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ARTICLE INFO ABSTRACT

Keywords: Catheter-associated urinary tract infections (CAUTIs), caused by biofilms, are the most frequent health-care
Sonochemistry associated infections. Novel antibiofilm coatings are needed to increase the urinary catheters' life-span,
Amylase

decrease the prevalence of CAUTIs and reduce the development of antimicrobial resistance. Herein, antibacte-
rial zinc oxide nanoparticles (ZnO NPs) were decorated with a biofilm matrix-degrading enzyme amylase (AM)
and simultaneously deposited onto silicone urinary catheters in a one-step sonochemical process. The obtained
nano-enabled coatings inhibited the biofilm formation of Escherichia coli and Staphylococcus aureus by 80% and
60%, respectively, for up to 7 days in vitro in a model of catheterized bladder with recirculation of artificial urine
due to the complementary mode of antibacterial and antibiofilm action provided by the NPs and the enzyme.
Over this period, the coatings did not induce toxicity to mammalian cell lines. In vivo, the nano-engineered
ZnO@AM coated catheters demonstrated lower incidence of bacteriuria and prevent the early onset of CAUTIs
in a rabbit model, compared to the animals treated with pristine silicone devices. The nano-functionalization of
catheters with hybrid ZnO@AM coatings appears as a promising strategy for prevention and control of CAUTIs in

Zinc oxide nanoparticles
Biofilm inhibition
Bacterial infections prevention

the clinic.

1. Introduction

Indwelling medical devices such as urinary catheters have become an
indispensable part of the modern medicine, aiding to improve the pa-
tient's quality of life [1]. However, all types of urinary catheters are
vulnerable to microbial contamination and create an ideal environment
for pathogenic bacteria to form biofilms originating severe urinary tract
infections (UTIs) [2]. Catheter-associated UTIs (CAUTIs) account for
over 40% of all hospital-acquired infections and more than 80% of all
UTIs [3]. These infections are global health concern responsible for
increased mortality and morbidity, prolonged time of hospitalization,
elevated healthcare costs, lengthy antibiotic therapy and risk of resis-
tance development [4].

Biofilm formation on urinary catheters is fundamental to CAUTIs
pathogenesis [5]. Bacterial biofilms are complex structures of surface
attached cells, which are embedded within a self-produced extracellular
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polymer matrix (EPM). Biofilm EPM is comprised mainly of poly-
saccharides, proteins and nucleic acids originating from both bacteria
and the surrounding environment [6]. Among those, matrix exopoly-
saccharides (EPS) are integral part of the biofilm structure that assist
bacteria to strongly adhere to the catheter surfaces and provide pro-
tection against antibiotic treatments. As a result, bacteria within bio-
films effectively circumvent the existing antibiotic therapies and host
immune defenses, causing difficult-to-treat infections, systemic
dissemination of the pathogen and dysfunction of the medical device
[7].

Current practices to decrease the incidence of CAUTIs consist in the
frequent replacement of the contaminated device and aggressive anti-
biotic treatment, causing patients' discomfort and selection for new
antimicrobial resistant (AMR) bacteria, respectively. Replacement of the
contaminated catheter is only a temporary solution, as the newly
inserted device provides a fresh surface for bacteria to readily adhere
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and establish antibiotic resistant biofilms [8]. More recently, the utili-
zation of silicones for catheter construction and the design of antimi-
crobial coatings appeared as effective preventative measures against
CAUTIs [9]. However, the non-specific protein adsorption on silicone
catheters and the formation of a “conditioning layer”, where the path-
ogens easily adhere and form biofilm, limited their utilization for longer
periods [10]. Catheters, coated with broad-spectrum antibacterial
agents such as antibiotics, metals and metal nanoparticles (NPs) [11,12]
have shown variable efficiency in preventing biofilms by either killing
the pathogens or inhibiting bacterial growth on the surface of the device.
Despite the promising results, the fast and uncontrolled release of the
biocides is frequently associated with side effects such as cytotoxicity,
hypersensibility, inflammation or development of drug resistance in
addition to the low durability of the antimicrobial and antibiofilm ef-
fects [13,7]. More innovative approaches for inhibition of bacterial
biofilms use enzymes [14,15], antifouling polymers [16] or bactericides
with non-specific antibacterial mechanisms (e.g. membrane damage and
reactive oxygen species generation), which are unlikely to develop
resistance [17]. We have successfully explored the antibiofilm enzymes
acylase and amylase to engineer stable and efficient multilayer coatings
on medical devices [14,15]. These enzymes do not kill bacteria, but
interfere with bacterial capacity to coordinate and produce the protec-
tive EPM adhesive, thereby inhibiting the biofilm growth and decreasing
the risk of resistance development [17].

In this study, for the first time, a durable hybrid nano-coating of
antibiofilm enzyme amylase and antibacterial ZnO NPs has been
developed onto silicone urinary catheters in a one-step sonochemical
process without the need for pre-activation of the silicone material. The
hydrolytic enzyme a-amylase has been assembled with antibacterial
ZnO NPs templates and simultaneously deposited onto silicone Foley
catheters under high-intensity ultrasonic field. The undesirable phe-
nomenon of non-specific protein adsorption on silicones [18] has been
transformed into an advantage to improve the stability of the ZnO NPs
coating using the enzyme protein as an adhesive that additionally pro-
vides biofilm degrading activity. On the other hand, the assembling of
amylase with the ZnO nano-templates would ensure the stability of the
enzyme upon sonication preventing from protein unfolding and dena-
turation. Sonochemistry is a versatile and environmentally friendly
water-based technique used in our group for production of inorganic (e.
g metal oxide), organic (e.g. antibiotic) and biological NPs and their
simultaneous deposition on a wide range of surfaces [11,19-21].

