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Catheter-associated urinary tract infection (CAUTI) is a common clinical problem, especially during long-term
catheterization, causing additional pain to patients. The development of novel antimicrobial coatings is
needed to prolong the service life of catheters and reduce the incidence of CAUTIs. Herein, we designed an
antimicrobial catheter coated with a piezoelectric zinc oxide nanoparticles (ZnO NPs)-incorporated poly-
vinylidene difluoride-hexafluoropropylene (ZnO-PVDF-HFP) membrane. ZnO-PVDF-HFP could be stably coated
onto silicone catheters simply by a one-step solution film-forming method, very convenient for industrial pro-
duction. In vitro, it was demonstrated that ZnO-PVDF-HFP coating could significantly inhibit bacterial growth
and the formation of bacterial biofilm under ultrasound-mediated mechanical stimulation even after 4 weeks.
Importantly, the on and off of antimicrobial activity as well as the strenth of antibacterial property could be
controlled in an adaptive manner via ultrasound. In a rabbit model, the ZnO-PVDF-HFP-coated catheter signif-
icantly reduced the incidence CAUTIs compared with clinically-commonly used catheters under assistance of
ultrasonication, and no side effect was detected. Collectively, the study provided a novel antibacterial catheter to
prevent the occurrence of CAUTIs, whose antibacterial activity could be controlled in on-demand manner,
adaptive to infection situation and promising in clinical application.

1. Introduction

Urethral catheters are one of the most commonly used medical
consumables in the clinic and have a wide range of applications [1].
However, catheter-associated urinary tract infections (CAUTIs) are the
most common complication during catheterization, accounting for 23 %
of intensive care unit (ICU) infections and 40 % of hospital-wide in-
fections [2-4]. It was found that the incidence of CAUTIs is 100 % when

indwelling catheters are implanted for more than 1 month [5]. Thirty
percent of patients with indwelling catheters developed genitourinary or
systemic symptoms as a result of CAUTIs, and about 4 % developed
bacteremia, with a mortality rate of up to 30 % in this case [6]. In-
fections caused by indwelling urinary catheters are consisderred as a
serious public health event, ranking fourth among the causes of noso-
comial infection [7]. The indwelling catheter provides a convenient
channel for pathogenic microorganisms to enter the urinary tract [8].
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Scheme 1. Schematic illustrating the preparation process and application of ZnO-PVDF-HFP antimicrobial coated catheters.

Bacteria that enter the urinary tract can adhere, colonize, and eventually
form biofilms on the surface of the catheter [9,10]. The biofilm on the
surface of the catheter constitutes a barrier that protects the bacteria,
which can diminish the therapeutic effect of antibiotics [11]. Therefore,
CAUTIs are prone to recurrence and even drug resistance after
treatment.

Ideally, catheters that are left in the body should have stable and
adaptive antimicrobial effect, whose antibacterial activity could be
adjusted according to the occurrence and levels of CAUTIs [12,13].
Currently, it mainly depends on their inherent antibacterial properties
for some antimicrobial catheters to prevent CAUTIs. Silver ion hydro-
philic coating and antibiotic-eluting catheters are common antibacterial
method for clinical catheters. However, silver ion hydrophilic coating
catheters cannot be adjusted according to infection conditions [14], and
clinically, their antimicrobial effectiveness does not appear significant
[15]. Antibiotic-eluting catheters have shown some improvement, but
there are problems of antibiotic resistance and rapid depletion [16-18].
Some promising antimicrobial methods have not yet been widely used in
the clinic, such as antimicrobial peptide (AMP) coated catheters. AMPs
are broad-spectrum antimicrobial agents against Gram-negative,
Gram-positive bacterial strains, viruses, and fungi. However, AMPs
coatings still face challenges such as loss of antimicrobial activity,
nonspecific binding, and alterations in peptide orientation [19]. Addi-
tionally, researchers are exploring the use of hydrogels as carriers to
load furanone derivatives antimicrobial agents onto urinary catheters,
demonstrating better antimicrobial effects compared with traditional
Foley catheters [20]. Actually, most of antimicrobial catheters currently
under research rely on antimicrobial drugs [21]. Piezoelectric materials
can convert mechanical stimulation into electrical current with potential
antibacterial effects [22] through controlled stimulus signals, such as
ultrasound. For example, it was reported that the growth of Escherichia
coli (E.coli) was significantly inhibited when ultrasound was applied to
piezoelectric films made of PVDF-HFP and PVDF-TrFE [23,24]. More
importantly, the on and off of the antibacterial activity could be
controlled via ultrasound as well as the strength of antibacterial ability
for piezoelectric materials, adaptive to the needs of infection levels and
without developing drug resistance [25]. However, there is yet no such
an antimicrobial catheter at present.

