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One-step coordination of metal—phenolic
networks as antibacterial coatings with sustainable

and controllable copper release for urinary
catheter applicationsy
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Catheter-associated urinary tract infections (CAUTIs) draw great concern due to increased demand for
urinary catheters in hospitalization. Encrustation caused by urinary pathogens, especially Proteus

mirabilis, results in blocking of the catheter lumen and further infections. In this study, a facile and low-

cost surface modification strategy of urinary catheters was developed using one-step coordination of

tannic acid (TA) and copper ions. The copper content of the coating could be manipulated by the
number of TA-Cu (TC) layers, and the coating released copper in a pH-responsive manner. The coating
exhibited high antibacterial efficiency (killed >99% of planktonic bacteria, and reduced biofilm coverage

to <1% after 24 h) due to the synergistic antimicrobial effect of TA and copper ions. In vivo study with
a rabbit model indicated that with two TC layers, the coated catheter could effectively inhibit bacterial
growth in urine and colonization on the surface, and reduce encrustation formation. In addition, the TC-
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coated catheter exhibited better tissue compatibility compared to the unmodified catheter, probably due

to the antibacterial performance of the coating. Such a straightforward coating strategy with good in

DOI: 10.1039/d2ra01675¢

rsc.li/rsc-advances in clinical practice.

1 Introduction

Implantable medical devices like urinary catheters have
significantly improved healthcare quality, and therefore, the
clinical demand for catheters is increasing." However, the
surface of an implanted urinary catheter provides an ideal site
for bacterial invasion and proliferation, and consequently
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vitro and in vivo antibacterial properties and biocompatibility holds great promise for combating CAUTIs

leads to substantially high incidence of catheter-associated
urinary tract infections (CAUTIs) in the clinic. It has been re-
ported that more than 62 700 urinary tract infections (UTIs)
occurred in US hospitals in 2015, and approximately 68% of
UTIs in acute care hospitals are recognized as CAUTIs,*> which
lead to prolonged hospital stay, increased nosocomial cost,
and high risk of mortality. Common pathogens, such as
Proteus mirabilis (P. mirabilis), Escherichia coli (E. coli), and
Staphylococcus aureus (S. aureus), invade and colonize on the
catheter surface, form biofilms, and eventually establish
infections in the urethral tract. P. mirabilis, which is an
important uropathogen and produces the most abundant
biofilms in chronic indwelling catheters,* could elevate urinary
pH by releasing urease to hydrolyse the urea into ammonium,
deposit calcium and magnesium ions as crystals, obstruct the
urinary catheters and, consequently, result in pyelonephritis
and even death.>® Once crystals are precipitated and bacterial
extracellular matrix is formed, the bacteria are protected from
antimicrobial agents.”® Therefore, prevention of bacterial
infections and biofilm formation is essential for retarding
encrustation on urinary catheters.

Surface modification of catheters with antifouling® or
bactericidal moieties'® exhibited good performance in
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suppressing bacterial adhesion and biofilm formation.
However, planktonic bacterial cells in urine are also responsible
for infection and increased risk of encrustation. The urinary
tract environment is associated with extensive deposition of
bacterial cells and/or crystals from the urine, which could block
the surface and significantly impair the antibacterial efficacy of
the coating. For this reason, coatings with release of antimi-
crobials including antibiotics,”™* silver, and copper,
which could kill planktonic bacteria, are preferred in urinary
catheter applications. However, the concerns on possible anti-
biotic resistance," and high toxic effects of silver components®
are becoming escalating issues recently. Compared with the
silver compounds, the copper counterparts show lower toxicity
and higher biosafety. The half maximal effective concentration
(EC50) values of copper salts and nanoparticles for mammalian
cells are 26.5 and 2.2 times that of silver salts and nano-
particles,”® respectively. However, in conditions with high
moisture or at body temperature, copper exhibited low antimi-
crobial efficacy,”>* limiting its application in biomedical
devices. Therefore, strategy to develop copper-based antibacte-
rial coatings with good cytocompatibility and promoted anti-
microbial activity is needed.

