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Urinary tract infection (UTI) represents one of the most common nosocomial infections, which is mainly
related to indwelling catheters or stents. In addition to the formation of biofilms to reduce antibiotic
sensitivity, the urease-producing bacteria can also increase urine pH, causing Ca®* and Mg?* deposition
and finally catheter obstruction. The prevention of UTls and its complication (i.e., encrustation) thus is a
great challenge in design of catheters and ureteral stents. In this work, a metal-catechol-assisted mussel
chemistry (i.e., dopamine self-polymerization) was employed for surface functionalization of
commercially available catheters with antimicrobial peptides (AMP), for the purpose of long-term anti-
infection and encrustation prevention. To improve the stability of the polydopamine coating on
polymeric stents, we used Cu?*-coordinated dopamine self-polymerization. Then, a cysteine-terminated
AMP was introduced on the polydopamine coating through Michael addition. We found that the Cu®*-
coordinated polydopamine coating showed improved stability and antibacterial effect. The cytotoxicity
test confirmed that the bioinspired antibacterial coating showed good biocompatibility and no obvious
toxicity. The results confirmed that the stents with AMP could in situ inhibit bacterial growth and biofilm
formation, and finally reduce the deposition of struvite and hydroxyapatite crystals both in vitro and
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1. Introduction

Catheters and ureteral stents are among the most commonly
used medical devices in patients with urologic disorders."?
Currently, various polymeric materials including polyurethane
(PU), silicone, polytetrafluoroethylene (PTFE), polyvinylchloride
(PVC), and latex rubber have been widely employed to produce
catheters/stents.>* In clinics, the stents can be used for the
treatment of typical urinary diseases like urinary tract obstruc-
tion, or for renal and ureteral surgery,” and the catheters are
commonly used as an adjunct to relieve urinary incontinence
and urinary retention as well as urinary diversion in bladder,
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prostate and urethral surgery. These devices have proven to be
very effective in urinary drainage and supporting the urethra
and ureters, but can also cause side effects for patients, such as
discomfort, pain, haematuria, and in particular, chronic infec-
tion and subsequently encrustation.®™®

Long-term indwelling of the catheters or stents will inevita-
bly lead to catheter associated urinary tract infections
(UTIs)."™ When the catheter or stent is surgically inserted,
it inevitably destroys the protective barrier of the urinary
system, and the bacteria can follow the catheter/stent retro-
grade into the urinary system and cause infections.™ In addi-
tion to the immediate harm of pathogens to patients, the
infection can also induce chronic disease. Upon the surface
attachment of bacteria, they begin to secrete an extracellular
matrix, which enables the formation of a layer of biofilm on the
surface of catheters/stents.”>'® Biofilms can reduce the anti-
biotic sensitivity. In addition, several typical pathogens in the
urinary system, including Proteus mirabilis (P. mirabilis), Kleb-
siella pneumoniae (K. pneumoniae) and Pseudomonas aeruginosa
(P. aeruginosa), produce ureases that can decompose urea with
a faster rate (6 to 25 times higher) than that of other
enzymes.'”'® Once excess urea was decomposed into ammonia,
the pH value of urine would rapidly raise up to 8.5. In an
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alkaline environment, calcium phosphate and magnesium
would deposit and form insoluble struvite and hydro-
xyapatite.”*'**® Such infection-caused depositions on cathe-
ters or stents will eventually block the flow channels and cause
obstruction. The depositions can gradually grow and lead to
the failure of the catheters or stents. More seriously, endo-
scopic or open surgery may require removing the devices.
Conceivably, UTIs and the complications have brought enor-
mous burdens to patients. Current clinical treatments to
ameliorate UTI mainly rely on antibiotics and regular catheter
replacement. Leaving the pain caused by regular replacements
aside, long-term administration of antibiotics will cause bacter-
ial resistance, which may bring another trouble to the patients.
In this context, the development of catheters/stents with
antibiotic-free bactericidal ability and capability of in situ
prevention of chronic UTIs and urinary encrustation is highly
anticipated.

Antimicrobial peptides (AMPs) are a set of natural host
defence peptides, first discovered in the study of “why the
moist surface of amphibians did not permanently infect”.*!
AMPs have been revealed with various functions, including
behaving as immunomodulators to stimulate the accumulation
of immune cells at the site of infection, controlling immune
responses against a particular microorganism, showing anti-
inflammatory properties, neutralizing endotoxins produced by
bacteria, stimulating angiogenesis, and accelerating wound
repair. Different from antibiotics with specific target molecules
(e.g., peptides, proteins and DNAs), AMPs target the lipopoly-
saccharide layer of the cell membrane due to their unique
structure of cationic and amphipathic residues. The membrane
permeabilization of AMPs contributes greatly to the disruption
of the bacterial cell wall, finally producing bactericidal
ability.”*” In addition, AMPs enter into the bacteria and
interact with the lipid bilayer to form a transmembrane pore,
which can increase the susceptibility of the antimicrobial
drug.”® AMPs were also found to kill bacteria by inhibiting
the intracellular functions, extracellular polymeric organisms,
intracellular translocation, and inhibition of DNA/RNA/protein
synthesis.>®*° Due to the wide spectrum bactericidal ability,
AMPs can even inhibit the formation of biofilms that are
resistant to most antibiotics.”>*' As one of the most promising
alternatives to antibiotics, AMPs have shown promise to
improve the outcome of medical devices with high risk of
infections.