The hybridization of bioactive proteins with antimicrobial metal
oxide nano-templates is an innovative approach that allows to benefit
from both the antibiofilm activity of amylase and the bactericidal
properties of the inorganic NPs. Herein, the sonochemical nano-
formulation of dual active ZnO@AM NPs was expected to synergisti-
cally improve the antibiofilm activity of the hybrid nano-coating at
minimal, non-toxic levels of the metal oxide biocide. The antimicrobial
efficacy of the engineered hybrid nano-coatings has been assessed first in
vitro under dynamic conditions simulating the urine circulation during
catheterization for up to 7 days - the time frame for catheter colonization
by pathogens and occurrence of CAUTIs. The incidence of bacteriuria
increases daily 3-6% per day after the catheter placement [1]. More-
over, it has been estimated that for each day the catheter is in place, the
risk for acquisition of infection in any part of the urinary system
(including urethra, bladder, ureters, and kidney) was 10% higher [22].
The biocompatibility of the coatings has been further evaluated upon
exposure to mammalian cell lines for the same time period. In addition
to the in vitro evaluation, the antibiofilm efficacy of the novel coatings
for reducing the occurrence of early CAUTIs and possible side effects,
such as toxicity and inflammation, has been validated in vivo in a rabbit
model.
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2. Materials and methods
2.1. Materials

ZnO NPs (size <100 nm, zeta-potential = +17.1 + 0.8 mV) and
a-amylase from Bacillus amyloliquefaciens (32 mg mL ™! protein content
and 20 U mg~! specific activity) were purchased from Sigma-Aldrich
(Spain). Bacterial species Gram-positive Staphylococcus aureus (S.
aureus, ATCC 25923) and Gram- negative Escherichia coli (E. coli, ATCC
25922), and human fibroblast (ATCC-CRL-4001, BJ-5ta) and keratino-
cyte (HaCaT cell line) cells were obtained from the American Type
Culture Collection (ATCC LGC Standards, Spain). AlamarBlue Cell
Viability Reagent and Live/Dead BacLight kit (Molecular probes L7012)
were purchased from Invitrogen, Life Technologies Corporation (Spain).
Live/Dead® Kits for mammalian cells viability kit was obtained from
Thermo Fischer Scientific (Spain). Polydimethyl/vinylmethyl siloxane
urinary (Foley) catheters were provided by Degania Silcone Ltd. (Israel).
All other chemicals were purchased from Sigma-Aldrich (Spain) and
used without further purification.

2.2. Ultrasound-assisted coating of catheters with ZnO NPs and amylase

The sonochemical coating was performed using an ultrasonic trans-
ducer Ti-horn (20 kHz, Sonics and Materials VC750, USA). At first, sil-
icone Foley (size 16 French) catheters were immersed in the ultrasonic
pot containing 400 mL aqueous solutions of ZnO NPs (1 mg mL™!) and/
or 3.4% amylase (v/v) and the coating of the samples was carried out
during 15 min at 20 °C and amplitude of 50%. The ultrasonic horn was
dipped 2 cm in the solution at a distance from the catheter of approxi-
mately 5 cm. After the coating process, the samples were thoroughly
washed with distilled water and air-dried. For the in vivo studies, entire
silicone Foley catheters (size 8 French) were sonochemically coated
following the same conditions as described before.

2.3. Surface characterization of the coated catheters

The surface morphology of the functionalized silicone catheters was
studies by HRSEM (Quanta 200 FEG from FEI (USA)). Size histogram of
the deposited ZnO@AM NPs on the catheter was build using ImageJ
software. The amount of the zinc oxide in the coatings was determined
after extraction with 0.5 M nitric acid by Inductively coupled plasma
(ICP)-atomic emission spectroscopy on an ICP-spectrometer ULTIMA
JY2501 (France).

2.4. Stability of the coatings

The durability of the functionalized silicone samples were further
evaluated using previously described procedure [14]. Briefly, the sili-
cone material (1 cm) was incubated in artificial urine for 7 days at 37 °C
with 20 rpm shaking. The stability of the metal/enzyme coatings was
further studied through the changes of the amylase activity in the
coatings before and after incubation in artificial urine. ICP technique
was used to determine the zinc oxide leaching from the catheter
surfaces.

2.4.1. Amylase activity in the coatings

The enzyme activity in the coatings was determined using the 3,5-
dinitrosalicylic acid (DNS) assay as previously described [23]. 1 cm of
coated catheter was incubated with 2 mL of 1% starch (w/v) solution in
20 mM sodium phosphate buffer (pH 6.9) for 1 h, at 37 °C with 142 rpm
shaking. Then, 1 mL of the sample was incubated with 1 mL DNS reagent
for 15 min at 100 °C and the absorbance was measured at 540 nm.

2.5. Quantification of the total biofilm formation

Biofilm formation on the modified silicone materials was assessed
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with Gram-negative E. coli and Gram-positive S. aureus as previously
described [14]. Briefly, 1 cm of catheter samples were placed with 1.5
mL of bacteria in tryptic soy broth (TSB, ODggo = 0.01), and left under
static conditions to allow bacteria to form biofilms on the catheters.
After 24 h of incubation the total biofilm mass was assessed using crystal
violet assay. The same procedure was used to assess the durability of the
antibiofilm activity of the coatings after their incubation in artificial
urine for 7 days.

