mg
mL−1) prepared in deionised water, to simulate the initial non-
specic protein adsorption that precedes microbial colonisa-
tion and biolm formation. Following incubation, the samples
were rinsed with deionised water to remove unbound protein
and subsequently dried with nitrogen. Protein adsorption on
the pristine and coated silicones was assessed via uorescence
microscopy using a NIKON Eclipse Ti–S system (Nikon Instru-
ments Inc., Japan).

2.5.2 Antibacterial activity. The antibacterial activity of the
coated PDMS samples was evaluated following the ASTM-E2149-
20 standard.24 Individual colonies of E. coli and S. aureus were
cultured overnight in 5 mL sterile MHB at 37 °C with agitation at
230 rpm. The bacterial cultures were then diluted in PBS (OD600

= 0.28). A further 1 : 1000 dilution was performed in PBS (0.1 M,
pH 7.4), and each PDMS sample (1 × 1 cm) was incubated with
1.5 mL of the diluted bacterial suspension. Aer 24 h of incu-
bation at 37 °C, the bacterial suspensions were collected, serially
diluted, and plated onto selective agar media: Coliform agar for
E. coli and Baird–Parker agar for S. aureus. Colony-forming units
(CFUs) were counted to determine bacterial viability and evaluate
the antibacterial efficacy of the coated PDMS surfaces.

2.5.3 Biolm inhibition. Biolm inhibition was evaluated
by quantifying the total biomass of E. coli and S. aureus formed
on the surface of PDMS. Silicone samples (1 × 1 cm) were
placed in a 24-well microplate with 1.5 mL of bacterial
suspension (OD600 = 0.01) prepared in TSB, and incubated at
5660 | Nanoscale Adv., 2025, 7, 5658–5669
37 °C for 24 h under static conditions to allow bacterial
attachment and subsequent biolm development. Aerwards,
samples were gently rinsed three times with 2 mL of sterile PBS
(0.1 M, pH 7.4) to remove non-adherent (planktonic) cells. The
biolms were then xed at 60 °C for 2 h, and quantied using
the crystal violet staining method, as previously described.6

2.5.4 Assessment of bacteria viability in biolms. To assess
the viability of E. coli and S. aureus cells within the biolm, two
complementary methods were employed: the XTT reduction
assay and the Live/Dead uorescence staining approach. For the
XTT assay, PDMS pieces (1 × 1 cm) were placed in a 24-well
microplate and inoculated with 1.5 mL of bacterial suspension
(OD600 = 0.01) prepared in TSB. The plate was then incubated
under static conditions at 37 °C for 24 h to allow biolm
formation. Aer incubation, each sample was mixed with 1 mL
of freshly XTT reagent, prepared according to the supplier's
instructions. The samples were then incubated for 2 h at 37 °C
to allow enzymatic reduction of the tetrazolium salt by meta-
bolically active cells, resulting in the formation of a coloured,
water-soluble formazan product. The absorbance of the solu-
tion was measured at 492 and 690 nm using an Innite M200
microplate reader (Tecan, Austria). Bacterial viability within the
biolm was assessed as previously described.25

For Live/Dead staining, biolm-covered PDMS samples were
gently rinsed with PBS to remove planktonic cells and stained
using the Live/Dead BacLight™ bacterial viability kit, following
the manufacturer's protocol. The biolms were examined using
uorescence microscopy at 20×magnication. SYTO 9, a green-
uorescent dye that stains live cells, was visualised using
excitation/emission wavelengths of 480/500 nm. Propidium
iodide, a red-uorescent probe that stains dead cells, was
detected using excitation/emission wavelengths of 490/635 nm.
This approach enables qualitative assessment of biolm
morphology and the spatial distribution of viable and non-
viable cells on PDMS surfaces.