Based on these considerations, this study developed a
piezoelectrically-activated antibacterial catheter using ZnO NPs-
incorporated PVDF-HFP to form an antimicrobial coating on the sur-
face of a silicone catheter simply through one-step film-forming method.
During catheterization, ultrasonic stimulation could be employed in an

on-demand manner to inhibit the potential infection and biofilm for-
mation, preventing the occurrence of CAUTIs and clearing existing in-
fections (Scheme 1).

2. Experimental section
2.1. Materials

Polyvinylidene fluoride-hexafluoropropylene (PVDF-HFP, Mn = 1.3
x 10° g/mol) was purchased from Sigma-Aldrich (U.S.A.). N-N dime-
thylformamide (DMF, analytical grade) was purchased from Beijing
psaitong Biotechnology Co. Acetone (Acetone, analytical grade), Zinc
oxide nanoparticles (ZnO NPs, analytical grade), and phosphate buft-
ered saline (PBS, analytical grade) were purchased from Aladdin China
Co. Escherichia coli (E. coli, CMCC 44829) and Staphylococcus aureus
(S. aureus CMCC 26001) were purchased from the Center for the Man-
agement of Chinese Medicine Strain Collection. Mouse skin fibroblasts
(L929) (iCell-m026) were purchased from iCell Biosciences (Shanghai,
China). 0.5 % trypsin-EDTA and penicillin-streptomycin were purchased
from (Gibico, U.S.A). CCK-8 assay kit was purchased from Novozymes
Bioscience (Nanjing, China), Bacterial viability assay kit (40274ES60)
and reactive oxygen species assay kit (50101ES01) were purchased from
Novozymes Bioscience (Nanjing, China). ROS (Reactive Oxygen Species)
kit (50101ES01) was purchased from yeasan Biotech (Shanghai, China).
Interleukin- 6 (IL-6) was purchased from Google Biotech Inc (Wuhan,
China). Tumor necrosis factor-o (TNF-a) was purchased from BOSTER
Biological Technology Co (Wuhan China). Hematoxylin-eosin stain
(H&E) was purchased from Wuhan Baiqiandu Biotechnology Co. Fr12
size silicone Foley catheter (UC) was purchased from Jiangxi Yikang
Medical Equipment Group Co.

2.2. Preparation of ZnO-PVDF-HFP antimicrobial coated urinary
catheters

A 20 % PVDF-HFP solution was prepared. The solvent was a solution
of acetone mixed with DMF at the ratio of 2:3. 1 mg/ml Zinc oxide
nanoparticles were added to the stirred PVDF-HFP solution. The Fr12
silicone catheter was immersed in the coating solution overnight at 4 °C.
Then, the catheter was retrieved and placed in a vacuum drying oven at
60 °C for 5 h. After drying, a uniform film was formed on the surface of
catheter. Finaly, the dried catheter was annealed for 12 h at a temper-
ature of 120 °C.
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Fig. 1. Physical properties of piezoelectric antimicrobial ZnO-PVDF-HFP coated catheters. (A) Pattern maps, physical photographs and SEM images of catheter
samples of Blank group, PVDF-HFP group, ZnO NPs group, and ZnO-PVDF-HFP group, (B) EDS results, (C) FTIR results, (D) PFM images, (E) Butterfly curves, (F) D33
piezoelectricity coefficient results (G) Output voltages, (H) Short circuit currents, (I) Output charge. All statistics are expressed as mean =+ standard deviation (*

indicate statistical differences between PVDF-HFP-coated catheters and ZnO-PVDF-HFP-coated ones; *P < 0.001).
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2.3. Physicochemical characterization of ZnO-PVDF-HFP coated
catheters

The surface morphology and elemental composition of the ZnO-
PVDF-HFP coated catheters were tested by using scanning electron mi-
croscope (SEM, Gemini, ZEISS, Germany) combined with energy
dispersive Energy dispersive spectroscopy (EDS). The prepared ZnO-
PVDF-HFP catheters were cut into 2.5-cm-long segments and then
analyzed by Fourier Transform Infrared Spectroscopy (FTIR, Thermo,
Scientific Nicolet, US). Piezoelectric outputs of the ZnO-PVDF-HFP
coating catheters were measured under an impact force of 20.0 N
through a high impedance electrometer (Keithley 6517B, Cleveland,
USA). The ZnO-PVDF-HFP coating catheters were characterized and
morphologically imaged at high resolution and piezoelectric response
curves were obtained using an atomic force microscope (AFM, Bruker,
Dimension Icon, Germany) in PFM mode. The piezoelectric constant
(D33) of the coating was measured using a D33 tester (ZJ-3A, CHINA).