Polyphenols, like tannic acid (TA), are plant-derived natural
compounds with more than two phenolic groups, which can
benefit human health for cancer prevention, anti-
inflammatory, and antibacterial activity.>® In addition, TA
has been widely used in surface modification due to its various
chemical and physical interactions with virtually arbitrary
materials, including coordination with metals, hydrogen
bonds and Michael addition and Schiff-base reactions.>*** TA
has good biocompatibility, and is affirmed as Generally
Recognized as Safe (GRAS) by the Food and Drug Adminis-
tration (FDA). At high concentration, TA binds to peptido-
glycan of the bacterial cell wall and interferes with integrity of
bacterial membrane, causing lysis of the bacterial cells.”
Metal ions like copper ions can be chelated with TA to obtain
metal-TA coordinated coatings with enhanced antibacterial
capability, and have shown potential in blood-contacting
devices®® and marine applications.** In addition to the anti-
microbial activity, it has been reported that TA could reduce
the activity of urease,®*® maintain an acidic condition of
urine, and thereby inhibit the formation of encrustation.
Taking advantage of the antimicrobial capability of TA and
copper ions, and the simplicity of coordination chemistry of
TA-Cu complexation, a facile strategy to construct an anti-
bacterial TA-Cu (TC) coating on urinary catheter was devel-
oped in this study. Copper ions spontaneously chelated with
TA to form a stable metal-polyphenol network on the surface.
The copper content and release profile of copper ions were
optimized by construction of a multi-layered TC coating via
a repeated immersion process. The bacteria-killing and anti-
biofilm activity against Gram-positive S. aureus, and Gram-
negative E. coli and P. mirabilis, and in vitro cytotoxicity of
the TC coatings were investigated. In vivo antibacterial and
anti-encrustation performance and tissue biocompatibility of
the TC-coated urinary catheter were evaluated using a rabbit
model.
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2 Experimental section
2.1 Materials

Tannic acid (TA) was obtained from Aladdin Chemistry
(Shanghai, China). Copper(u) sulfate, hydrochloric acid, nitric
acid, and ammonium hydroxide were purchased from Sino-
pharm (Shanghai, China). Phosphate-buffered saline (PBS) was
obtained from Phygene Life Sciences (Fujian, China). SYL-
GARD™ 184 Silicone Elastomer Kit was obtained from Dow
Chemical Company (Michigan, United States), and used to
prepare flat polydimethylsiloxane (PDMS) sheet (0.1 cm thick-
ness) following the manufacturer's instruction. Silicone Foley
catheter (8 Fr) was purchased from Wellead (Guangzhou,
China). P. mirabilis 0317 and S. aureus 5622 were gifts from
Ningbo University. E. coli ATCC 25922 was obtained from
American Type Culture Collection. NIH/3T3 fibroblast cells
(Category No. SCSP-515) were obtained from National Collec-
tion of Authenticated Cell Cultures (Shanghai, China). Cell
Counting Kit-8 (CCK-8), and Calcein/PI Cell Viability/
Cytotoxicity Assay Kit were purchased from Beyotime
(Shanghai, China). LIVE/DEAD® BacLight™ Bacterial Viability
Kits L13152 was obtained from Thermo Fisher Scientific
(Massachusetts, United States).

2.2 Surface modification

Flat PDMS substrates were cut into 1 cm x 1 cm x 0.1 cm sizes,
and placed in a 5 mL centrifuge tube containing 4 mL solution
of TA and CuSO, at various molar ratio, while the total
concentration of TA and CuSO, was fixed at 3.76 mmol L. The
solution with the PDMS substrate was shaking in a constant
temperature oscillator (THZ-98A, Bluepard) (100 rpm, 37 °C) for
24 h, washed thoroughly using deionized water and dried in
nitrogen flow. The obtained TA-Cu-coated substrate was
denoted as TC-1. The TC-1 substrate was immersed in 4 mL of
the same freshly prepared TA-CuSO, solution for another 24 h
under the same condition, washed with deionized water and
dried in nitrogen flow. The obtained substrate was denoted as
TC-2. A TA-coated substrate was prepared in the same manner
with use of 4 mL of TA solution at the same TA molar concen-
tration, instead of the TA—-CuSO, solution. TC-2-coated catheter
was prepared by treating a silicone Foley catheter (8 Fr, Wellead)
in 500 mL of TA-CuSO, solution in a plastic container (5.5 cm in
diameter and 30 cm in height) for 24 h, and then washed with
copious amounts of deionized water, immersed in another
freshly prepared TA-CuSO, solution for another 24 h, and
collected as described above.