For the purpose of in situ anti-infection, surface modifica-
tion of catheters or ureteral stents with AMPs represents a
feasible and relatively safe strategy. The problem is that poly-
meric catheters or ureteral stents are relatively inert and hard to
be stably modified with AMPs through traditional chemistry. In
2007, Lee et al developed a bio-inspired chemistry for surface
modification based on the oxidative self-polymerization of
dopamine (DPA).>? The inspiration of dopamine for surface
modification derived from the coexistence of catechol and
amine in mussel foot proteins to form a synergistic interface
adhesion.***® The oxidation of dopamine results in a synergis-
tic salt displacement of catechol and amine at the solid-liquid

This journal is © The Royal Society of Chemistry 2022

View Article Online

Journal of Materials Chemistry B

interface. The deposition of polydopamine (PDPA) can occur on
almost all types of materials through catechol-metal coordina-
tion, electrostatic interaction, n-n interaction, hydrogen bond-
ing and covalent reaction.>’° Since a further step conjugation
can be easily achieved through amino- or thiol-mediated
Michael addition, this mussel-inspired chemistry allows func-
tionalization of biomolecules on a variety of biomaterials.**™*?
Recent studies also revealed that metal ion-assisted polydopa-
mine adhesion can increase the coating stability and density,
probably due to the metal-catechol-coordination-enhanced
crosslinking network.** In this context, we consider to use
metal-catechol-assisted mussel chemistry for AMP functionali-
zation on commercially available catheters. Specifically, a typi-
cal AMP (RWRWRWC-NH,)">*® with a thiol group in the
residue of cysteine was introduced on a Cu”'-coordinated
polydopamine coating on PU ureteral stents (Scheme 1A). The
stents with the AMP coating would in situ inhibit bacterial
growth and biofilm formation, and finally reduce the deposi-
tion of struvite and hydroxyapatite crystals (Scheme 1B). In this
work, we first optimized the bio-inspired coating and then
evaluated its bactericidal and anti-crusting ability both
in vitro and in vivo. We anticipate that this study would develop
a safe, stable and effective antibacterial coating on urinary tract
medical devices for long-term bacterial inhibition and encrus-
tation prevention.

2. Materials and methods
2.1 Materials

Polyurethane (PU) ureteral stents were purchased from Jingxin
Medical Supplies Company (Suzhou, China). The Spring labora-
tory pure water system based on RO-DI step-by-step purification
technology was used to produce deionized water (dH,O,
18.2 MQ cm). Trypsin/EDTA (ethylenediaminetetraacetic acid)
solution (0.25%), streptomycin, penicillin, RPMI (Roswell Park
Memorial Institute) 1640 medium, MEM (minimum essential
medium) and FBS (fetal bovine serum) were purchased from
Gibco BRL (USA). Phosphate-buffered saline solution (PBS,
10 mmol L™ *, pH = 7.4) was purchased from HyClone (USA).
Cell Counting Kit-8 (CCK-8) was purchased from Beyotime
Biotechnology (Shanghai, China) and was used as received.
Acridine Orange (AO) and propidium iodide (PI) were pur-
chased from Shanghai Toscience Biotechnology (Shanghai,
China) and were used as received. Dopamine hydrochloride
(DPA-HCI) was obtained from HEOWNS, and creatinine (99%),
urea (99%), ammonium chloride (NH,Cl), sodium sulphate
(Na,SO,), calcium chloride (CaCl,), monobasic potassium
phosphate (KH,PO,), sodium chloride (NaCl), potassium chlor-
ide (KCl), sodium oxalate (C,Na,0,), trisodium citrate dihy-
drate (C¢HsNaz;0,-2H,0), magnesium chloride hexahydrate
(MgCl,-6H,0), copper sulfate pentahydrate (CuSO,-5H,0) and
tryptone were purchased from Hushi, Shanghai, China. Agar
and yeast extract powder were purchased from Aladdin. LB
liquid medium (1 L) containing 10 g sodium chloride, 5 g yeast
extract, and 10 g tryptone and LB solid medium (1 L) containing
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Scheme 1 Schematic illustration of the bio-inspired antibacterial and anti-encrustation strategy. (A) The molecular structures of DOPA and AMPs and
the synthesis process of the bio-inspired antibacterial coating. (B) The bio-inspired antibacterial coating shows anti encrustation effect.

10 g sodium chloride, 5 g yeast extract, 10 g tryptone and 15 g
aga. E. coli (ATCC 25922), S. aureus [CMCC(B) 26003] and
P. mirabilis [CMCC(B)49005] were purchased from Shanghai
Luwei Microbial Biotechnology (Shanghai, China). The brands
and sources of all other biochemical reagents will be men-
tioned in the experimental methods as described below.