2.5.5 Assessment of coatings' durability. An in vitro model
replicating the conditions of a catheterised human bladder was
employed to evaluate both the coating stability and its efficacy in
inhibiting biolm formation under dynamic ow conditions.26

Pristine and coated silicone Foley catheters were inserted into
the in vitro model, and the retention balloon was inated using
5 mL of sterile PBS (0.1 M, pH 7.4). The bladder reservoir was
subsequently lled to the level of the catheter eye with sterile
articial urine (pH 6.8), prepared in accordance with UNE
EN1616 (Sterile Urethral Catheters for Single Use) and supple-
mented with E. coli and S. aureus at OD600= 0.01. The systemwas
maintained at 37 °C for a period of 7 days under continuous
perfusion with articial urine at a ow rate of 1 mL min−1 to
simulate physiological urinary output. Upon completion of the
exposure period, catheters were retrieved and the extent of bi-
olm formation on both the catheter tip and balloon was
assessed using the XTT approach, as described before.
2.6 In vitro assessment of coating biocompatibility

Fibroblasts (BJ-5ta) were pre-seeded at a density of 4.5 × 104

cells per well in a sterile 24-well tissue culture-treated
© 2025 The Author(s). Published by the Royal Society of Chemistry
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polystyrene plate. For cytotoxicity evaluation, pristine and
coated PDMS samples (1 × 1 cm) were placed in direct contact
with the cells for 1 and 7 days. Subsequently, 0.75 mL of DMEM
was added to each well, and the plate was incubated at 37 °C in
a humidied atmosphere with 5% CO2 for 24 h. Cell viability
was assessed using the AlamarBlue assay kit, following the
manufacturer's instructions. Cells cultured under the same
conditions without PDMS samples served as negative controls.
Fibroblast viability was also evaluated using the Live/Dead®
Viability/Cytotoxicity kit, according to the supplier's protocol.
Fluorescence microscopy was employed to visualise viable and
non-viable cells, providing qualitative conrmation of
biocompatibility.

2.7 Statistical analysis

Data were presented as the mean ± standard deviation (S.D.).
Statistical analysis was performed using the GraphPad Prism
Soware (version 5.04). For comparisons between two groups,
an unpaired two-tailed Student's t-test was used. For compari-
sons involving more than two groups, one-way analysis of
variance (ANOVA) followed by a post-hoc Tukey's test was
applied. Statistical signicance was considered at p-values <0.05
(*), < 0.01 (**), or < 0.001 (***), indicating different levels of
signicance.

3. Results and discussion
3.1 Synthesis and characterisation of GaCeNPs

The ultrasound-assisted emulsication method used in this
work for the synthesis of GaCeNPs proved to be a straightfor-
ward strategy for producing nanostructures stabilised through
multiple non-covalent interactions occurring primarily at the
Fig. 1 (A) Schematic representation of GaCeNPs synthesis and assembly,
dashed line indicates p–p stacking between lauryl gallate and CSA-131 an
TEM image of the obtained GaCeNPs. The pink arrows indicate distinct

© 2025 The Author(s). Published by the Royal Society of Chemistry
shell, including hydrogen bonding between the phenolic
moieties of lauryl gallate and amino groups of CSA-131, cation-
p, and p–p stacking between the aromatic rings (Fig. 1A).
Moreover, GaCeNPs exhibited a homogeneous size distribution
(∼200 nm), as conrmed by TEM imaging (Fig. 1B). Both lauryl
gallate nanoparticles (GaNPs) and GaCeNPs showed good
colloidal stability, as indicated by z-potential values of −35 ±

1 mV and +25 mV, respectively. The shi from negative to
positive z-potential is attributed to the presence of CSA-131,
a synthetic amphipathic molecule, and the surface orientation
of its amino group-bearing hydrophilic head on the GaCeNP.
Quantication of phenolic and amino groups revealed a lauryl
gallate to ceragenin (CSA-131) molar ratio of approximately 4 : 1
in the obtained nanostructures. Altogether, these ndings
suggest that both lauryl gallate and CSA-131 are localised at the
nanoparticle shell, where their respective groups contribute to
the structural stability and functionalities of GaCeNPs.