2.3 Surface characterization

Surface properties of the coatings were characterized using
water contact angle measurement, atomic force microscopy
(AFM), X-ray photoelectron spectroscopy (XPS), Fourier trans-
form infrared (FTIR) spectroscopy and UV-visible absorption
spectroscopy with 1 ecm x 1 cm x 0.1 cm flat PDMS samples
rather than curved catheters. The complex of TA-Cu in the
reacted solution was collected and analyzed using 'H nuclear
magnetic resonance (NMR) and liquid chromatography-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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quadrupole-time-of-flight mass spectrometry (LC-Q-TOF-MS).
The experimental details are given in the ESL.

2.4 Copper content and in vitro release profile

Copper content of TC-1 and TC-2 samples and in vitro copper
cumulative release of TC-2 samples at different pH over 7 days
were determined by inductively coupled plasma-optical emis-
sion spectrometry (ICP-OES, SPECTRO ARCOS, AMETEK). TC-1
and TC-2 samples with size of 1 em x 1 em X 0.1 cm were
digested in a glass bottle containing 3 mL of 13 mol L™' HNO;
and 1 mL deionized water for 3 h, and then the solution was
diluted to 50 mL for Cu quantification. For the Cu release study,
PH of the PBS buffer (initial pH 7.2) was adjusted to 4.0 using
13 mol L' HCl or 10.0 using 25-28 wt% NH;-H,0. TC-2 sample
was immersed in 2 mL of PBS buffer with different pH values in
a 5 mL centrifuge tube. After shaking at 37 °C and 100 rpm for
24 h, 1.5 mL of the PBS solution was taken and replaced with
1.5 mL of fresh PBS buffer. The collected PBS solution was
stored at 4 °C for ICP-OES measurement. Three replicates were
measured for each sample.

2.5 Antibacterial assay

Bacteria were cultured in appropriate broth at 37 °C overnight,
shaking at 100 rpm (E. coli and P. mirabilis in lysogeny broth
and S. aureus in tryptic soy broth). To investigate the antibac-
terial property of the coating in a time-dependent manner,
alcm x 1 cm x 0.1 cm sample was incubated in 2 mL of PBS
suspension containing approximate 10° cells per mL of bacteria
at 37 °C, and shaking at 100 rpm. At the time points of 0, 3, 6, 12,
and 24 h, the viable bacterial cells in the suspension were
counted using the spread plate method. Three replicates were
measured for each sample. For the biofilm formation assay, the
bacterial culture was diluted 5000 times with the fresh broth
and 1 mL of the suspension was added in each well of a 24-well-
plate containing 1 cm x 1 cm x 0.1 cm PDMS sample. The
plate was sealed with parafilm and incubated at 37 °C for 3 days.
The broths were replaced with fresh ones every 24 h. After
incubation, the bacterial culture was discarded and washed by
1 mL deionized water for 3 times in each well to remove any
loosely adhered cells. The samples were transferred to another
new plate. For scanning electron microscopy (SEM) observation,
the bacterial cells on PDMS surface were fixed by adding 1 mL
2.5% glutaraldehyde solution, incubated at room temperature
for 2 h, and followed by stepwise dehydration using 1 mL of
25%, 50%, 75%, 90% and 100% ethanol for each step. The
samples were dried and coated with Au under ion sputtering
(MC1000, Hitachi). The bacterial cells on the substrate surface
were observed using SEM (Regulus 8230, Hitachi). The biofilm
coverage on surface was determined by Image] software (version
1.53a). Three replicates were measured for each sample. For
confocal laser scanning microscopy (CLSM, TCS SPS8, Leica)
observation, bacterial cells on the surface were stained using
a combined dye (LIVE/DEAD® BacLight™ Bacterial Viability
Kits, L13152, Thermo Fisher Scientific) following the manu-
facturer's instruction. The sample was kept in dark for 15 min,
washed with 1 mL deionized water and transferred to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a BeyoGold™ 35 mm confocal dish. The sample was observed
under CLSM (TCS SP8, Leica) with a 488 nm laser source and
SYTO Green and propidium iodide dye channels.