2.2 Preparation of a Cu-coordinated polydopamine AMP
coating (PDPA@Cu-AMP)

(a) Pre-treatment of polystyrene (PS) 24-well plates. 24-Well
plates were first treated with plasma (Fangrui Technology
Shenzhen GD-5) to improve the wetting performance of the
sample surface. The power was set at 180 W, and the treatment
lasted for 300 s and repeated three times.

2586 | J. Mater. Chem. B, 2022, 10, 2584-2596

(b) Preparation of PDPA@Cu coatings. Five different ratios
of DPA-HCI to Cu®* (1000: 0, 1000 : 25, 1000: 75, 1000 : 125, and
1000:175) were used for deposition of PDPA@Cu coatings on
the pre-treated 24-well plates. The PDPA@Cu coated wells were
named PDPA@Cu-X (X = 0, 25, 75, 125, or 175). Typically, the
plasma-treated 24-well plates were first added with 1 mL of
PH 8.5 PBS and 0.1 mg of DPA-HC, and then different volumes
of CuCl, (1 mg mL™", 0 uL, 2.5 uL 7.5 pL, 12.5 pL and 17.5 pL)
were added immediately. The reaction lasted at room tempera-
ture for 48 hours. The above solution was observed to appear
brown after 2 min. After 48 h, the solution became dark brown
with black solid precipitation. The PDPA@Cu-coated wells were
then washed with deionized water 3 times, and dried with
nitrogen. For coating on PU ureteral stents, the same proce-
dures were applied.

This journal is © The Royal Society of Chemistry 2022
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(c) Preparation of PDPA@Cu-X-AMP coatings. The PDPA@
Cu-coated wells were added with 0.1 mg of AMP (RWRWRWC-
NH,) and 1 mL of PBS (pH 8.5). After incubation at room
temperature for 24 h, the wells were gently washed with 2 mL
deionized water three times, and dried with nitrogen. Finally,
different antibacterial coatings (named PDPA@Cu-X-AMP,
X =0, 25, 75, 125, or 175) were obtained.

For coating on SiO, slides, PU sheets or PU ureteral stents, the
same procedures were applied according to the above three steps.

2.3 Characterization

Mass Spectrometry (MS) (Bruker solan X 70 FT-MS, Swiss)
analysis was used to confirm the chemical structure of the
AMP. X-ray photoelectron spectroscopy (XPS) (K-alpha, Thermo
Fisher, USA), with a monochromatic Al Ko excitation source
(1486.6 eV), was used to detect the surface elemental composi-
tions of PDPA coatings and the elemental compositions of
encrustations. Scanning electron microscopy (SEM) (ZEISS
EVO 18) was used to characterize the surface morphology of
the coating, the encrustation on stents, and the morphology of
bacteria. An atomic force microscope (AFM) (Bruker Multimode 8)
was used to characterize the roughness of the coating. A water
contact angle meter (Dataphysics OCA20) was used to characterize
the hydrophilicity of the surfaces.

2.4 Invitro antibacterial assays

(a) The effect of Cu”* on the antibacterial ability of
PDPA@Cu-X-AMP. Bacteria (E. coli) were cultured in LB
liquid medium at 37 °C. The bacterial solution was taken out,
and centrifuged, the supernatant was removed, and then E. coli
was suspended with normal saline and diluted to an OD value
of 0.1 (UV spectrophotometer at 625 nm). According to the
absorbance and approximate bacterial concentration table
given by Shanghai Luwei Microbial Biotechnology, when the
OD value of E. coli solution at 625 nm is 0.1, the concentration
is about 1.5 x 10® CFU mL™ "

PDPA@Cu-X and PDPA@Cu-X-AMP (X = 0, 25, 75, 125, or
175) were coated on 24 well plates as described in Section 2.2.
Bare 24 wells were selected as a control. Then the wells were
disinfected with 75% alcohol for 5 mins, then were gently
washed three times with 1 mL sterile normal saline and dried
with nitrogen. E. coli (30 uL, concentration 1.5 x 10° CFU mL™ ")
was dropped in each well, and the wells were covered with
sterilized clingfilm seals for preserving moisture. The well plate
was then put in a bacterial incubator at 37 °C for 24 h. After
that, each well was added with 1 mL sterilized normal saline
with sufficient mixing. 100 pL of the solution from each well
was taken out and put into 9.9 mL sterile normal saline. 100 pL
diluted solution was put into LB solid medium and incubated
at 37 °C for 24 h.

(b) Broad-spectrum antibacterial effect of PDPA@Cu-75-
AMP coatings. The coatings were grafted on to 10 mm double J
stents and divided into three groups: control group, PDPA@
Cu-75 coating and PDPA@Cu-75-AMP coating. Each group
contained three wells. The sterilization method was the same
as before. 30 pL E. coli, S. aureus and P. mirabilis (concentration

This journal is © The Royal Society of Chemistry 2022
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1.5 x 10° CFU mL~ ") were added into three wells of each group,
respectively, and then the well plates were cultured and incu-
bated according to the above method.