2.4. Invitro antimicrobial properties of ZnO-PVDF-HFP coated catheters

The antimicrobial activity of the coated catheter was tested by bac-
terial fluid of E.coli and S.aureus (1 x 10° CFU/ml). Then, the bacterial
fluid was incubated at 37 °C. The experimental group was treated by
ultrasonic wave (100 W for 1 h). Then, the absorbance value of the
bacterial solution was measured at 600 nm using an enzyme marker. The
bacterial concentration was determined by drop colony counting
method. The bacterial morphology was observed with a biological
scanning electron microscope. To evaluate the live and dead cells, the
bacteria were stained using a live/dead bacterial staining kit (DMAO/
ethD-III) and observed by fluorescence microscopy.

2.5. Stability of ZnO-PVDF-HFP coatings

The ZnO-PVDF-HFP coated catheters were immersed in human urine
for 0, 7, 14, and 28 days. The adhesion of the coated catheter was
detected by measuring the surface morphology as well as the elemental
composition of the ZnO-PVDF-HFP coated catheter after immersion in
urine. The stability of the ZnO-PVDF-HFP coated catheter was judged by
detection of a high impedance electrometer and the optical density value
of bacterial bacterial fluids.

2.6. ROS detection and anti-biofilm properties

The ZnO-PVDF-HFP coated catheters were co-cultured with E.coli
and S.aureus and using ultrasound to stimulate ZnO-PVDF-HFP coated
catheters for 1 h. The catheters were stained with ROS indicator DCFH-
DA (10 x 107® M) for 15 min in the dark, and then the ROS production
pattern was observed by fluorescence microscopy.

The catheters were co-cultured with the two bacteria for 7 days.
Then using ultrasound to stimulate ZnO-PVDF-HFP coated catheters for
1 h per day. The catheters were fixed with paraformaldehyde for 0.5 h
and dehydrated with an ethanol gradient. Finally, the bacterial biofilm
formation was observed by bioscanning electron microscopy.

2.7. Biocompatibility

Fibroblasts 1L.929 were used to evaluate the cytotoxicity of ZnO-
PVDF-HFP coated catheters. The ZnO-PVDF-HFP coated catheter was
immersed in cell culture medium for 24 h to obtain the supernate. The
supernate was used to culture L929 cells, the cell viability was evaluated
by CCK-8 assay kit and the cell morphology was observed using live/
dead cell assay kit at 1 and 4 days after culture, respectively.

2.8. Animal experimentation

The in vivo antimicrobial effect of ZnO-PVDF-HFP coated catheters
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was evaluated. All the animal experiments were conducted in accor-
dance with the Guide for the Care and Use of Laboratory Animals (Na-
tional Institutes of Health Publication no. 80-23, revised 1996) and
approved by the Beijing Long ’an Laboratory Animal Breeding Center
and the Animal Ethics Committee of the Academy of Military Medical
Sciences (Beijing, China). All experiments were conducted in the
research facility of Beijing Long ’an Laboratory Animal Breeding Center.
New Zealand white rabbits of 3-4 months old with an average body
weight of 3 Kg were used as experimental animals (n = 12).

All animals were clinically examined and in good health at the
beginning of the experiment. Catheterization was performed under
general anesthesia after intramuscular injection of xylazine hydrochlo-
ride 4-6 mg/kg. After application of lubricant, catheters that had un-
dergone UV irradiation were inserted aseptically into the urethra up to
the bladder and the catheters were secured with sutures in the abdom-
inal wall to prevent the animals from pulling the catheters out of the
body. The urethra and bladder areas were ultrasonically stimulated for
10 min per day with a portable handheld ultrasound instrument with a
power of 1w.

The vital signs of the animals were monitored during the experiment.
All animals recovered well and no deaths were observed during anes-
thesia. At the end of the 7-day catheterization period, blood and urine
were collect from the animals for further analysis. After collection of
urine and blood, the experimental animals were euthanized, and the
urethral and bladder tissues of the animals were removed, fixed with
paraformaldehyde, and subjected to H&E staining and immunohisto-
chemical staining.

2.9. Analyze statistics

All data are expressed as mean + standard deviation (SD). For
multiple comparisons, statistical analyses were performed using one-
way analysis of variance (ANOVA) using GraphPad Prism software
(version 8.0, San Diego, USA). Post hoc Tukey test or unpaired two-
tailed t-test was then performed. p-values less than 0.05 were consid-
ered statistically significant.