2.6 Cytotoxicity assay

The cytotoxicity assay was tested according to ISO 10993-5. To
extract any potentially toxic component, a flat PDMS sheet
(pristine or coated, 1 cm x 1 cm X 0.1 cm in size) was placed in
a 15 mL tube with 2 mL Dulbecco's Modified Eagle Medium
(DMEM, supplemented with 10% fetal bovine serum, 10° UL ™"
penicillin and 100 mg L™ streptomycin) at 37 °C for 24 h.
Meanwhile, NIH/3T3 fibroblasts were seeded in a 96-well-plate
at a concentration of 10* cells per well. After incubation at
37 °C for 24 h, the cell culture medium was replaced with 100 pL
of the sample extracts, and the cells were incubated for another
24 h. In the control groups, the culture medium was replaced
with 100 pL of fresh DMEM. Viability of the cells in each well
was determined using CCK-8 assay according to the manufac-
turer's protocol. To investigate cell viability after co-culture with
substrate, a1 ecm x 1 cm X 0.1 cm flat sample was placed in
a 24-well-plate, which was filled with 1 mL of cell suspension
(10° cells per mL). The cells were cultured at 37 °C for 24 h,
followed by staining with the Calcein/PI Cell Viability/
Cytotoxicity Assay Kit according to the manufacturer's instruc-
tion, and then observed using CLSM.

2.7 In vivo implantation study

All studies in rabbits were approved by the Ethics Committee of
the First Affiliated Hospital of Army Medical University, and all
surgical procedures and post-operative care were supervised by
the staff of the Animal Center of First Affiliated Hospital of Army
Medical University. Male New Zealand rabbits (2.0-2.5 kg) were
used for in vivo studies. Before implantation, pristine and TC-2-
coated catheters were sealed in packages and sterilized by
ethylene oxide following the procedures stated in ISO 11135:2014.
After anaesthesia, the belly hair of the rabbit was shaved. The area
of 5 cm in diameter around the rabbit's genital was disinfected
with iodophor. The catheter was inserted through the urethra
into the bladder of the rabbit in a sterile condition. Five mL sterile
saline was injected to enlarge the balloon of the catheter. After the
catheterization, the external part of the catheter was fixed to the
belly of the rabbit by sewing. An Elizabethan collar was attached
to the animal's neck to prevent it from biting the catheter during
the wake. Catheters were observed every day to check whether
they were blocked. Seven days after catheterization, urine and
blood from the animal was collected, and the animal was sacri-
ficed to collect the catheter and relevant organs (i.e. urethra,
bladders). The blood was subjected for complete blood count test.
The bacteria in the urine and on the catheter surface were
counted using spread plate method. The interested regions of the
organs were excised, fixed in 10% formalin, and stained using
hematoxylin and eosin (H&E, Solarbio G1120, China) for histo-
logical observation. The biofilms and crystals on the harvested
catheters were subjected to SEM observation, and element qual-
ification and quantification using Energy-Dispersive X-ray Spec-
troscopy (EDS) and ICP-OES as described above.
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3 Results and discussion
3.1 Surface characterization