(c) Stability of PDPA@Cu-75-AMP coatings. The coating
was grafted onto a 24-well plate and divided into two groups:
control group and PDPA@Cu-75-AMP coating. Each group
contained 10 wells. Each well was added into 1 mL sterile
PBS (pH 8.5), and stored at 4 °C. One well of each group was
taken out every week for a total of 10 weeks. The wells were
taken out and sterilized by soaking in 0.5 mL 75% alcohol for
5 minutes. Then the wells were cleaned with 1.5 mL sterile PBS
three times and dried with nitrogen. After that, E. coli (30 pL,
concentration 1.5 x 10° CFU mL™") was dropped onto the
surface of the control group and PDPA@Cu-75-AMP coating
group according to the method above, and incubated at 37 °C
for 24 h. After 24 h the well plates were taken out and diluted
1000 times with sterile normal saline. 100 pL of diluted solution
was taken onto LB solid medium for 24 h.

(d) Bacterial inhibition of PDPA@Cu-75-AMP coatings on
PU stents in artificial urine. In order to simulate the
antibacterial effect of double ] stents in vivo, an AMP was
grafted onto 10 mm F8 (circumference 8 mm) stents and
uncoated stents and PDPA@Cu-75 coating stents were added
as a control. The stents were disinfected with 75% alcohol and
placed into a sterile 24-well plate. One stent was put into one
well and each well was put into 1 mL sterilized artificial urine
(1 L contained 0.65 g CaCl,-2H,0, 0.65 g MgCl,-6H,0, 4.6 g
NaCl, 2.3 g Na,S0,, 1.6 g KC, 2.8 g KH,PO,, 1.0 g NH,CI, 20 mg
sodium oxalate, 0.65 g sodium citrate-2 H,O, 1.1 g creatinine
and 25 g urea,”” sterilized with a 0.45 pm pore size filter'”*%4),
10 uL E. coli (concentration 1.5 x 107 CFU mL ™ ') was added to
the artificial urine and cultured at 250 rpm and 37 °C. After
24 hours, half of the artificial urine was taken out and half of
the fresh sterile artificial urine was added for further culture.
After 1, 3, 7, and 14 days, the samples were taken out, rinsed
with 2 mL sterile PBS 3 times and then placed in a 1 mL sterile
normal saline centrifuge tube for 5 minutes in a 40 kHz
ultrasonic bath. Then the solution was diluted 100 times, and
100 pL solution was taken for LB solid medium culture.

2.5 In vitro anti-encrustation

A total of 12 F8 stents with a length of 10 mm were selected, of
which 4 were control group, 4 were PDPA@Cu-75 coating
group, and the remaining 4 were PDPA@Cu-75-AMP coating
group. They were weighed and placed in an in vitro bladder
model; the model was composed of a 500 mL conical flask as a
bladder in vitro; a rubber plug with three 5 mm holes can plug
the taper bottle, two of the holes were put L type glass tube, one
for artificial urine input port, the pipe orifice was 3 cm from the
bottom, another tube for artificial urine output, and the orifice
level was at 400 mL horizontal line. The thermometer was put
in the last hole. Then a 0.5 mm diameter guide wire was used to
suspend the stents in the in vitro bladder. One magnetic bead
was taken into the conical flask. The in vitro bladder was placed
flat on a constant temperature magnetic agitator at 37 °C and
stirred at 60 rpm. Artificial urine containing 1 x 10° CFU mL "

J. Mater. Chem. B, 2022, 10, 2584-2596 | 2587


https://doi.org/10.1039/d1tb02318g

Published on 22 December 2021. Downloaded on 16/10/2025 2:58:38 AM.

Journal of Materials Chemistry B

P. mirabilis, which was stored in an ice water mixture to keep it
fresh, was injected into the bladder at 0.5 mL min ' with a
peristaltic pump. In every 24 hours 10 mL artificial urine was
removed from the bladder in vitro and measured with a pH meter
(PHS-2F LEICI China). After 2 weeks, the stent was taken out, the
loose crystallite was washed out with ultra-pure water, and then
the stents were put into an oven to dry at 55 °C for 12 h. The stents
were weighted after being dried. Two stents from each group were
fixed with conductive adhesive and sputter-coated with gold for
20 min, and then were taken for SEM, and the other two for XPS
measurements of crystal composition.

2.6 Cytotoxicity

(a) Live/dead cell staining. Due to the small surface area of
the stents, it was difficult to have sufficient area for the
cytotoxicity test (followed by standard ISO 10993-5:2009). The
coating was grafted onto the wells of a 24-well plate, infected
with 75% alcohol and dried with nitrogen. L929 cells were
cultured in 1640 + 10%FPS medium. The wells in the plate were
divided into three groups, which contained control, PDPA@Cu-
75 coating and PDPA@Cu-75-AMP coating, with two wells in
each group. The cell counting method was used to add 1 mL of
5 x 10* L929 cells to each well. After 24 h culture, the medium
was sucked out, 1 mL fresh 1640 medium +15 pl AO + 10 pl PI
was added, and the wells were incubated at 37 °C for 15 min in
the dark. Then the medium was sucked out, and the wells were
cleaned with 1 mL sterile PBS three times, and observed under
a fluorescence microscope.