3. Results and discussion
3.1. Characterization of ZnO-PVDF-HFP coated catheters

After vacuum drying, the catheters immersed in different solvents
showed different morphologies (Fig. 1A and B). It could be seen that a
transparent film structure was formed on the surface of the catheters
treated by PVDF-HFP and the ZnO-PVDF-HFP, whereas white particu-
late matter was seen on ZnO NPs-treated ones only. The surface
morphology of the catheters was observed using a high-resolution SEM,
which showed that the a thin film of about 5 pm thick was formed on the
surface of ZnO-PVDF-HFP-coated catheters. The elemental energy
spectroscopy analysis confirmed the presence of fluorine and zinc,
indicating that the ZnO NPs were successfully incorporated in the PVDF-
HFP film. The surface of the ordinary silicone catheter was smooth and
flat, and no membrane structure was observed; On the ZnO NPs-coated
catheter, dots could be observed but membrane structure. EDS analysis
showed the presence of zinc; the external surface of the PVDF-HFP-
coated catheter was similar to that of the ZnO-PVDF-HFP-coated one,
but no zinc was detected through the elemental analysis. It was shown
that the adding 1 % ZnO NPs to 20 % PVDF-HFP solution would resulted
in complexes with good piezoelectric properties [26,27]. Therefore, we
used this method to prepare ZnO-PVDF-HFP coated catheters. It was also
confirmed that this ratio of the mixed solution could allow
ZnO-PVDF-HFP thin film to attach on silicone catheters stably.

To determine the B-phase ratio of ZnO-PVDF-HFP, the FTIR spectra
of pure PVDF-HFP and ZnO-PVDF-HFP films in the spectral range of
400-1500 cm ! were detected as shown in Fig. 1C. Absorption peaks at
603, 765, and 875 cm™! are a-phase specific ones, while absorption
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Fig. 2. Invitro antimicrobial effect of different groups of catheters against Escherichia coli and Staphylococcus aureus. (A) Colony counts in different groups,
(B) Optical density values of E.coli, (C) Optical density values of S. aureus All statistics are expressed as mean + standard deviation (* indicate statistical differences

between different groups of catheters; *P < 0.05, **P < 0.01, ***P < 0.0001).

peaks at 510, 840, and 1270 cm ™! are p-phase specific ones. According
to the previous report [28,29], the relative fraction F(p) of the f-phase
can be calculated from Equations 1 assuming that the IR follows the
Beer-Lambert law :

FB) =7 26A1(X05)ﬁl- A(B)

where A(o) is the absorbance at 765 cm™ ! and A(p) is the absorbance at
840 cm™!. The calculation show that the B-phase fraction of pure PVDF-
HFP is about 66.3 %, while the p-phase fraction of ZnO- PVDF-HFP
increased to 76.8 %, which will lead to better piezoelectric properties.
Many researchers have reported that the surface charges on the ZnO
nanofillers interact with the molecular dipoles (CHy or CF2) of PVDF-
HFP and improves the f-phase content of the composites [30,31].

The piezoelectric properties of pure PVDF-HFP and ZnO-PVDF-HFP
coatings were examined using AFM. Both PVDF-HFP and ZnO-PVDF-
HFP showed significant piezoelectric activity, with the surface poten-
tials of the films being about 2.2 mV and 3.3 mV(Fig. 1D). In addition,
the well-known butterfly curve was shown in the AFM amplitude and
phase plots, which is a characteristics of piezoelectric material(Fig. 1E)
[32]. We evaluated the piezoelectric properties of pure PVDF-HFP films
and ZnO-PVDF-HFP ones by measuring the D33. As is shown in Fig. 1F,
the piezoelectric coefficient of ZnO-PVDF-HFP film is 1.5 times higher
than that of the PVDF-HFP one. The results indicated that adding ZnO
NPs to PVDF-HFP can enhance its piezoelectric properties.

Output charges, currents and voltages of PVDF-HFP and ZnO-PVDF-
HFP coatings were measured using a high impedance electrometer
(Fig. 1G-I). The voltages of PVDF-HFP and ZnO-PVDF-HFP coatings
were 0.16V and 0.9 V, the short-circuit currents were 1.55 nA and 3.98
nA, and the charges were 0.07 nC and 0.19 nC, respectively. The results
showed that adding ZnO NPs into PVDF-HFP increased the output vol-
tageas well as the currents and charges. This is because that doped ZnO
nanoparticles may enhance the piezoelectric properties of the PVDF-
HFP. In conclusion, we successfully prepared ZnO-PVDF-HFP antimi-
crobial coated catheters.

We used the solution film-forming method to prepare ZnO-PVDF-
HFP thin film coatings, which has the advantages of low requirements
for experimental equipment, simple process, and ease to operate with
low cost. This method was reported previously by Chary [33], who used
multi-walled carbon nanotubes (CNT) as a filler to cast a flexible com-
posite membrane in a poly(vinylidene fluoride)-hexafluoropropylene
polymer matrix. In the study, we confirmed that the method could
also effectively form ZnO-PVDF-HFP films on the catheter surface
without destroying the original catheter structure. In addition, adding
ZnO nanoparticles to PVDF-HFP can enhance its piezoelectric proper-
ties. B-phase is a very favorable crystalline phase structure of PVDF-HFP
with a higher degree of polarization, and thus is important for piezo-
electric effects [34]. FTIR demonstrated that the addition of ZnO NPs
increased the content of polar p-phase in PVDF-HFP, which should one
of key causes for the improved piezoelectric properties of
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ZnO-PVDF-HFP thin films compared with PVDF-HFP.