2.6. Antibacterial activity

The antibacterial activity of the modified silicone materials was
assessed against E. coli and S. aureus. Briefly, 1 cm of catheter and 2 mL
of bacteria in 100 mM phosphate buffered saline (PBS) (CFU mL™! ~
10%) were placed in 15 mL sterile falcons. The falcons were then incu-
bated for 24 h at 37 °C with 230 rpm shaking. After the incubation, the
survived bacteria were plated on selective agars, the plates were incu-
bated for 24 h at 37 °C, and the survived bacteria were count using drop
count method.

2.7. Dynamic biofilm inhibition tests

The biofilm activity of the hybrid coating of ZnO@AM NPs was
analyzed under dynamic conditions using an in vitro physical model of
catheterized human bladder as previously described [15]. Briefly, the
bladder model was autoclaved (121 °C for 15 min), subsequently the
non-treated and coated silicone Foley catheters were inserted into the
system and the catheter's balloon was inflated with 5 mL sterile PBS.
According to UNE EN1616 (Sterile Urethral Catheters for Single Use),
the bladder was filled up to the catheter's eye with sterile artificial urine,
PH 6.8 (supplemented with 1 mg mL~! TSB), containing Gram-negative
E. coli or Gram-positive S. aureus (final ODggp = 0.01 for each bacte-
rium). During the 7 days of catheterization, the model was supplied with
sterile artificial urine at a flow rate of 1 mL min ! and maintained at
37 °C. Then, the catheter was removed, and the biofilm formation on the
catheter's surface (catheter's tip and balloon) was evaluated. Non-
treated silicone Foley catheter served as a control sample (no biofilm
inhibition). The evaluation of live and dead bacteria into the biofilms,
formed on the catheters were also assessed using Live/Dead BacLight kit
assay. Briefly, the silicone samples were stained with a mixture of Syto 9
and propidium iodide (1:1) for 15 min. The biofilms were rinsed with
100 pL of 100 mM PBS and analyzed by fluorescent microscope. The live
cells were stained in green and the dead ones in red.

2.8. Cytotoxicity

The cytotoxicity of the coated catheters was evaluated using human
fibroblast cells line BJ-5ta and HaCaT keratinocytes. The functionalized
catheters were placed in contact with the previously cultured cells and
the viable cells were quantified using AlamarBlue assay kit (Ala-
marBlue®, Invitrogen) after 24 h and 7 days of contact [24]. The cells'
morphology was also observed by Live/Dead® Viability/Cytotoxicity
assay kit for mammalian cells after exposure of the cells to the coated
catheters for 24 h and 7 days as previously described [25].

2.9. In vivo tests in rabbit model

The antibacterial efficacy of the hybrid NPs coatings of amylase and
ZnO was assessed in vivo. All the experiments were carried out in animal
research facility in the Institute of Experimental Morphology, Pathology
and Anthropology with Museum, Bulgarian Academy of Sciences
(Permit number: 11 30,127) in accordance with the national regulation
N2 20/01.11.2012 regarding laboratory animals and animal welfare,
European legislation, International Standard ISO 10993-1:2009 for
biological evaluation of medical devices and were also confirmed by the
Institutional Animal Care and Use Committee. New Zealand male rabbits

Materials Science & Engineering C 131 (2021) 112518

(n =9), 4-5 months of age and mean body weight of 3 kg, were divided
into 3 groups as follow: 1st group - is the control group of non-
catheterized animals; 2nd group - is the group of animals catheterized
with pristine silicone Foley catheters (size 8 French) for 7 days and the
3rd group - is composed of rabbits catheterized with hybrid ZnO@AM
NPs-coated catheters for 7 days.

At the beginning of the experiment, all animals were checked clini-
cally for their health status and were diagnosed as healthy. The cathe-
terization procedure was performed under general anesthesia using
anesthesia mixture of tiletamine/zolazepam, xylazine and butorphanol
in doses 5 mg kg™, 4 mg kg~!, and 0.15 mg kg~!, respectively, intra-
muscular administration. After application of lubricant, the sterilized
under UV non-treated and treated catheters were aseptically inserted in
the orificium urethrae externum and the lumen of the urethra. The
insertion of the catheters was controlled and visualized using ultrasound
(Ultrasound “Mindray DP-20 Vet”). After the insertion, the catheter's
balloon was inflated with air and the catheters of group 2 and 3 were
secured with several dermal sutures in ventral abdominal wall to pre-
vent their removal from the animal. Medical bandages of the pelvic zone
and cervical collars were applied on the rabbits for hygienic and safety
purposes, without affecting their capability to feed and drink freely.
During the experiments, the heart levels, the breath rates and temper-
ature of the animals were monitored. All animals recover smoothly and
no mortality during the anesthesia was observed. After the period of
catheterization, blood and urine from each animal group were collected
for further analyses.