(b) CCKS8 (Cell-Counting Kit 8) assay. Due to the small area
of stents and the dark color of the PDPA coating, there will be a
large error of OD value between the PDPA coating and the
control group. The coating was grafted onto PU sheets. There-
fore, 10 x 10 mm PU sheets were prepared and divided into 11
groups, which contained a control group, PDPA@Cu-X (X = 0,
25, 75, 125, and 175) group and PDPA@Cu-X-AMP, (X = 0, 25,
75, 125, and 175) group. Each PU sheet was sterile and washed
with 2 mL PBS. PU sheets were then placed into sterile 24-well
plates and added with 1 mL 1640 medium and 5 x 10* L929
cells for incubation in a 5% CO, cell incubator at 37 °C for
24 hours. Each sample was removed, and the surface was
cleaned with 2 mL sterile PBS three times. The unattached
cells were washed off, and then put PU sheets were taken into
empty well plates. 300 pL. EDTA was added to each well for
3 minutes, and 600 pL 1640 medium was added to terminate
the digestion of the culture. The cells were washed off the PU
sheet and then the cell suspension was centrifuged at 1000 rpm
for 5 minutes. The supernatant was removed and the 600 pL
1640 medium was added. Each group of the cell suspension
was divided into 6 parts on average, and every part was put into
one well of the 96 well plate. 10 uL. CCK8 solution was added
into each well of the 96 well plate. The 96 well plates were
incubated in the dark for 4 hours and measured with a
microplate reader for OD value at 450 nm. The CCK8 assay
was taken for the control group, PDPA@Cu-75 group and
PDPA@Cu-75-AMP group for 48 and 72 h with the method
mentioned above.
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2.7 In vivo anti-encrustation

The animal experiments were approved by the Animal Ethics
Committee of the First Affiliated Hospital of Soochow Univer-
sity for animal experiment (202103A211) and all experiments
were performed in compliance with the authors’ institute’s
policy on animal use and ethics. A total of 15 male Wistar/SD
rats weighing 280-320 g were selected. It has been shown that
rat urine is similar to human urine in terms of urine composi-
tion and crystallization behavior.*®*° And most of the encrusta-
tion is formed at both ends of the stents, that is, the renal pelvis
and bladder. Therefore, the rat bladder was used as an in vivo
encrustation model. The PDPA@Cu-75 and PDPA@Cu-75-AMP
group coatings were grafted onto 5 mm F4 PU ureteral stents.
Unmodified ureteral stents were used as a negative control.
Therefore, bare stents, PDPA@Cu-75 coating and PDPA@Cu-
75-AMP coating stents were examined in in vivo experiments in
a rat model (n = 5). The anesthetic solution (10% chloral
hydrate, 0.3 mL/100 g live weight) was injected intraperitoneally
for general anesthesia, and then stents (5 mm in length) were
placed into the bladder of rats and stored for 14 days (Fig. 5A).
After that, 1 mL of P. mirabilis (1.5 x 10° CFU mL™ ') was
injected into bladders by the urethra at days 1, 4, 7 and 10. In
14 days, the rats were weighed and sacrificed. The abdomen
was cut through a midline incision. The bladder was exposed
and 100 pL of urine was extracted with a 1 mL sterile syringe.
The urine in the bladder of the rats contained P. mirabilis that
we injected before, so CLED agar plates were used for bacterial
culture. The kidneys, ureter and bladder were removed com-
pletely. After macro assessment, bladder and kidney samples
were preserved in 10% formalin solution (3.7% formaldehyde
and 1.1% methanol) for 6 h, and then dehydrated with ethanol.
After that, ethanol was cleared with xylene, and specimen was
infiltrated with paraffin wax to support the tissue for thin
sectioning. After the specimen was sliced and fixed on a glass
slide, wax was removed by xylene and xylene substitutes. Then
hematoxylin and eosin were used for hematoxylin-eosin staining
(H&E), and after H&E staining, the specimen was histopathologi-
cally evaluated. After the stents were removed, cleaned and dried,
SEM was used to observe the crusting of the stents.

2.8 Statistical analysis

The one way ANOVA test was used to evaluate the difference
between sets of data in microbiology and animal experiments.
Differences of statistical examinations were determined by the
Tukey test. Microsoft Excel 2019 and IBM SPSS Statistics 22
were used to analyze statistics. The p value < 0.05 was
considered as statistically significant.