The high content of lauryl gallate also contributes to the
antioxidant properties of GaCeNPs (Fig. S1). Additionally,
GaNPs and GaCeNPs inhibited the growth (Fig. 2A) and biolm
formation (Fig. 2B) of S. aureus and E. coli. A synergistic anti-
bacterial effect was observed for GaCeNPs, where the combi-
nation of lauryl gallate and the antimicrobial ceragenin
enhanced both antibacterial and antibiolm activities. Lauryl
gallate inserts into bacterial membranes due to its amphiphilic
nature, disturbing the lipid bilayer. This disruption compro-
mises membrane integrity, leading to leakage of cellular
contents and impaired bacterial viability. Alkyl gallates have
been also reported to antagonise quorum sensing receptors,
thus interfering with the signalling pathways that bacteria use
to regulate virulence and biolm formation.13,27 In addition,
CSA-131, a synthetic small molecule designed to mimic the
where the red dashed line represents the hydrogen bonding, the yellow
d green dashed line represent cation-p interaction. (B) A representative
spherical GaCeNPs deposited onto the TEM grid.

Nanoscale Adv., 2025, 7, 5658–5669 | 5661
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Fig. 2 (A) Antibacterial activity of GaCeNPs evaluated by resazurin-based viability assay, and (B) biofilm inhibition assessed by crystal violet
staining against E. coli and S. aureus. Data are presented as the mean value ± S.D. (n = 3).

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 3
/9

/2
02

6 
10

:0
2:

44
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
function of cationic antimicrobial peptides, induces membrane
depolarisation and permeabilisation.15,28 The inclusion of
ceragenin in GaCeNPs signicantly improved their antibacterial
performance at lower concentrations compared to GaNPs alone,
against both Gram-positive and -negative bacteria.
Fig. 3 Schematic representation of the bottom-up strategy for nano-e
GaCeNPs and polymerisation of SB.

5662 | Nanoscale Adv., 2025, 7, 5658–5669
3.2 Physicochemical characterisation of the nanocomposite
coatings

Following the pre-activation and amination of the silicone
substrate, the functional coating was generated through
a single-step ultrasound-potentiated synthetic process,
nabled coating synthesis, illustrating the sono-enzymatic grafting of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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integrating two concurrent reactions: (i) laccase-catalysed
graing of GaCeNPs onto the aminated silicone surface via
oxidative coupling of phenolic moieties, and (ii) radical poly-
merisation of SB leading to the formation of a pSB layer (Fig. 3
and S2).

Aer pre-activation of the silicone samples with oxygen
plasma, APTES was chemisorbed to provide primary amino
groups, which may act as reactive sites (nucleophilic anchors)
on the otherwise inert silicone surface. This initial modication
was conrmed by the appearance of two distinctive peaks in the
FTIR-ATR spectrum of the pre-treated PDMS at 1485 and
1575 cm−1 (Fig. 4A), together with the appearance of a new
signal at 400 eV in the respective N 1s (Fig. 4B), which can be
assigned to CH2 bending vibrations of the APTES alkyl chain
and N–H bending (scissoring) modes of the NH2 groups,
respectively.2,29 The successful immobilisation of GaCeNPs on
the APTES-aminated silicone surface was evidenced by the
disappearance of the bands at 1485 cm−1 and 1575 cm−1,
associated with phenolic groups, and the appearance of a new
shoulder at 1650 cm−1. This new band can be attributed to
Fig. 4 (A) FTIR-ATR spectra of pristine PDMS and samples correspondin
(B) High-resolution XPS spectra of N 1s, (C) high-resolution XPS spectra