2.9.1. Microbiological tests

The urine samples from all groups were collected aseptically and
subjected to microbiological analysis. From the 1st - control group,
10-20 mL urine was collected after single catheterization followed by
immediate removal of the device. In the microbiological studies, 0.1 mL
of the collected urine were seeded on a differentiation medium (in
triplicate). Additionally, the method of calibrated inoculating loops was
performed to detect the presence of microorganisms, as previously
described [26]. Microbiological tests were also performed for the cath-
eters after their removal from the animals at the end of the experiment.
The indwelling urinary catheters were cut and placed on Chromo-
Bio®Urine and Mueller Hinton (MH) agar plates as well as in nutrient
rich MH broth (MHB, BUL BIO NCSPB - Sofia). The results after incu-
bation under aerobic conditions at 37 °C for 48-96 h were reported. The
quantification of microorganisms was performed by determining the
arithmetic mean number of developing colonies and calculating the
amount of CFU. Microscopic examinations were performed by Pfeifer
method with fuchsin staining under immersion with a digital micro-
scope with a camera (B-190TV, Optika, Italy). The isolation and iden-
tification of the bacteria and fungi was carried out in accordance with
the Bergey International Identifier [27].

2.9.2. Histopathological examination

On the seventh day of post-catheterization, the animals from each
group were sacrificed and humanely euthanized for collecting materials
for histology and evaluation of the local tissue reactions and inflam-
mation indications. Tissue samples (1 cm? in size) from urethra, urinary
bladder and kidneys were first fixed in 10% neutral buffered formalin,
then dehydrated in ethanol and embedded in paraffin. Tissue sections
(3-5 pm thick) were stained in hematoxylin and eosin and examined by
light microscope (Leica DM 5000B, Wetzlar, Germany). The sections
were scored for the presence of epithelial desquamation or erosions,
fibrosis, inflammatory reactions and foreign body responses or other
pathological lesions to evaluate the morphological tissue reactions after
the catheterization in both cases. Tissue samples from the control rabbits
were used for comparison.

2.9.3. Biochemical analyses
Complete blood count and biochemical analysis were performed by
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Fig. 1. Surface characterization of sonochemically coated with ZnO@AM NPs silicone catheter. (a) Schematic representation of the US assisted ZnO@AM NPs
generation and their deposition on the silicone catheter. (b) Histogram of ZnO@AM NPs size distribution based on the total count of up to 100 NPs using ImageJ

software. (¢) HRSEM images of pristine and ZnO@AM NPs-coated silicone catheter.

Automatic Hematology Analyzer (Mindray BC - 2800 Vet) and Blood
Chemistry Analyzer (MNCHIP Celercare V2). Urine test was carried out
using urine analyzer with urine test strips (Urit — 50 Vet). Additionally,
whole blood and urine sediment smears were prepared for microscopic
examination. Peripheral blood was obtained after puncture of the mar-
ginal dorsal vein of the ear and drops were spread on clean sterilized
slides and left to air dry. Then, the dried samples were stained with
DiaPath May-Grundwald Giemsa Fast Method and were examined by
light microscope (Leica DM 5000B, Wetzlar, Germany).

Fresh and mixed sample of each urine was collected in a centrifuge
tube and centrifuged using centrifuge (5702R, RH Eppendorf, AG,
Germany). After removing of the supernatant, the formed pellet was
resuspended in 10 pL urine. The samples, were further processed for
microscopic observation.

2.10. Statistical analysis

All data are presented as mean =+ standard deviation. For multiple
comparisons, statistical analysis by a one-way analysis of variance

(ANOVA) followed by post-hoc Tukey test or the unpaired two-tailed
Student's t-test method, were carried out using Graph Pad Prism Soft-
ware 5.04 for windows (USA). P values less than 0.05 were considered
statistically significant.

3. Results and discussions
3.1. Characterization of the coated urinary catheters

High intensity US induced mass transfer, supported by
electrostatically-driven self-assembling, was applied to decorate the ZnO
NP core with an enzyme shell in order to develop in situ dual active bio-
nanohybrids. The NPs surface charge in the solution was measured after
the coating process. The zeta-potential of the pristine ZnO NPs changed
from 17.1 &+ 0.8 mV to —22.7 £+ 0.5 mV, due to the formation of an
amylase layer onto the nano-template. Simultaneously, the obtained
hybrid ZnO@AM NPs were deposited onto silicone urinary catheters in a
“throwing stone” mode upon the application of US and taking advantage
of the non-specific protein adsorption on silicones (Fig. 1a). The surface
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Fig. 2. Enzymatic activity of amylase-containing coating before and after in-
cubation in artificial urine for 7 days with shaking. The results are expressed as
the percentage of amylase activity compared to the enzyme before incubation
in artificial urine.

morphology of the catheters coated with ZnO@AM NPs was observed
using high-resolution scanning electron microscope (HRSEM) (Fig. 1c).
The HRSEM analysis of the coated sample showed a dense layer of
ZnO@AM NPs with an average size of 192 nm and a narrow NPs size
distribution (Fig. 1c).

Previous studies have reported that proteins may adsorb onto colloid
particles through a combination of hydrogen bonding, electrostatic, van
der Waals, and hydrophobic interactions [28]. In our work, the elec-
trostatic attraction between the positively charged ZnO NPs and nega-
tively charged amylase led to the formation of NP composites that were
simultaneously deposited in a uniform layer onto the catheter's surface
applying high-intensity US. The formation, growth and collapse of
cavitation bubbles, generated upon sonication of liquids, determine the
rationale of the deposition process. Microjets and shock waves formed
upon the collapse of the acoustic bubbles [12] project the synthesized
ZnO@AM NPs at high velocities towards the catheter's surface where the
NPs attach by physical interactions between the highly hydrophobic
polydimethyl/vinylmethyl siloxane and hydrophobic protein domains.
Hydrophobic clusters of a large number of aromatic amino acid residues,
e.g. tryptophan, tyrosine and phenylalanine, exposed in o-amylase
structure promote the protein adsorption [29].