3. Results and discussion
3.1 Preparation of PDPA@Cu-AMP coatings

To facilitate the conjugation of the AMP on the PDPA coating,
here we employed a typical trivalent antibacterial dipeptide
(RW);,**® which was further capped with a cysteine at the
C-terminal. The thiol group could be used to react with PDPA

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (A) ESI mass spectrum of AMP(RW)s. (B) The colours of PDPA with different Cu concentrations in different times. (C) XPS of bare SiO; slides,
PDPA@Cu-75 coating and PDPA@Cu-75-AMP coating. (D) Contact angle and SEM of bare PU sheets, PDPA@Cu-75 coating and PDPA@Cu-75-AMP
coating on PU sheets. (E) AFM and (F) roughness of bare PU sheets, PDPA@Cu-75 coating and PDPA@Cu-75-AMP coating on PU sheets. The error bars
represent SD. Statistically significant differences are indicated by *p < 0.05 or **p < 0.005 compared with the control group.

through Michael addition. Electrospray ionization mass spec-
trometry (ESI-MS) analysis was used to confirm the success of
peptide molecular synthesis. As shown in Fig. 1A, the mono-
isotopic mass [M + H]" of AMP (RWRWRWC-NH,) was found at
1147.9 Da, which was in line with its theoretical molecular
weight (1147.39 Da), according to the chemical structure. The
preparation of the PDPA@Cu-75-AMP coating was divided into
two steps. The first step was to self-polymerize DPA into PDPA
under an alkaline condition. SiO, slides, PU sheets or stents
were used to deposit polydopamine on the surface. In this
work, we considered to employ Cu®** for an improved PDPA
coating. This is due to the strong coordination between Cu**
and the catechol of DPA, which would enhance the coating
density and stability. As shown in Fig. 1B, the self-
polymerization of DPA and the resultant PDPA coating thick-
ness were highly dependent on the Cu®>* concentration. At the
same reaction time, the higher the Cu®" concentration, the
darker the colour of the solution observed, while with the same
Cu®* concentration, a longer reaction time led to darker colour
of the solution. This result indicated the importance of the
reaction time and Cu** content during DPA self-polymerization,
which would determine the grafting thickness and stability of a
PDPA@Cu-X coating. Thus, an optimization of the Cu-assisted
DPA polymerization is needed.

This journal is © The Royal Society of Chemistry 2022

When the first step PDPA coating was completed, the
quinone bonds formed during the self-polymerization process
were exposed to the surface of the coating. Upon the addition of
the cysteine-capped AMP (even at room temperature), it could
be grafted onto the PDPA surface to form an antibacterial
coating through quinone-thiol Michael addition reaction. In
order to verify that the PDPA@Cu coating and AMP could be
steadily grafted onto the surface of the above materials (e.g:,
SiO, slides, PU substrate or stents), we then chose a typical Cu-
coordinated PDPA coating (PDPA@Cu) for AMP conjugation
(PDPA@Cu-AMP). Then, XPS analysis of the untreated (con-
trol), PDPA@Cu and PDPA@Cu-AMP was performed to exam-
ine the surface chemical compositions. As shown in Fig. 1C, the
N 1s signal (399.8 eV) from the surfaces of PDPA@Cu and
PDPA@Cu-AMP was obviously observed, while the Si 2p and
Si 2s signals from SiO, were also shielded. In contrast, the
control group showed no N 1s signal. Furthermore, due to
catechol-metal coordination, the XPS spectrum also showed a
peak of Cu 2p signal (will be discussed in the next section).
Quantitative analysis of PDPA@Cu revealed that the contents of
C, N and Cu elements were 91.84%, 7.21% and 0.95%, respec-
tively. The next step reaction with the AMP also led to an
increase of the N content (22.7%), and the C/N ratio was
calculated to be 77:23, which was between that of a pure PDPA
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Fig. 2 (A) Bacterial growth on LB solid medium and (B) E. coli survival rate after contact with the control group, PDPA@Cu with different mass ratios of
DPA to Cu®* group and PDPA@Cu—-AMP coating with different mass ratios of DPA to Cu?* group for 24 h. (C) XPS of SiO; slides, PDPA@Cu-0—-AMP and
PDPA@Cu-75-AMP coatings. (D) Different N contents of control, PDPA@Cu-0/75, and PDPA@Cu-0/75-AMP coatings. (E) CCK8 assay of control,
different rate of DPA to Cu?" PDPA@Cu and PDPA@CU—-AMP coating groups. The error bars represent SD, and statistically significant differences are

indicated by *p < 0.05 or **p < 0.005 compared with the control group.

coating (90:10) and that of the AMP (73:27), implying the
success of peptide conjugation.

The surface wettability of different surfaces was also character-
ized with a water contact angle meter. As shown in Fig. 1D, the
PDPA@Cu coating could significantly increase the surface hydro-
philicity, which was in line with previous studies.*>***' For
example, the contact angle of a bare PU sheet was 107.5 £ 0.2°.
After PDPA@Cu coating, the surface contact angle was signifi-
cantly reduced to 53.4 + 0.1°. In addition, a next step AMP
conjugation further resulted in the decrease of contact angle
(39.4 + 0.2°), probably due to the high hydrophilicity of trivalent
RW sequences. SEM and AFM were also used to study the surface
morphology of substrates with different treatments (Fig. 1E). SEM
showed that the surfaces with coatings were significantly different
from a bare PU surface (Fig. 1D). It was also found that PDPA@Cu
and PDPA@Cu-APM coatings showed a rougher surface than the
bare PU substrate. Quantitative analysis of the AFM images
confirmed the increased surface roughness of PU substrates with
coatings (Fig. 1F), further confirming the success of PDPA coating.
Taken together, these results jointly demonstrated that the Cu®*-
assisted DPA polymerization could be efficiently used for surface
modification of PU-based materials, indicating the potential for
antibacterial functionalization of commercially available PU
catheters.