3.2. In vitro antimicrobial activity of ZnO-PVDF-HFP coated catheters

E.coli and S.aureus are two common pathogens of urinary tract in-
fections [35]. Thus, we chose these two bacteria for in vitro evaluation of
antimicrobial capacity. The in vitro antibacterial experiments were
divided into 8 groups, including Blank group, PVDF-HFP group, ZnO
NPs group, ZnO-PVDF-HFP group, Blank + US group, PVDF-HFP + US
group, ZnO NPs + US group and ZnO-PVDF-HFP + US group. Bacterial
colony counting was performed for each group after treatment, the re-
sults were shown in Fig. 2A. The coated catheters exhibited a similar
antimicrobial tendency against E. coli and S. aureus. The ZnO-PVDF-HFP
+ US group was counted with significantly fewer colony-forming unit

(CFU ) of E. coli and S. aureus compared with those in other groups.
The CFU of the two bacteria in the ZnO-PVDF-HFP + US group were 9 x
10° CFU/ml and 10 x 10° CFU/ml, respectively. The colony counts of
the bacteria in Blank group were 2.43 x 107 CFU/ml and 2.44 x 107
CFU/ml. The results indicated that the ZnO-PVDF-HFP coating had a
significant antimicrobial effect against E. coli and S. aureus in ultrasound
stimulation, and antibacterial rates were up to 96 %. Compared with the
blank control, no antibacterial effect was observed in the PVDF-HFP
group, that E. coli colonies were 2.02 x 10’ CFU/ml and S. aureus col-
onies were 1.95 x 107 CFU/ml. The CFU of the two bacteria in the ZnO
NPs group were 0.95 x 107 CFU/ml and 0.9 x 107 CFU/ml. Compared to
the blank group, it also has some antimicrobial effect, but the antimi-
crobial effect was not as pronounced as that of the ZnO-PVDF-HFP + US
group. Therefore, the ZnO-PVDF-HFP coated catheter we developed
achieves bacterial eradication through the synergistic effect of piezo-
electricity and ZnO NPs. The bacterial colonis and bacteriostasis rate in

the other groups were shown in Supplementary Table S1. Then, we
measured the absorbance value at 600 nm by a spectrometer to verify
the antibacterial ability of the ZnO-PVDF-HFP coated catheters. As
shown in Fig. 2B and C, the ZnO-PVDF-HFP coated catheter exhibited
excellent antibacterial effect under ultrasonic stimulation.

To further validate the in vitro antimicrobial activity, we evaluated
the survival status of bacteria in each group using live/dead bacterial
staining kits (DMAO/ethD-III). After staining, bacteria with intact cell
membranes show green color, while bacteria with damaged cell mem-
branes show red color. The results are shown in Fig. 3A and B. Most of
E. coliand S. aureus in the ZnO-PVDF-HFP + US group were stained with
red color, indicating that most bacteria were killed in the group. The red
stained bacteria were significantly more than those in other groups. By
quantitative analysis of dead bacteria (Fig. 3C and D), dead bacteria of
E. coli and S. aureus in ZnO-PVDF-HFP + US group were 53.7 % and 63.2
%, respectively, which was significantly more than those in other groups
too.

Scanning electron microscope of bacterial morphology are shown in
Fig. 3E and F. It could be seen that the morphology of E. coli and S. aureus
in the ZnO-PVDF-HFP + US group was severely changed. They lost their
morphological integrity, underwent breakage and deformation. The
morphological changes of S. aureus were a little more obvious, and
almost all of the bacteria were broken. The morphology of the bacteria
in the PVDF-HFP + US group, ZnO NPs group, ZnO NPs + US group and
the ZnO-PVDF-HFP group were all slightly deformed, whereas the
morphology of the bacteria in the Blank group, the Blank + US and the
PVDF-HFP group was intact. Collectively, it confirmed that ZnO-PVDF-
HFP coated catheters showed strong antibacterial ability under ultra-
sonication against both E. coli and S. aureus.



X. Duan et al.

Normal

Bending

Day7

A.