ICP analysis, carried out to determine the amount of ZnO onto the
catheters treated with ZnO NPs in presence and absence of amylase,
showed up to 10-fold lower amount of ZnO (ca. 0.002 wt%) in the hybrid
ZnO@AM NPs coating when compared to the coating prepared with
only ZnO NPs (ca. 0.038 wt%) (Table S1).

3.2. Stability of the coatings in artificial urine

The stability of the coatings in urine is an important parameter to be
considered for their practical use. Urine has a complex chemical
composition, containing inorganic salts that can affect the catalytic ac-
tivity of amylase and reduce the antibiofilm potential of the coatings
[16,14]. Therefore, the activity of the enzyme on both amylase- and
ZnO@AM NPs-coated catheters was assessed after 7 days of incubation
in artificial urine (prepared according to DIN EN 1616:1999). The sili-
cone devices coated with amylase alone lost almost 100% of their
enzymatic activity after 7 days in contact with urine under continuous
agitation. However, the amylase-containing hybrid NPs coating was still
active, retaining up to 80% of its initial activity, as confirmed by the
production of maltose upon the enzymatic degradation of starch (Fig. 2).
a-amylase is a rather robust, industrially relevant enzyme, which ac-
tivity reflects the changes in the protein conformation under the effect of
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Fig. 3. Biofilm inhibition (%) at static condition of the coated catheters to-
wards (A) S. aureus and (B) E. coli assessed before and after incubation in
artificial urine for 7 days under continuous agitation. The results are repre-
sented in %, compared with the biofilm inhibition of pristine catheter (non-
inhibition). Stars represent the statistical differences between the different
groups of samples; p < 0.05.

the application environment. The conformational stability of the
enzyme is a function of external variables, such as ionic strength and
composition of this environment. Prolonged exposure (7 days) to
chemical denaturants, such as urea [29] and salts (NH;" is a strong
deactivating cation) in the artificial urine, although not in denaturing
concentrations, apparently deactivated the amylase alone, while the
assembling of the enzyme onto the metal oxide NP- templates and their
subsequent deposition on the catheter ensured the conformational sta-
bility of the enzyme protein and its hydrolytic activity in the nano-
enabled coating.

Additionally, the leaching of ZnO NPs from the catheters over the
same period of incubation in artificial urine was evaluated. ICP mea-
surement quantified the total amount of ZnO in the ZnO and ZnO@AM
NPs coatings before and after incubation in artificial urine (Table S1).
Considerably lower amount of ZnO was detected on the catheters treated
in the presence of amylase in comparison to the catheters treated only
with ZnO NPs. On the other hand, the ICP data revealed higher stability
of the hybrid ZnO@AM coatings than the individual ZnO NPs materials.
High amount (83%) of ZnO initially present on the ZnO@AM NPs-coated
catheter remained on its surface after incubation in urine, while only
25% of ZnO was detected in the case of ZnO NPs-coated catheter. The
release of ZnO from these coatings is explained with the ZnO NPs
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Fig. 4. Biofilm inhibition activity of the ZnO@BSA NPs-coated catheters.

dissolution induced by the phosphates in the artificial urine [30,31].
Apparently, the complexation of ZnO NPs with amylase in the hybrid
coatings led to improved stability as confirmed by ICP and HRSEM data.
HRSEM images of the coated catheters following their immersion in
artificial urine for 7 days (Fig. S1) showed a removal of the ZnO NPs,
whereas no significant difference was observed for the hybrid ZnO@AM
NPs coating before and after incubation. The sonochemically deposited
metal oxides are not stable, and in most cases the substrate requires a
pretreatment to improve the coating stability [32,33]. Here, the coating
stability was provided by the amylase acting as an adhesive between the
hybrid metal oxide/enzyme nanocomplexes and the hydrophobic poly-
dimethyl/vinylmethyl siloxane catheter.

3.3. Antibiofilm activity and functional stability of the coated urinary
catheters

The biofilm formation by Gram-positive S. aureus and Gram-negative
E. coli, the most common pathogens found in CAUTIs, was assessed on
treated and non-treated catheters under static conditions using crystal
violet assay [34]. Catheters, coated either with amylase or ZnO NPs
alone inhibited the S. aureus biofilm formation by approximately 20%
and 70%, respectively (Fig. 3a). In the case of E. coli, both amylase and
ZnO NPs coatings inhibited the biofilm formation on the catheter by
around 70% when compared to non-treated silicone (Fig. 3b). Unlike E.
coli which produces several types of potential substrates for amylase, S.
aureus only secretes one dominant EPS involved mainly in the intercel-
lular aggregation of the cells at the surface [35,36]. The amylase-
induced degradation of several biofilm adhesives simultaneously is
probably the reason for the higher efficacy of amylase-coated catheters
on E. coli when compare to S. aureus.