Polyphenols like TA provide multiple binding groups for
chelation with metal ions to form a stable film on a range of
substrate surfaces.* Typically, the phenolic group of TA can be
deprotonated, and consequently act as a ligand for metal
cations such as iron(m)** and copper(u).*® Herein, TA-Cu (TC)
coating was constructed on the surfaces of the flat PDMS
substrate as well as the silicone catheter through coordination
of TA and copper ion in a simple immersion process (Scheme 1a
and b). Formation of TA-Cu complex was confirmed by the FTIR
spectra (Fig. S1}), in which the peak of C,~OH at 3000-
3700 ecm ™' in TC coating decreased, compared to that of TA
coating, due to the consumption of C,,—~OH in the metal coor-
dination process. "H NMR spectrum showed the proton signal
of phenolic hydroxyls of the TA-Cu complex decreased
(Fig. S2t), and LC-Q-TOF-MS results confirmed the formation of
stable TA-Cu complex (Fig. S31). Coating with solutions con-
taining TA and Cu ions at a TA/Cu molar ratio of 1 : 3 was found
to have the highest absorbance at 291 nm, which is a typical
peak of TA-Cu complex (Fig. S47). Further increase of the TA/Cu
molar ratio did not increase the absorbance of the TC coating
on PDMS surface. Therefore, an optimal TA/Cu molar ratio of
1: 3 in the TA-Cu solution was used in the rest of the study for
preparation of TC coating. Multi-layered TC coating can be
constructed through a simple repeated immersion process
(Scheme 1a). A slightly brown film was observed on the catheter
surface after two TA-Cu coating steps (Scheme 1c).

Chemical compositions of the substrate surface after
different coating steps were determined by XPS (Fig. 1a). While
no copper signal was observed on PDMS and TA-coated
surfaces, TC-1 and TC-2 surfaces showed small Cu 2p peaks at
~933 eV and ~953 eV, indicating the successful modification of
the surface with TA-Cu coating. The pristine PDMS surface
showed a C-H peak at 284.8 eV and a C-Si peak at 285.6 eV. After
TA treatment, the C-Si peak at 285.6 eV significantly decreased
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Scheme 1 Schematic illustration of (a) fabrication of tannic acid—
copper (TC) coating on silicone catheter surface via a repeated
immersion process, and (b) chemical structure of TC network on sili-
cone catheter surface. (c) Photographs of unmodified and TC-2-
coated catheters. The unmodified catheter was colourless, and the
TC-2-coated catheter had slightly brown film on the surface.
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Fig. 1 Surface characterization of different surfaces: (a) XPS wide-
scan spectra and C 1s core-level spectra, (b) AFM 3D images, and (c)
water contact angles of pristine and TA- and TC-modified PDMS
surfaces.

and peaks at 286.0 eV (C-O-C peak) and 288.5 eV (O-C=0 peak)
appeared. The ratio of C-O-C peak to C-C/C-H peak on TA
coating was 0.128, and it increased to 0.180 and 0.297 on TC-1
and TC-2 surfaces, respectively, probably due to that the poly-
phenol-metal coordination promoted TA deposition in TC-1
and TC-2 coatings. With another step of TA-Cu coating, the
C-0-C and O-C=0 peaks further increased, indicating more
TA molecules were deposited on the TC-2 surface. AFM obser-
vation showed that the TC-1 and TC-2 surfaces were smooth
compared to the pristine PDMS and TA-coated surfaces
(Fig. 1b), indicating that TA-Cu chelation could result in
a homogeneous coating. TA coating reduced the surface contact
angle slightly from 121.55 4 1.95° of pristine PDMS to 116.01 +
0.35° of TA-coated surface (Fig. 1c). This value was higher than
those reported in the previous study,* probably due to a rela-
tively low concentration of TA used in the surface modification
in this study. In contrast, the water contact angle was signifi-
cantly decreased to 20.04 + 0.26° and 16.53 £ 1.80° on the TC-1
and TC-2 surfaces, respectively. The results from XPS, AFM and
water contact angle measurements confirmed that the TA-Cu
chelation resulted in a homogeneous coordination network and
promoted TA deposition on the surface.

3.2 Copper content and in vitro release

The copper content of TC-1 and TC-2 coatings was determined
using ICP-OES (Fig. 2a). The copper content of TC-2 coating
(2.333 £ 0.063 ug cm™>) was nearly 3.5 times that of the TC-1
coating (0.675 & 0.075 pg cm™?), indicating a higher coverage
of TA-Cu coating on TC-2 surface. In vitro release of copper ions
from TC-2 surface was investigated by incubation of the
substrate in PBS with different pH values and the released
copper concentration was measured using ICP-OES (Fig. 2b).
The copper release in neutral pH was 0.187 pg cm ™~ in the first
day, and the ultimate copper release reached 0.499 pg cm™> over

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Copper content of TC-1 and TC-2-coated silicone

substrates, and (b) copper release from 1 cm x 1 cm TC-2-coated
silicone substrate after incubation in 2 mL PBS buffer at different pH
over 7 days at 37 °C and quantified by ICP-OES. (c) pH-responsive
transition of TA—Cu network.