3.2 Optimization of the PDPA@Cu-AMP coatings

In this work, Cu®>' was used to accelerate DPA self-
polymerization, in order to increase the thickness of the

2590 | J Mater. Chem. B, 2022, 10, 2584-2596

coating, the density of AMP graft sites, and also the stability
of the whole layer. Although Cu** possesses inherent bacter-
icidal activity, it will also elicit significant cytotoxicity when the
concentration reaches a relatively high value. Thus, it is neces-
sary to select an appropriate Cu”>* concentration capable of not
only improving the antibacterial performance of the PDPA
coating but also exhibiting low or no cytotoxicity. To this end,
five groups of PDAP@Cu and PDAP@Cu-AMP coatings on PU
substrates with different Cu** to DPA ratios were prepared, and
their biocompatibility and antibacterial activity were compre-
hensively studied. E. coli was used as the bacteria model for
antibacterial assays. As shown in Fig. 2A, the PDPA coating
without Cu coordination had no significant antibacterial effect.
When Cu®" was cooperated into PDPA, the E. coli colony was
gradually decreased on the LB solid plate. When the Cu®*/DPA
ratio increased to 175 : 1000, no E. coli could be observed on the
plate, indicating a Cu®'-derived antibacterial activity of the
PDPA@Cu-175 coating. Quantitative analysis further revealed
that the PDPA@Cu-25 and PDPA@Cu-75 coatings had no
significant antibacterial ability (Fig. 2B), implying the negligi-
ble influence of Cu** on bacterial survival when the Cu®*'/DPA
ratio was lower than 75:1000.

The AMP-conjugated coatings were also applied for antibac-
terial assays. We could find that the number of bacterial
colonies was significantly reduced on the PDPA@Cu-0-AMP
coating compared with the control group (PDPA@Cu-0). Unfor-
tunately, there was still considerable bacterial growth observed.
This result indicated that although the AMP molecules were

This journal is © The Royal Society of Chemistry 2022
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grafted on the PU surface, the AMP grafting density was not
enough to show a desirable antibacterial effect. In contrast,
Cu*" coordinated PDPA coatings all showed higher antibacter-
ial activity compared to that of PDPA@Cu-0-AMP. As shown in
Fig. 2A, there were only a few E. coli colonies on the surface of
the PDPA@Cu-25-AMP coating, and no bacteria existed on the
other groups with higher concentration of Cu coordination
(i.e., the PDPA@Cu-75-AMP, PDPA@Cu-125-AMP and PDPA®@
Cu-175-AMP coatings). Quantitative analysis of the E. coli sur-
vival rate indicated that the groups introduced with higher
concentrations of Cu®*" could thoroughly eliminate surface
bacteria (Fig. 2B), implying that the AMP densities on a Cu**-
coordinated PDPA coating were significantly increased, and it
could bring potent bacterial killing ability compared with the
Cu*" free control group (PDPA@Cu-0-AMP). These results
verified our hypothesis that Cu®>' could enhance the self-
polymerization of DPA and subsequently improve the AMP
grafting efficiency.

We further analyzed the surface Cu elements using XPS.
Fig. 2C showed that the Cu 2P peak (932.4 eV) was obvious
in the spectrum of the PDPA@Cu-75-AMP coating, but not
in the PDPA@Cu-0-AMP coating. Moreover, the N content
of PDPA@Cu-75-AMP was significantly higher than that of

This journal is © The Royal Society of Chemistry 2022

PDPA@Cu-0-AMP (Fig. 2D), suggesting that Cu®* participation
in the self-polymerization of DPA could increase the grafting
amount of the PDPA coating, and this then improved the AMP
grafting density and subsequently enhanced the surface anti-
bacterial properties. Since we have figured out the lowest Cu®*
concentration for an effective AMP conjugation, the Cu*'-
derived cytotoxicity was further evaluated by a CCK8 assay.
CCK8 assay is based on an electron carrier 1-methoxy 5-
methylphenazine dimethyl sulfate (1-methoxy PMS), which
could be reduced to a highly water-soluble yellow haze (for-
mazan) by dehydrogenase in the cell mitochondria. The
amount of haze generated was proportional to the number of
living cells. Enzyme linked immunoassay (ELISA) was used to
measure the light absorption value at 450 nm, which could
indirectly reflect the number of living cells. The results of
CCK8 assay showed that, at lower Cu®>" concentrations (e.g.,
PDPA@Cu-0-AMP, PDPA@Cu-25-AMP, and PDPA@Cu-75-
AMP), no significant cytotoxicity was observed. In contrast,
the high Cu coatings including PDPA@Cu-125, PDPA@Cu-
175-AMP, PDPA@Cu-125-AMP, and PDPA@Cu-175-AMP
showed an obvious inhibition of cell proliferation (L929 cells)
(Fig. 2E). The results indicated that a potentially safe PDPA@Cu
coating for in vivo use should be prepared using the Cu®>*/DPA
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ratio lower than 75:1000.%* Since the PDPA@Cu-0-AMP and
PDPA@Cu-25-AMP coatings both exhibited relatively lower
antibacterial activity, in our following experiments, the
PDPA@Cu-75-AMP was used as the optimal coating, because
of its double advantages in biocompatibility and antibacterial
ability.