However, the simultaneous coating with both actives led to inhibi-
tion of the total biofilm formation by 81% for S. aureus and 75% for E.
coli (Fig. 3a, b). In the hybrid ZnO@AM NPs the amylase degraded
essential for biofilm adhesion and growth polysaccharides [14], inhib-
iting the biofilm formation by both bacterial strains, and at the same
time, increasing the susceptibility of the individual bacterial cells to the
bactericidal ZnO NPs at lower concentration. Amylase has been
employed in our group both individually and in combination with other
enzymes (e.g. acylase) [14] or antibacterial agents (e.g. silver) [23] to
inhibit biofilm maturation, detach pre-formed biofilms, and synergisti-
cally increase the susceptibility of the biofilm forming bacteria to bio-
cides. In contrast to commonly used antimicrobials, these hybrid
antibacterial/antibiofilm agents eradicate pathogens via non-specific
mechanisms of action, such as membrane damage, oxidative stress and
virulence attenuation, unlikely to induce AMR development [37].

In order to highlight the role of the enzyme and confirm the
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Fig. 5. Antibacterial activity of ZnO NPs and ZnO@AM NPs-coated catheters.

synergism between ZnO NPs and amylase, sonochemical coatings con-
taining ZnO NPs and non-active protein (bovine serum albumin (BSA))
instead of amylase, were developed. The coatings did not show any
ability to reduce the bacterial attachment and biofilm formation (Fig. 4),
which demonstrates the relevance of the amylase-assisted EPS degra-
dation for inhibition of the total biofilm formation by the hybrid
ZnO@AM NPs coating. Furthermore, catheters coated with amylase did
not affect the growth of free-floating bacterial cells, while the ZnO NPs
functionalized devices inhibited both S. aureus and E. coli growth by
100% and 90%, respectively (Fig. 5). These results clearly emphasize the
synergy between the amylase and ZnO NPs, which is further reflected in
a higher antibiofilm activity at lower concentration of the bactericidal
ZnO NPs.

Engineering of stable at use antibiofilm coatings on indwelling uri-
nary catheters is crucial for the effective prevention of CAUTIs. There-
fore, the functional stability of the coated catheters, i.e. their ability to
impair the bacterial attachment and colonization, was assessed after 7
days of incubation in artificial urine under continuous agitation [14].
Catheters functionalized with amylase or ZnO NPs alone, practically lost
their ability to inhibit the static biofilm formation of both S. aureus and
E. coli after incubation in urine. However, when amylase and ZnO were
simultaneously deposited onto the silicone surface, a negligible decrease
of their biofilm inhibition properties was observed in comparison to the
non-incubated in urine samples. ZnO@AM NPs coatings lost only 10%
and 20% of their antibiofilm activity against S. aureus and E. coli,
respectively (Fig. 3). These results indicate that the hybridization of ZnO
NPs and amylase into a nanostructured coating on catheters is an
effective antibiofilm approach against both Gram-positive and Gram-
negative bacterial strains even after 7 days of exposure to artificial urine.

3.4. Biofilm inhibition tests under dynamic conditions in a model of
catheterized human bladder

Despite of the high stability and efficiency of ZnO@AM NPs coatings
in controlling the biofilm formation of both Gram-positive and Gram-
negative bacteria at static conditions, these conditions do not simulate
the real scenario during catheterization. For that reason, the novel
hybrid nano-enabled coatings were further challenged in dynamic bio-
film inhibition tests in a model of catheterized human bladder (Fig. 6a),
where the dynamically varying shear stress associated with urine flow
may affect the bacteria adhesion on the surface or provoke coating
removal [38]. This model has been widely used in our group for
assessing in vitro the antibiofilm functionality of catheter coatings
[14,16].

Since 80% of bacterial adhesion onto medical devices and the
buildup of drug-resistant biofilms occur during the first days after the
device insertion [39,40], strategies for prevention of biofilm formation
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Fig. 7. Viability of HaCaT and BJ-5ta cell lines after exposure to the ZnO@AM
NPs- coated catheters assessed by (a) AlamarBlue and (b) Live/Dead kit assays.
The green and red fluorescence images are overlaid. Scale bar corresponds to
100 pm. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

within the first days of catheterization are needed. The total biofilm
mass formed on the pristine and ZnO@AM NPs-coated Foley urinary
devices after 7 days of catheterization was evaluated using crystal violet
and Live/Dead kit assays. The sonochemical coating with ZnO@AM NPs
led to reduction of both S. aureus and E. coli total biofilm formation on
the catheter's balloon by 60% and 80%, respectively (Fig. 6). The
balloon of the catheter inflated inside the bladder is entirely immersed in
urine during catheterization. This part of the indwelling urinary device
is the most susceptible to colonization and consequent establishment of
antibiotic resistant biofilms by urinary tract pathogens. Considering
previous works on the biofilm growth in artificial urine [14], we pre-
sume that the enzyme in the hybrid coatings affects the S. aureus and E.
coli initial colonization on the catheter surface degrading the poly-
saccharide adhesives essential for bacterial attachment and growth of
biofilms. The degradation of the EPS by amylase inhibits the formation
of mature biofilm, further enhancing the bacterial susceptibility to
bactericidal ZnO NPs in the coatings. Although, the extent of biofilm
reduction was different between the different bacteria the proposed
mechanism of antibiofilm action of the hybrid ZnO@AM NPs coatings is
valid for both species. The variation in the antibiofilm activity is
explained by the different EPS [41] and their functional role in the
biofilm establishment as well as different structure of Gram-positive and
Gram-negative bacterial membrane [19].