7 days. However, in PBS with pH 4.0 and 10.0, the copper release
was significantly increased to 0.537 ug cm™ > and 0.574 pug cm >
in the first day, respectively, and the release rate decreased in
the following six days. The cumulative copper release at pH 4.0
and 10.0 was 1.105 pg cm™ > and 0.907 pg cm™ > in seven days,
which approximately doubled that at neutral pH (0.499 pg
cm ™ ?). The pH-responsive behaviour of copper release from TC-
2 coating was probably due to the protonation and deprotona-
tion of hydroxyl groups in TA upon change of pH (Fig. 2c). At
acidic pH, the hydroxyl groups in TA were protonated, leading
to disassembly of the TA-Cu network. Consequently, copper
ions were dissociated from the metal-catechol coordination
complex. At alkaline pH, parts of the phenol groups were
oxidized to quinone, which has lower affinity to Cu ions,
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resulted in disassembly of the TA-Cu network.*****” This could
confer the coating with enhanced antibacterial capability in
scenario with elevated pH, and is likely to be beneficial for
application in inhibiting P. mirabilis-associated infections and
encrustation.>®

3.3 Antibacterial activity

The surface of indwelling catheter provides an initiation site of
bacterial infection as bacterial cells could invade the urethra
and bladder through catheter lumen. Without appropriate
control treatments, the bacterial cells on catheter surface could
proliferate and secrete extracellular polymeric substances (EPS)
to form biofilm.” The TC-2 coating effectively killed common
uropathogens including P. mirabilis, E. coli and S. aureus in
a time-dependent manner (Fig. S51). After 3 h of incubation
with TC-2 coating, >97% of P. mirabilis, and >99% of E. coli and
S. aureus in the suspension were killed. Furthermore, the killing
efficiency of the TC-2 coating against all the three bacterial
species increased to >99% after 24 h. Biofilm formation on
pristine and modified PDMS substrates was further investi-
gated. As can be seen, the surface of pristine PDMS was heavily
colonized by the challenging bacteria after 24 h (Fig. 3a), and
the biofilm coverage reached 60.08% for P. mirabilis, 71.89% for
E. coli and 67.86% for S. aureus (Fig. 3b). The bacterial biofilm
further developed and formed a higher coverage on the surface
after 3 days of culture (Fig. S6t). The biofilm coverage of PDMS
increased to 69.01% for P. mirabilis, 73.68% for E. coli and
79.96% for S. aureus after 3 days of culture (Fig. 3b). The TA
coating partly inhibited biofilm formation, and the biofilm
coverage at 24 h decreased to 39.64% for P. mirabilis, 47.44% for
E. coli and 50.16% for S. aureus. The surface morphology and
hydrophilicity did not change much after TA coating on PDMS
surface in this study (Fig. 1b and c), so the antibacterial property
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In vitro antibacterial properties of different surfaces: (a) SEM images of bacterial biofilm of P. mirabilis, E. coli and S. aureus on the pristine

and modified PDMS surfaces after incubation for 24 h. Scale bars represent 30 um. (b) Biofilm coverage on pristine and modified PDMS surfaces