Materials Today Bio 26 (2024) 101089

Dayl4

Day28

C = oo 000
3500 e Dy 7 2500 4 = Dy 14 6000 { — Duy2%
] ' 2000 —
- . ¥
2, 1 A > -~ :
@ 200 g 150 g
= a 0, 3
w15 @ 1 by
1000 -
o bl 1000
. . "
D Y W es 10 15 2 W 05 18 15 28
D L e Dy 0 E s — Dy § F s e Dy
——Day 7 —Duy? " Dy 7
- —Day 14 e —Day 14 ~ —Day 14
- —Day 2% s 4 o Dy 28
< — % -
g oo ‘ I l I Ium 2 o E‘ . mw
S s ; 2 = :;
- &} (&)
a0 “ a3
- B X
18 as
. s " 15 2 o s 1 15 2 ] s " 1" »
Time(s) Time(s) Time(s)
G 1.2 H 1.5
*
*
E 1.04 r " E f 1
€
[ * * * * * *
S 0.84 r " " 1 § 1.04 r " " 1
o z
£ 0.61 o g
< = —
_g 0.4 _g 0.5
a ——
e o %
0.2 [ w =
0.0+ 0.0 !
Blank Day0 Day? Dayl4 Day28 Blank Day0 Day? Dayl4 Day28
E.coli S.aureus

Fig. 4. Stability of ZnO-PVDF-HFP coating. (A) Comparison image of ZnO-PVDF-HFP coated catheter before and after bending, (B) SEM images of ZnO-PVDF-HFP
coated catheter after 7, 14, and 28 days of immersion in artificial urine, (C) EDS results, (D) Output voltage, (E) Short-circuit current, (F) Output charge, (G) Optical
density value of the immersed catheter after co-culturing with E. coli after co-culture with E. coli, (H) Optical density value of the bacterial fluid after co-culture of the
immersed catheter with Staphylococcus aureus. All statistics are expressed as mean + standard deviation (* indicate statistical differences between coated catheters

soaked for different days and untreated catheters; *P < 0.0001).
3.3. Stability of ZnO-PVDF-HFP coating

Coating stability is a critical factor that directly affects the perfor-
mance and safety of catheters. The stability of ZnO-PVDF-HFP on sili-
cone catheter depends on its adhesion ability [36]. Therefore, ensuring
good adhesion is the key to maintain the stability of the coating. Coated
catheter was cut into small segments for extreme bending under natural
conditions, as was shown in Fig. 4A. In the case of folding the catheter in
half, the ZnO-PVDF-HFP coating only appeared to be wrinkled but
would not peel off. Further, the catheter was cut open to detect the

integrity of ZnO-PVDF-HFP film on catheter, and it was demonstrated
that the membrane was not broken. The results indicated that the
ZnO-PVDF-HFP coating on the catheter adhered well and could cope
with the physiological curvature of the biological urethra. In addition,
urine has a complex chemical composition and contains inorganic salts
that can affect the function of antimicrobial catheters [37]. Therefore,
we immersed the ZnO-PVDF-HFP coated catheters in artificial urine for
0,7, 14, and 28 days for stablity detection. As shown in Fig. 4B and C, no
significant difference was observed from SEM on the catheter surface
before and after urine soaking. Through the cross-sectional SEM image,
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Fig. 5. ROS production and biofilm resistance of different groups of catheters in E. coli and S. aureus. (A and B) ROS staining images of different groups of

catheters in E. coli and S. aureus, (C and D) biofilm SEM images.

a thin film could be still detected on the surface of catheter. The
elemental analysis and energy spectroscopy also confirmed the above
results. To further verify the stability of the coating, we measured the
output voltage, current and charge of the immersed catheter as shown in
Fig. 4D-F. It showed that the output voltages of the catheter after 0, 7, 14
and 28 days of immersion were 0.86V, 0.46V, 0.19V and 0.18V; the
short-circuit currents were 5.35 nA, 5.32 nA, 2.24 nA, and 1.33 nA; the

output charges were 0.18nc, 0.17 nC, 0.09 nC, and 0.06 nC. We found
that if the catheter was immersed in urine within 7 days, its piezoelectric
output capacity could be stably maintained. Thereafter, piezoelectricity
capacity would be weaken gradually with time, but a significant
piezoelectric effect could be produced too even after 28 days.

To detect the antibacterial effect of catheter after urine soaking, the
immersed catheters were co-cultured with E.coli and S.aureus. After
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ultrasonic stimulation, the absorbance of bacterial fluid was measured.
The results were shown in Fig. 4G and H. A significant antibacterial
effect could still be produced after 28 days’ urine immersion, though the
effect has decreased somewhat.

In most cases, it requires pretreatment to improve coating stability
[38]. In contrast, the coating is by PVDF-HFP, which itself adheres well
to the surface of the catheter that no other pretreatment is required,
resulting in a good stability. The PVDF-HFP coating on catheters was
prepared simply by one-step solution film-forming method, which
would be convenient and promising for mass production in the future. It
should be noted that from 7 days to 28 days of immersion, the piezo-
electric properties and antibacterial ability were slightly weakened. We
speculate that this may be due to the gradual release of Zn?* from the
ZnO-PVDF-HFP coatings with time [39]. Despite, it still has significantly
antimicrobial ability after 28days and no detachment of the
ZnO-PVDF-HFP membrane from catheters was found. The above results
also demonstrate that our ZnO-PVDF-HFP coated catheter has a good
stability.