Microscopic observations revealed less S. aureus than E. coli biofilm
formation on the non-treated catheter balloon, explained with the dif-
ference between the Gram-positive and Gram-negative bacterial species
and their ability to establish in vitro biofilms under dynamic conditions
[42]. Noteworthy, the biofilm formation by S. aureus and E. coli on
ZnO@AM NPs-coated catheters was completely inhibited and only few
individual cells were observed. The appearance of dead bacterial cells
(red cells) in the microscopic images was due to the bactericide effect of
ZnO NPs. The consistency of the results for the antibiofilm efficiency of
ZnO@AM NPs coatings in both static and dynamic conditions clearly
demonstrate the potential of these hybrid coatings to prevent the biofilm
formation on silicone urinary catheters and therefore decrease the
incidence of CAUTIs.

3.5. Cytotoxicity of the coatings

Since ZnO NPs at high concentrations induce cytotoxicity towards
mammalian cells [43], the biocompatibility of the developed coatings is
an important parameter to be assessed for their clinical application. Cell
viability assay was performed to examine the biocompatibility of the
coated catheters with two lines of mammalian cells, namely human
fibroblast cells and HaCaT keratinocytes. The cells' viability and
morphology were observed after 24 h and 7 days of exposure to
ZnO@AM NPs-coated catheters (Fig. 7a). The pristine and ZnO@AM
NPs-coated catheters did not affect the viability of both fibroblast cells
and HaCaT keratinocytes, demonstrating 100% biocompatibility
(Fig. 7a). Furthermore, the morphology of the mammalian cells in
contact with the catheters was not altered (Fig. 7b), suggesting that the
in vivo use would not imply any biocompatibility concerns.

3.6. In vivo efficacy assessment of ZnO@AM NPs-coated catheters in a
rabbit model

The ability of the coatings to reduce bacterial biofilm growth and
respectively the CAUTIs occurrence was assessed in vivo in an estab-
lished rabbit model (Scheme 1). This model does not use specific
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pathogen inoculum, but rather mimics the natural process by which
microorganisms from the surrounding environment colonize the device
surface and induce CAUTIs [11]. Additionally, the model allows to
assess in vivo the biological safety of the coated catheters.

In the in vivo tests, animal groups 2 and 3 (n = 3), were subjected to
catheterization, respectively with pristine and ZnO@AM NPs-coated
indwelling urinary catheters, under identical experimental conditions
for 7 days (this is the usual time frame for catheter colonization by
pathogens and subsequent appearance of CAUTIs). Non-catheterized
rabbits (group 1) were used as a control (healthy animals) in all
experiments.

3.6.1. Microbiological analysis of urine and catheters’ surfaces for UTIs
detection

At the end of the catheterization period, urine samples and catheters
from each group were collected and examined for bacterial contami-
nation. The results from the microbiological studies of the urine
collected from group 1 (non-catheterized rabbits) showed that there was
no contamination by aerobic and facultative anaerobic microorganisms
(data not shown). However, the samples from the urine of the rabbits
and the surface of the pristine catheters from group 2 were both colo-
nized with bacteria, mainly from genus Enterococcus (Fig. 8). The
Enterococcus concentration in the urine was 3.65 x 10° + 0.54 CFU ml !
and was sufficient to cause UTI, as confirmed by the appearance of
concomitant clinical symptoms such as kidney lesions and signs of
developing glomerulonephritis (Fig. 9c¢) [44]. Bacteria were also
detected on the catheter's surface (17.9 + 1.33 CFU cm2) and their
organization into stable biofilms could further lead to difficult to treat
UTIs [45].

In contrast to the animal group catheterized with pristine catheters,
the urine samples collected from the animals treated with ZnO@AM
NPs-coated catheters (group 3) were practically sterile. Less than 10°
CFU ml™! (ca. 6.5 x 10% + 1.68 CFU ml™ 1) bacteria from the genus
Enterococcus were found in the urine samples, which is not indicative for
infection [46]. Although the urine had some bacterial load, the surface
of the ZnO@AM NPs-coated catheters remained bacteria-free over the
time of catheterization (Fig. 8). These in vivo results are in agreement
with the in vitro observations and confirmed the potential of the hybrid
ZnO@AM NPs coating for clinical uses.

3.6.2. Histopathology after catheterization
The urethra of the control animals from group 1 did not show any
abnormalities (Fig. 7A). Typical features of the epithelial lining, starting
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with transitional cells near the bladder, followed by pseudostratified,
stratified columnar epithelium and stratified squamous approaching the
orificium (Fig. 9a, black arrow), were observed. In contrast, very mild
erosions of the mucosal columnar epithelium, due to the mechanical
pressure of the catheters on parts of the penile urethra during cathe-
terization, were detected in the catheterized rabbits from groups 2 and 3
(Fig. 9a, black arrows), while the urothelium in the prostatic urethra was
not affected (Fig. 9b). The anatomical position of the penile part of the
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Fig. 9. Histopathology of (a) rabbit penile,
(b) prostatic urethra, (c) bladder and (d)
rabbit kidney of non-catheterized (group 1)
and catheterized with pristine (group 2) and
ZnO@AM NPs (group 3) catheters. Black
arrows indicate epithelial lining; red arrow
displays urinary bladder mucosa with tran-
sitional epithelial cell lining; red arrowheads
show glomeruli. (e) Blood smears of rabbits.
Black arrow indicates the neutrophil gran-
ulocytes. (f) Urine sediments of non-
catheterized (group 1) and catheterized
rabbits (group 2 and 3). Red arrows indicate
the umbrella cells from the urinary system
mucosal linings. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this
article.)