© 2025 The Author(s). Published by the Royal Society of Chemistry
overlapping vibrations of quinone carbonyl (C]O) stretching
and imine (C]N) functionalities. Additionally, the analysis of C
1s XPS spectrum aer graing GaCeNPs revealed the presence
of new C–O–C/C–OH (287–289 eV) from the different functional
groups in the GaCeNPs (Fig. 4C). These spectral changes are
consistent with the laccase-catalysed oxidation of phenolic
groups in the gallate moieties, generating highly reactive o-
quinones. These quinones subsequently react with nucleophilic
amino groups on the surface yielding imine bonds through
Schiff base formation, and form additional covalent bonds via
Michael-type addition reactions.8 Additionally, a distinct peak
was observed at 1721 cm−1, attributed to the C]O stretching
vibration of the ester group in lauryl gallate, further conrming
the presence of GaCeNPs on the coated surface. In addition to
surface anchoring, the reactive o-quinones generated from
lauryl gallate can also react with primary amines from the
GaCeNPs, resulting in intra- and inter-particle crosslinking that
further stabilises the nanocomposite. This cross-linking
process is evidenced by the observed reduction in both free
phenolic and primary amine functionalities in the GaCeNPs
g to successive surface modification steps during the coating process.
of C 1s.
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aer exposure to the same reaction conditions employed during
the coating formation (Fig. S3).

The coating formation (Fig. 3) involved the surface-initiated
radical polymerisation of SB monomers, triggered by phenoxy
radicals enzymatically generated from gallate groups that had
not reacted during GaCeNPs graing or subsequent cross-
linking. The successful formation of the pSB layer was
conrmed by the appearance of a new peak in the N 1s XPS
spectra, attributed to the quaternary ammonium group. Addi-
tionally, the presence of the polyzwitterionic layer was further
supported by the appearance of an intensied broad shoulder
around 3500 cm−1 in the FTIR spectra, attributed to –OH
stretching vibrations consistent with the presence of hydro-
philic polymer chains. This spectral feature is characteristic of
the polymerised zwitterionic coating. Notably, the peaks at
1650 cm−1 and 1721 cm−1, associated with GaCeNPs, also
showed increased intensity in the GaCeNPs_pSB-coated sili-
cone. This may result from the presence of SB in the reaction
medium during the sonochemical coating process. SB is known
to stabilise enzymes,30 which could enhance laccase-assisted
oxidation, further facilitating more efficient functionalisation
of GaCeNPs onto the silicone surface. Despite the moderate
Fig. 5 (A) Representative AFM-derived 3D surface morphologies and (B)
modified PDMS surfaces at each step of the coating process. Data are p

5664 | Nanoscale Adv., 2025, 7, 5658–5669
colloidal stability of GaCeNPs (z-potential z +25 mV) the
zwitterionic nature of SB also provides steric hindrance and
electrostatic repulsion that may further contribute to sup-
pressing nanoparticle aggregation and promoting a more
effective attachment of the GaCeNPs_pSB coating on silicone.

In terms of surface morphology, AFM analysis showed that
pristine silicone exhibited a relatively smooth surface (Fig. 5A),
with a root mean square roughness (Rq) of 44.6 nm (Fig. 5B).
Upon silanisation with APTES, the surface roughness decreased
(Rq = ∼11 nm), likely due to the formation of an uniform
aminated layer on the treated PDMS samples. Following the
enzymatic immobilisation of GaCeNPs, the silicone surface
exhibited increased heterogeneity and the Rq increased to
87.1 nm (Fig. 5B) due to the nanoparticle deposition and the
formation of some surface irregularities, visible in Fig. 5A. This
may be explained by the high reactivity of the oxidised phenolic
groups in the gallate moieties, which lead to dual-level nano-
particle crosslinking as previously mentioned. Interestingly, as
the reaction progressed, the in situ polymerisation of the zwit-
terionic SB monomer led to smoother surface, as evidenced by
roughness reduction (Rq ∼60 nm; Fig. 5B). Although discrete
surface nodes were observed (Fig. 5A), the Rq value was lower
corresponding root mean square roughness (Rq) values of pristine and
resented as the mean value ± S.D. (n = 3).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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than that of the GaCeNPs-coated silicone. This reveals that the
GaCeNPs_pSB-coated surface is morphologically more uniform,
effectively minimising the nanoscale surface height variations
despite the presence of localised features. This smoother
surface morphology, together with the intrinsic hydrophilicity
of zwitterionic polymers, suggests the formation of a homoge-
neous hydrogel-like coating.31 Consequently, the GaCeNPs_pSB
coating could reduce the mechanical friction or abrasion
against tissue during catheter insertion and removal, thereby
minimising trauma and improving biocompatibility.