3.4. Antimicrobial mechanism of ZnO-PVDF-HFP coated catheters and
their biofilm resistance

ROS are highly active oxygen molecules, including superoxide ions
(Oz’), hydrogen peroxide (H202) and hydroxyl radicals (-OH) [40].
Piezoelectric materials can convert mechanical signals into electrical
signals upon ultrasonic stimulation. Further, the electrical field can
trigger microelectrolysis of water to generate ROS [41]. ROS can be
oxidized with microbial biomolecules (such as DNA, proteins and
lipids), causing damage to the structure and function of microbial cells,
thereby killing microorganisms [42]. Thus, we used 2,7-dichlorofluores-
cein diacetate (DCFH-DA, a ROS indicator) to determine the ROS pro-
duction in bacteria. As shown in Fig. 5A, B, a high amount of ROS in both
E. coli and S. aureus was observed in the ZnO-PVDF-HFP + US group,
whereas only a small amount of ROS was detected in the ZnO NPs group,
ZnO-PVDF-HFP group, PVDF-HFP + US group and the ZnO NPs + US
group. No ROS production was found in the Blank group or the simple
PVDF-HFP group. This may be why ZnO-PVDF-HFP-coated catheters
have a good antibacterial ability under ultrasonic treatment.

Biofilms formed on catheters underlie the pathogenesis of CAUTIs
[43]. Bacterial biofilms are complex surface-attached cellular structures
embedded in extracellular polymer matrix (EPM). The biofilm EPM
mainly consists of polysaccharides, proteins and nucleic acids from the
bacteria and the surrounding environment [44]. It contributes to the

strong attachment of bacteria to the surface of the catheter and bacterial
resistance to antibiotic treatment. It has been shown that bacterial
biofilm generally formed within 7 days after catheter insertion. There-
fore, we co-cultured catheters of different treatments with E. coli and
S. aureus for 7 days [45], and biofilm formation was detected through
scanning electron microscopy,. As shown in Fig. 5C and D, on the
ZnO-PVDF-HFP-coated catheters receiving daily ultrasound treatment,
only a small amount of dispersed and damaged E. coli and S. aureus could
be observed. However, in all other groups, different degrees of bacterial
aggregation and biofilm formation were detected. Especially, in the
blank catheter group, densely formed biofilms were detected. Thus, the
piezoelectrically-activated antibacterial catheter in the present study
can inhibit biofilm formation in assistance of ultrasonic stimulation.

3.5. Biocompatibility

The biocompatibility of ZnO-PVDF-HFP coatings is an important
parameter for evaluating their potential in clinic [46]. The biocompat-
ibility of the coated catheter was tested by cell viability assay using fi-
broblasts 1929. Both Blank catheters and ZnO-PVDF-HFP coated
catheters were immersed in cell culture medium. Additionally, the
ZnO-PVDF-HFP + US group underwent ultrasound stimulation to
simulate actual usage conditions and assess whether ZnO-PVDF-HFP
urinary catheters would adversely affect cells. After 24 h, the extracts
were extracted and fibroblasts were cultured with the extracts for 1 and
4 days. The cytotoxicity was detected using a live/dead staining (Fig. 6A
and B) and CCK-8 kit (Fig. 6C), The results show that the morphology of
mammalian cells cultured in the eluate from the ZnO-PVDF-HFP + US
group catheters were not altered, and CCK-8 assays showed that
ZnO-PVDF-HFP + US group catheters did not affect the viability of
fibroblast cells. This indicates that ZnO-PVDF-HFP coated catheters
possess excellent biocompatibility.

3.6. Antimicrobial activity of ZnO-PVDF-HFP coated catheters in rabbits

The antimicrobial effect of ZnO-PVDF-HFP coated urinary catheters
were evaluated in a rabbit model. Animal experiments were divided into
4 groups, including Control group, Blank group, ZnO-PVDF-HFP group,
ZnO-PVDF-HFP + US group. On the 7-day after catheterization, urine
samples were collected and diluted 10,000 times. Then, urine bacterial
culture were performed and the results are shown in Fig. 7A and B. The
average uring bacterial concentration of the control group was 1.4 x
10* CFU/ml. For rabbits inserted with ZnO-PVDF-HFP coated catheters,
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with the daily ultrasound stimulation, the urine bacterial concentration
was 3.5 x 10* CFU/ml which was close to that of the control group,
while it was 7 x 10* CFU/ml without ultrasound stimulation. For rabbits
inserted with control catheters, the urine bacterial concentration was
upto 9.6 x 10% CFU/ml For other groups, rabbits inserted with ZnO-
PVDF-HFP coated catheters. Blood tests obtained consistent reslts
(Table S2). The number of leukocytes and neutrophils in animals with a
blank catheters were higher than normal, indicating that there was a
urinary tract infection [47]. In comparison, the leukocytes and neutro-
phils in rabbits with a ZnO-PVDF-HFP coated catheter were also higher
if wultrasonic stimulation was not performed, indicating that
ZnO-PVDF-HFP-coated catheter alone could not prevent the develop-
ment of CAUTIs. Activation of antibacterial ability was necessary, which
could be controlled in on-demand manner, on and off, as well as
enhanced and weakened.