after incubation in bacterial culture medium for 24 h and 72 h.
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could probably be attributed to bioactivity of TA on the surface.
However, the biofilm continuously to mature, and it inevitably
covered the TA coating after 72 h (Fig. S61). The biofilm
coverage of TA increased by a large margin to 61.01% for P.
mirabilis, 64.11% for E. coli and 68.81% for S. aureus (Fig. 3b).
The TC-1 coating effectively inhibited bacterial biofilm forma-
tion over 24 h, and the biofilm coverage was reduced to 9.01%
for P. mirabilis, 13.71% for E. coli and 11.13% for S. aureus.
However, further culture of the bacteria still showed growth of
the biofilm on the TC-1 surface (Fig. S6), indicating low
inhibitory efficacy of the coating, probably due to the low
content of the antibacterial agents in the coating. All of the
three species of microorganisms could hardly form biofilm on
TC-2 coating (biofilm coverage below 1% after 24 h of culture).
The TC-2 surface maintained relatively clean even after 72 h of
culture and showed great inhibition against E. coli (biofilm
coverage 0.19%). The biofilm coverage of TC-2 against P. mir-
abilis and S. aureus increased to 16.28% and 13.97%, respec-
tively (Fig. 3b). The minimum inhibitory concentrations (MICs)
of TA and CuSO, against P. mirabilis were determined to be
higher than 512 pg mL ™", while the value of TA-CuSO, combi-
nation against P. mirabilis reduced to 512 pg mL ™", indicating
there is a synergistic effect of TA and copper ions against the
bacteria. CLSM images of E. coli, P. mirabilis and S. aureus
biofilm exhibited the consistent tendency with SEM images on
the various surfaces (Fig. S77). After 3 days of incubation, the
pristine PDMS failed to prevent biofilm formation. In contrast,
TC-2 coating inhibited the formation of biofilms, which had
reduced signal levels of bacteria compared with unmodified
PDMS. In sum, the TC coatings exhibited strong inhibitory
capability against common uropathogens, probably due to the
dual antibacterial functions of TA and Cu®" ions.

3.4 Invitro cytotoxicity

Fibroblast cells were seeded on the surface of pristine and TC-2
substrate. Very few cells were found adhering on the PDMS
surface (Fig. 4a). This is because the cells have low affinity to the
hydrophobic surface of PDMS.*® In contrast, cells on TC-2
surface were mostly alive and mature in spindle-shape, indi-
cating that TC-2 surface has rather low cytotoxicity and good
compatibility and affinity to mammalian cells. The quantifica-
tion results from the cytotoxicity assay showed that the extract
medium obtained from the pristine and various coated
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substrates with a surface area/medium volume (SA/Vol) ratio of
1.2 em® mL~" has minimal cytotoxicity to fibroblasts (Fig. 4b). It
should be noted that the copper released from 1 cm” of TC-2
coating in 2 mL PBS buffer (pH 7.2) over 24 h was estimated
to be 0.249 pg mL ™", which is relatively lower than the reported
EC50 value of copper salts to mammalian cells (53 pg mL ™" on
metal basis).** The coating with such low copper release rate but
good antibacterial activity and biocompatibility showed great
potential for indwelling biomedical device applications like
urinary catheters.