While the impact of surface roughness on bacterial adhesion
remains under debate, intermediate roughness levels have been
associated with increased microbial retention, whereas very
smooth (providing fewer attachment points) or highly irregular
surfaces (which roughness scale larger than the bacteria), tend
to be less susceptible to bacterial contamination.32

GaCeNPs_pSB-coated silicone exhibited an Rq value of approx-
imately 60 nm (within the intermediate range) yet its zwitter-
ionic and lauryl gallate–ceragenin CSA-131 composition may
counteract microbial retention through both antifouling and
antibacterial activity. Furthermore, this level of surface rough-
ness is comparable to that of commercial urinary catheters and,
when combined with the hydrophilic and presumably hydrogel-
like character of the GaCeNPs_pSB coating, is not expected to
compromise lubricity or patient comfort.33
3.3 Surface wettability, stability, and antifouling properties
of functionalised silicone

To evaluate the wettability and indirectly assess the surface
stability of the developed coating, WCA measurements were per-
formed aer one week of incubation in water (Fig. 6A). The
contact angle decreased progressively during the functionalisation
stages (Fig. 3), indicating an increase in surface hydrophilicity
throughout the coating process. As expected, APTES functionali-
sation reduced the surface hydrophobicity of the PDMS samples
due to the incorporation of hydrophilic amine groups. The
unmodied silicone initially displayed a water contact angle of
around 114°, indicative of its intrinsic hydrophobic character.
Fig. 6 (A) Water contact angle of pristine and treated silicone sample
functionalisation or coating deposition, while the grey bars represent the
100 rpm agitation). Data are presented as the mean value ± S.D. (n = 3).
after 30 min of incubation in a 1 mg per mL solution of FITC-labelled BS

© 2025 The Author(s). Published by the Royal Society of Chemistry
Upon graing with GaCeNPs, the contact angle further decreased
by approximately 20° compared to the pristine material and ∼10°
from the aminated surface, reecting a progressive increase in
surface wettability. This effect is attributable to the phenolic
groups of lauryl gallate, which is the predominant component in
the GaCeNPs, as previously described. The higher proportion of
gallate-derived hydroxyl groups contributes to the enhanced
hydrophilicity observed. Subsequent polymerisation of the zwit-
terionic SBmonomer further increased the surface hydrophilicity.
This is consistent with the high water absorption and strong
hydration capacity reported for pSB-based coatings.34 Notably, the
WCA values remained unchanged aer 7 days of incubation in
water, indicating that the coating functionalisation of the sili-
cones remain stable (Fig. 6A).

Given the biological relevance of protein interactions with
catheters, further measurements were conducted to assess the
antifouling performance of the coatings. An increased presence
of plasma proteins in urine is commonly observed in patients
with urinary tract infections, oen reecting inammation or
epithelial disruption. Proteins can adsorb non-specically onto
hydrophobic materials such as silicone, potentially providing
a conditioning layer that facilitates bacterial adhesion and
supports subsequent biolm development.35 Increasing the
hydrophilicity of the catheter surface can mitigate this effect by
forming a stable hydration layer, which creates an energetically-
unfavourable interface for the adsorption of hydrophobic
proteins.36 As seen in Fig. 6B, silicone samples coated with
GaCeNPs and GaCeNPs_pSB effectively prevented the non-
specic adsorption of FITC-labelled BSA, with slightly
improved performance observed for GaCeNPs_pSB. This
observation supports the antifouling behaviour of zwitterionic
coatings, attributed to the formation of a tightly bound hydra-
tion layer that effectively prevents protein attachment.37
3.4 Antibacterial and antibiolm properties of the
nanocomposite coatings