To evaluate the pathohistological responses after catheter insertion,
urethral and bladder tissues were collected for H&E and immunohisto-
chemical staining. The results were shown in Fig. 7C. Complete and
orderly arranged epithelial cells could be observed in the Control group
of rabbit urethral tissue (yellow arrows), and a large number of collagen
fibers were visible in the lamina propria. No obvious inflammatory cell
infiltration was observed. In the Blank catheter group, the epithelial
cells were arranged in a disordered way (yellow arrow), and the collagen
fibers in the lamina propria were loosely arranged(red arrow). Mean-
while, a large amount of granulocyte infiltration was seen in both the
epithelial and lamina propria, indicating that the emergence of urinary
tract infection. In the ZnO-PVDF-HFP catheter group, the epithelial cells
were arranged in a more intact way, and collagen fibers in the lamina
propria were loosely arranged. A small amount of granulocyte infiltra-
tion could be seen in the tissues, and the degree of inflammation was
significantly relieved compared with the Blank catheter group. The tis-
sue structure of ZnO-PVDF-HFP + US group was nearly normal. that the
epithelial cells were completely arranged, the collagen fibers of the
lamina propria were tightly arranged, and no obvious inflammatory cell
infiltration was seen in the tissue. Analysis of bladder tissue was shown
in Fig. 7D. For control group, complete arrangement of migrating
epithelium was ovserved in bladder tissues, no obvious degeneration
and shedding. Abundant distribution of collagen fibers could be
observed in the lamina propria, no inflammatory cell infiltration. In the
blank catheter group, the tissue structure was severely changed.
collagen fibers were significanly reduced in the lamina propria and a
large number of granulocyte infiltration appeared as shown by the black
arrowheads. It could also be seen some inflammatory cells infiltrated
into the epithelium (yellow arrowheads), and a large number of
microvessels were dilated and congested (red arrowheads). In the ZnO-
PVDF-HFP catheter group, the tissue structure was also somewhat
changed, that collagen fibers were sparsely arranged in the lamina
propria and a small amount of granulocyte infiltration was observed. In
the ZnO-PVDF-HFP + US group, the tissue structure was basically
normal, the epithelial cells were well arranged, and the lamina propria
was not infiltrated with obvious inflammatory cells (black arrows). The
above results consistently confirmed that ZnO-PVDF-HFP coated cath-
eters can effectively inhibit bacterial growth and prevent the occurrence
of catheter-associated urinary tract infections in animals with the
assistence of ultrasonic stimulation.

Further, we detected the expression of IL-6 and TNF-« in the rabbit
model by immunohistochemical (IHC) staining [48,49]. As shown in
Fig. 7E-H, low levels of IL-6 and TNF-« staining were observed in the
normal urethra and bladder tissues. However, in the blank catheter
group, high levels of IL-6 and TNF-a staining were observed. In com-
parison, IL-6 and TNF-a in the ZnO-PVDF-HFP + US group was signifi-
cantly reduced. Then, quantative analysis of IL-6 and TNF-a was
performed by measuring the average optical density values of the im-
munostaining (Fig. 7I-L). There was no significant difference between
the ZnO-PVDF-HFP + US group and the control group, but significantly
higher expression of IL-6 and TNF-a were found in both the blank

11

Materials Today Bio 26 (2024) 101089

catheter group and the ZnO-PVDF-HFP group than that of control. The
above results provided additional evidence that the
piezoelectrically-activated antibacterial catheter (ZnO-PVDF-HFP
coated catheter) can prevent the occurrence of urinary tract infection
under ultrasonic stimulation.

4. Conclusion

In the study, we developed a piezoelectrically-activated antimicro-
bial catheters by coating ZnO-PVDF-HFP with one-step film-forming
method. In vitro, the ZnO-PVDF-HFP antimicrobial coating significantly
inhibited bacteria and biofilm formation. Meanwhile, the ZnO-PVDEF-
HFP antimicrobial coating proved to be of good stability and biocom-
patibility in vitro and in vivo. Further, experiments in rabbits revealed
that the ZnO-PVDF-HFP antibacterial catheter significantly reduced the
pathogen growth in the urinary tract and thus prevented CAUTIs with
the assistance of ultrosonic stimulation. More importantly, the on and
off of antimicrobial activity as well as the strenth of antibacterial
property could be controlled in on-demand manner, adaptive to infec-
tion situation and promising in clinical application.
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