ZnO@AM catheter
!

urethra and the size of the catheters explain these findings.

Significant histopathological alterations due to catheterization were
not detected in the bladders of the animals from all groups (Fig. 9c).
Groups 1 and 3 had normal morphology of the bladder mucosa with
transitional epithelial cell lining (red arrow). Some of the animals in
group 2 (non-coated catheters) appeared with mucosal lesion expressed
in focal damage of epithelial linings forming microerosions of the cell
barrier (Fig. 9c, black arrows) and showed bladder inflammation when



A. Ivanova et al.

compare to group 3, catheterized with ZnO@AM NPs-coated devices.

The kidneys of the rabbits from group 1 (without catheterization)
and group 3 (using ZnO@AM NPs-coated catheter) did not show any
pathological lesions (Fig. 9d). Their glomeruli and Bowman's capsules as
well as the urinary tubular system were found to be with normal
morphology. However, in rabbits from group 2 (pristine catheters) the
pathohistological observations showed localized clusters of crescentic
glomerulonephritis and vasculitis (extravasation and tissue infiltration
from the bloodstream with inflammatory cells) (Fig. 9d, black arrows)
and preserved morphology of glomeruli (Fig. 9d, red arrowheads). Zonal
infiltration of renal perivascular tissues and circumferential peri-
glomerular renal parenchyma was observed, where the pathology
involved abundant local concentration of inflammatory cells. We sug-
gest that this is related to a disorder in the lower urinary tract as the
microbiological results revealed bacteria in the urine and on the surface
of the pristine catheters.

Morphological observations of all blood smears from non-
catheterized rabbits (group 1) and catheterized with ZnO@AM NPs-
coated devices (group 3) showed normal cell ratio, unlike the group 2
(pristine catheters), which showed increased number of neutrophil
granulocytes (Fig. 9e, black arrow) associated with leukocyturia and
indicating the appearance of urothelial infection [47]. In the urine,
sediments of the animals from groups 1 and 3 many colorless to yellow-
brown calcium carbonate crystals in the form of large or smaller
spheroids with radial striations were found (Fig. 9f). Cellular constitu-
ents from urothelial linings of bladder, renal pelvis of kidneys or urethra
were not seen in these groups. Microscopic aspects of the urine sedi-
ments of the animals catheterized with pristine catheters (group 2)
revealed leukocytes and erythrocytes, associated with inflammation
[48], transitional epithelial cells from the mucosal linings (including
umbrella cells) and sperm (Fig. 9f) supporting the pathological
processes.

3.6.3. Hematological and biochemical analyses

Hematological and biochemical parameters [49,50] from randomly
chosen animals that inform about pathological processes were further
analyzed (Table S2 and S3). Generally, the blood counts and biochem-
istry did not show any serious deviations with the exception of the an-
imals treated with pristine catheters (group 2) developing
glomerulonephritis, which white blood cells and monocytes count was
higher than the normal levels. The granulocytes count was slightly
elevated in rabbits with ZnO@AM NPs-coated catheters, whereas in
group 2 the granulocytes increased significantly (Table S2), which is
indicative of bacterial infection [51].

Urine samples collected from all animal groups showed slight de-
viations of some parameters (Table S3). Glucose and ketone values in all
studied groups were negative, which means that the rabbits did not
present any severe disease. Creatinine was elevated in animals from
group 1 and group 2. The histology results from the rabbits treated with
the pristine catheter revealed elevated numbers of leukocytes and red
blood cells, associated with UTIs. Furthermore, the urine of the animals
from this group had pH 6, which is lower compared to pH measured for
the healthy non-catheterized animals (group 1) and those treated with
ZnO@AM NPs-coated catheters (group 3). Slightly increased levels of
blood cells were found in the urine of the catheterized animals (group 2
and 3) due to the movement of the indwelling devices in the bladder
lumen causing eventually microtraumas. In a summary, the conducted in
vivo studies validated: i) the antibiofilm efficiency, ii) capacity to reduce
the incidence of CAUTISs, iii) the enhanced life span and iv) safety of the
novel ZnO@AM NPs-coated catheters.

4. Conclusions
Silicone urinary catheters were simultaneously coated with matrix-

degrading amylase and antibacterial ZnO NPs in a one-step US pro-
cess. In vitro, the engineered nanohybrid coatings demonstrated
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significant biofilm inhibition against the most common Gram-positive
and Gram-negative bacterial representatives found in CAUITs as well
as high functional stability upon 7 days of incubation in artificial urine.
The ZnO@AM NPs-coated catheters were also able to inhibit the S.
aureus and E. coli biofilm formation by up to 60% and 80%, respectively,
under dynamic conditions in an in vitro model of catheterized human
bladder. The novel antibiofilm coatings were 100% biocompatible with
HaCaT and fibroblast cells and subsequently their efficacy was validated
in vivo in a rabbit model. In vivo, the ZnO@AM NPs-coated catheters
reduced significantly the growth of Enterococcus uropathogens, delaying
the early onset of CAUTIs, and at the same time did not induce toxicity to
the rabbit's kidney, bladder and urethra after 7 days of catheterization.
Overall, the urinary catheters coated with the synergistic combination of
biofilm matrix-degrading amylase and antibacterial ZnO NPs appear as a
viable solution with high clinical potential for preventing CAUTIs.
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