3.5 In vivo implantation study

Since the TC-2 coating exhibited excellent in vitro antibacterial
performance and rather low cytotoxicity, TC-2-coated silicone
catheter was implanted into a rabbit model for 7 days to further
evaluate the in vivo performance (Fig. 5a). After 7 days of cath-
eterization, the urine and catheter were collected (Fig. 5b). It
could be observed that the outer surface of unmodified catheter
in the distal portion, which contact to the animal's urethra and
bladder, was covered by the bloody detached tissues, indicating
bleeding and necrosis probably caused by infections. In
contrast, the surface of TC-2-coated catheter was relatively
clean. The cross-section of the unmodified catheter was
blocked, while the TC-2 catheter remained open. The bacterial
number in urine and on catheter surface on Day 7 was quanti-
fied using the spread plate method (Fig. 5¢). According to the
definition by the Infectious Diseases Society of America (IDSA),
bacteriuria could be diagnosed if the bacteria count in the urine
is higher than 10> CFU mL™".* In this study, five rabbits were
enrolled in each group. Two urine samples from the control
group (with unmodified catheter) were heavily infected, while
the number of bacteria in the urine of the rest three samples
was in the range of 10" to 10° CFU mL™". For the TC-2-coated
catheter group, three urine samples were heavily infected, but
no bacteria were detected in the urine of the rest two samples.
The bacterial number on the TC-2-coated catheter surface was
generally lower than that on the unmodified catheter (Fig. 5¢). It
should be noted that due to the constraints of the study, the
urine collection bag was not attached to the catheter, and the
catheter remained open throughout the experiment. Bacteria
from the external environment could invade and migrate via the
catheter lumen, resulting in a naturally occurring infection in
the animal. Overall, the TC-2 coating inhibited bacterial inva-
sion and migration on the catheter surface, resulting in good
antibacterial performance. In addition, relative higher number
and percentage of monocytes in the animal's blood of the
unmodified catheter group on Day 7 were observed (Fig. S87),
indicating the animal in the control group had a high risk of
monocytosis,*® probably due to the acute bacterial infections in
the animal. The catheter lumen was observed using SEM and
the elements deposited on the surface were analyzed (Fig. 6a). It
can be observed that crystals were formed in the unmodified
catheter, which contain a high amount of calcium and
magnesium, indicating the formation of encrustation.® In
contrast, the lumen of the TC-2-coated catheter was relatively
clean and few crystals were found. The amounts of calcium and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) SEM images and EDS mapping of the lumen of unmodified
and TC-2-coated catheters after implanted in rabbits for 7 days. The 1
mm-long catheter segments (5 cm away from the catheter tips) were
collected. (b) Calcium and magnesium quantification on segments of
the unmodified catheter and TC-2-coated catheter after implantation
for 7 days. Eight 1.4 cm-long catheter segments (5 cm away from the
catheter tip) of each catheter were collected for ICP-OES measure-
ment (n = 2).

magnesium on the catheter surface were also determined using
ICP-OES (Fig. 6b). As can be seen, the unmodified catheter
group showed relatively higher content of calcium and
magnesium than the TC-2-coated catheter, indicating the TC-2
coating inhibited the encrustation efficiently. Histological
analysis of the bladder and urethra tissues indicated severer

© 2022 The Author(s). Published by the Royal Society of Chemistry

inflammation occurred and thickened and irregular transi-
tional epithelium formed in the lower urinary tract of the group
with unmodified catheter (Fig. 7a and b), compared with the
group with TC-2-coated catheter (Fig. 7c and d). The bladder
neck tissue of animal with unmodified catheter exhibited
vacuolation in large area (Fig. 7a). Ammonia generated by
hydrolysis of urea in urine could damage the protective
glycosaminoglycan layer covered on urothelial cells, and
induced severe bacteria invasion and encrustation.” The
unmodified catheter failed to inhibit bacterial infections and
encrustation, which could induce severe degree of inflamma-
tion. In contrast, the TC-2-coated catheter attenuated bacterial
invasion and crystal formation, and thus resulted in a lower
degree of inflammation in the surrounding tissues. Collectively,
the TC-2 coating exhibited good in vivo antibacterial and anti-
encrustation properties as well as excellent biocompatibility.

Fig. 7 Representative images of H&E stained (a) bladder neck and (b)
urethra of the rabbit with unmodified catheter, and H&E stained (c)
bladder neck and (d) urethra of the rabbit with TC-2-coated catheter
after 7 days of implantation. The transitional epithelium was repre-
sented in the enlarged images. Vacuolation was marked by red arrows.
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4 Conclusions

In this study, we developed a facile strategy to modify urinary
catheter with an antibacterial, anti-encrustation, and biocom-
patible coating through metal-polyphenol coordinating chem-
istry. The copper content in the coating can be tuned by the
multiple coating process, and the copper release from the
coating was responsive to the environmental pH. The TC-2
coating exhibited excellent antibacterial activity against Gram-
negative P. mirabilis and E. coli, and Gram-positive S. aureus,
probably due to the synergistic antimicrobial activity of TA and
Cu ions. No significant cytotoxicity of the coating to mamma-
lian cells was observed. The animal study showed that the TC-2-
coated urinary catheter has good biocompatibility, and effec-
tively inhibited bacterial infection and encrustation over 7 days
of implantation. Therefore, the TC-2 coating has great potential
for modification of urinary catheters in combating CAUTIs in
clinic practice.
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