The GaCeNPs- and GaCeNPs_pSB-coated silicone exhibited
potent antibacterial activity against E. coli and S. aureus, two of
s. The blue bars represent the values obtained immediately after the
values obtained after 7-day incubation in ultrapure water (at 37 °C, with
(B) Fluorescence images of pristine and treated silicone samples taken
A. Scale bar: 5 mm.
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Fig. 7 (A) Quantification of planktonic bacteria after 24 h exposure of pristine and functionalised silicone samples to S. aureus or E. coli
suspensions. (B) Viability of S. aureus and E. coli cells within biofilms, and (C) total biomass formation on control (pristine) and functionalised
silicone surfaces under static conditions. Data are presented as themean value± S.D. (n= 3). (D) Fluorescencemicroscopy images of live (green)
and dead (red) cells in biofilms on pristine and functionalised PDMS pieces. Green and red fluorescence images are overlapped. Scale bar:
100 mm.

Fig. 8 (A) Schematic representation of the experimental setup simulating a human bladder. (B) Biofilm biomass quantification on pristine and
GaCeNPs_pSB-coated catheter sections (tip and balloon) following 7 days of incubation with recirculating infected urine in the artificial bladder
system. Data are presented as the mean value ± S.D. (n = 3).
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the most common pathogens implicated in biolm formation
on catheters (Fig. 7A). Aer 24 h of incubation, the presence of
GaCeNPs in the coatings led to an approximately 3-log reduc-
tion in planktonic bacterial counts compared to pristine sili-
cone, conrming the antibacterial efficacy of the nano-enabled
surfaces against both microorganisms. Although the pSB layer
did not enhance the antibacterial activity of the coated silicones
against free-oating bacteria, it signicantly improved its anti-
biolm performance. Both bacterial viability (Fig. 7B) and bi-
olm mass accumulation (Fig. 7C) on GaCeNPs_pSB-coated
silicone were reduced by 70–80%, likely due to the synergistic
action of the bioactive GaCeNPs (Fig. 2) and the antifouling
properties of the zwitterionic polymer (Fig. 6A). Furthermore,
biolm biomass and bacterial viability within the biolms were
qualitatively evaluated using Live/Dead uorescence staining
(Fig. 7D). Pristine and APTES-modied surfaces exhibited dense
biolm coverage of viable bacteria, as indicated by strong green
uorescence. In contrast, GaCeNPs-coated silicone showed
a substantial reduction in biolm formation and viability, evi-
denced by the presence of yellow- and red-stained cells,
Fig. 9 Fibroblast (BJ-5ta) viability after 24 h and 7 days in direct cont
AlamarBlue assay and (B) Live/Dead staining. Data are presented as the
overlaid.

© 2025 The Author(s). Published by the Royal Society of Chemistry
consistent with a contact-killing mechanism. However, viable
cells remained adhered to the surface, indicating incomplete
biolm suppression. Notably, GaCeNPs_pSB-coated samples
demonstrated greater inhibition of biolm formation, with
signicantly lower uorescence observed. These results under-
score the synergistic effect of the zwitterionic layer, which
imparts antifouling protection that complements the antibac-
terial activity of the embedded GaCeNPs.

Additionally, the antibiolm efficacy of the GaCeNPs_pSB
coating was evaluated using an experimental setup that simu-
lates a human bladder (Fig. 8A). Pristine and coated Foley
catheters were inserted into the model bladder inoculated with
a mixed suspension of S. aureus and E. coli prepared in articial
urine. The system was perfused at a ow rate of 1 mL min−1,
selected to replicate the ow through urinary catheters con-
nected to drainage bags, and to achieve a daily urine output
equivalent to that of an adult (0.8–2.0 L).38 Aer 7 days of
infected urine recirculation, the catheters were retrieved,
segmented, and analysed to quantify the amount of bacterial
biolm formed on two specic catheter areas: the tip with the
act with pristine and functionalised silicone samples, assessed by (A)
mean value ± S.D. (n = 3). Green and red fluorescence images are
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drainage hole that allows urine to ow through the catheter
tubing, and the balloon. A 70% reduction in the viability of
surface-attached bacteria was observed for GaCeNPs_pSB-
coated catheters compared to the pristine control (Fig. 8B),
demonstrating durable antibacterial activity even aer 7 days
under simulated conditions closely mimicking real-life
application.
3.5 Cytotoxicity evaluation

Biocompatibility is a critical prerequisite in the development of
medical devices that interface with human tissues. Therefore,
any device coating must preserve the inherent cytocompatibility
of the underlying material. The broad-spectrum and strong
bactericidal activity of CSA-131 at low concentrations through
non-specic membrane-disruptive mechanisms,39 may raise
concerns about potential cytotoxicity on human cells when
incorporated in the catheter coating. To evaluate this, broblast
viability was assessed aer 24 h and 7 days of direct contact with
the coated silicone samples. All modied specimens main-
tained broblast viability above 90%, with no statistically
signicant differences compared to pristine silicone (Fig. 9A).
This is particularly important given that broblasts are major
stromal cells in the urogenital tract and play a critical role in
tissue structure and repair.

Fluorescence microscopy (Fig. 9B) further corroborated the
viability data, showing that the cells retained their character-
istic elongated morphology and conuence at both tested time
points. Therefore, GaCeNPs and GaCeNP_pSB coatings, despite
incorporating a potent bactericidal agent (i.e., CSA-131), did not
compromise broblast viability or morphology even aer 7 days
of contact. This timeframe is clinically-relevant, as some
protocols recommend catheter replacement within 7 days to
minimise the risk of catheter-associated complications. Such
results support the cytocompatibility of the coated catheters for
potential clinical application. Moreover, these ndings imply
that the coatings do not leach toxic substances at levels harmful
to human cells, indicating a favourable safety prole under the
tested conditions. Notably, this represents a clear advantage
over metal-based nanoparticle coatings, which oen pose
cytotoxicity risks due to uncontrolled metal ion release.9
4. Conclusions

A multifunctional coating for urinary catheters was synthesised
via a bottom-up sono-enzymatic approach, in which laccase-
mediated oxidation enabled the covalent graing of GaCeNPs,
obtained through ultrasonic emulsication, onto the aminated
silicone substrate. Oxidised phenolic groups on the GaCeNPs-
graed surface consequently initiated the radical polymerisa-
tion of sulfobetaine vinyl monomers, resulting in a hydrophilic
pSB layer with antifouling properties and moderate surface
roughness. The resulting nanocomposite coating prevented non-
specic protein attachment and remained stable aer a week of
incubation in water, maintaining its surface hydrophilicity. In
addition, the viability of planktonic E. coli and S. aureus were
signicantly reduced upon contact with the GaCeNPs_pSB-
5668 | Nanoscale Adv., 2025, 7, 5658–5669
coated silicone, while also inhibiting early biolm formation
on its surface. Both antibacterial and antibiolm effects were
attributed to the synergistic action of the antimicrobial CSA-131
and the antifouling zwitterionic polymer. The antimicrobial
efficacy of GaCeNPs_pSB-coated Foley catheters was further
validated using a hydrodynamic model that replicates the
catheterised bladder under physiological ow, demonstrating
sustained antibiolm activity over a clinically relevant 7-day
period. Importantly, GaCeNPs_pSBs-coated silicone showed no
adverse effects on major stromal cell types found in the
urogenital tract. These ndings not only conrm the biosafety of
the developed coating but also support the transition towards
fully organic, antibiotic- and metal-free coatings for biomedical
devices, addressing antibacterial resistance and cytotoxicity
issues. Overall, this study highlights the potential of laccase-
mediated surface functionalisation, supported by ultrasound-
assisted deposition, to enable durable, antibacterial, and anti-
fouling biopolymer coatings on urinary catheters.
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