3.3 Antimicrobial activity of the PDPA@Cu-75-AMP coating
in vitro

The AMP (RW); used in this study possesses a broad spectrum
of antibacterial properties. It has been revealed that the main
pathogenic bacteria in urinary system infections are Gram-
negative bacteria such as E. coli and P. mirabilis and Gram-
positive S. aureus. Since the ultimate application of our coating
is for surface modification of ureteral stents or ureter catheters,
E. coli, P. mirabilis and S. aureus thus were all chosen to test the
in vitro antibacterial activity of our coating. The PDPA@Cu-75-
AMP coating was first prepared onto F8 ureteral stents, and
then their bacterial inhibition (24 h) was tested against the
three Gram-positive and Gram-negative bacteria. Compared
with the bare and the AMP free PDPA@Cu-75 coated stents,

2592 | J Mater. Chem. B, 2022, 10, 2584-2596

the PDPA@Cu-75-AMP coated stents could significantly inhibit
all kinds of bacterial growth (including E. coli, P. mirabilis and
S. aureus) on the surface (Fig. 3A and B), indicating the broad
spectrum of antibacterial activity. In addition, the long-term
antibacterial effect of the PDPA@Cu-75-AMP coating was
further tested. Our results showed that the PDPA@Cu-75-
AMP coating on ureteral stents could continuously inhibit
bacterial growth for two weeks (Fig. 3C). In contrast, bacteria
on the bare and AMP free PDPA@Cu-75 surface showed rapid
proliferation in one week. Although the antibacterial efficiency
of the PDPA@Cu-75-AMP coating showed a slight decrease, it
still had significantly better antibacterial activity compared to
the others. The results demonstrated that our PDPA@Cu-75-
AMP coating could not only immediately kill the surface bound
bacteria but also enable long-term bacterial inhibition.

The morphology and membrane integrity of the surface
bound bacteria (E. coli) were characterized by SEM. On the
surfaces of the control group and the PDPA@Cu-75 coating
group, bacteria could maintain the integrity of the cell
wall (Fig. 3D). On the contrary, the bacteria on PDPA@Cu-
75-AMP coated surfaces showed an incomplete cell membrane,

This journal is © The Royal Society of Chemistry 2022
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indicating that surface conjugated antibacterial peptides could
efficiently kill the bacteria contacted. The result demonstrated
that the conjugated AMP on PU ureteral stents did not lose its
antibacterial activity. Further in this study, ten groups of
PDPA@Cu-75-AMP coatings were soaked in PBS. The antibac-
terial activity for each group at different weeks was tested. It
was found that the PDPA@Cu-75-AMP coating could maintain
excellent antibacterial properties until the 9th week (Fig. 3E),
indicating the long-term stability of the AMP and the PDPA
coating. This result suggested that the PDPA@Cu-75-AMP coat-
ing is very suitable for indwelling stents in the urinary system,
which are always implanted in the bladder for months.

3.4 Anti-encrustation of the PDPA@Cu-75-AMP coating
in vitro

The formation of encrustation on the ureteral stent surface can
lead to increased infection, obstruction, and also the difficulty

This journal is © The Royal Society of Chemistry 2022

to remove stents. The reason for encrustation formation is
mainly due to bacterial infection and biofilm formation, espe-
cially P. mirabilis, which can decompose urea, increase urine
pPH, and result in a microenvironment that is inclined to form a
crust on ureteral stent surfaces. Since our PDPA@Cu-75-AMP-
coating possesses broad-spectrum antibacterial and anti-
biofilm properties, we designed an in vitro bladder model
(Fig. 4A) to simulate the crusting process of ureteral stents,
and evaluated the effect of our coating on encrustation
prevention.

After 2 weeks of incubation in artificial urine with P.
mirabilis, the thermometers, magnetic beads, glass tubes, and
conical bottles were covered with a layer of white crusts; more-
over, the artificial urine was turbid. The pH of artificial urine
also increased from less than 5.5 to 8.5 in two weeks, and
balanced to a value between 8.3 and 8.5 in the later period. The
phenomenon implied the decomposition of urea by P. mirabilis,
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and the increased pH value would provide a favourable condi-
tion for the deposition of Mg>" and Ca®". On the surfaces of
bare and the PDPA@Cu-75-coated stents, there were not only
relatively firm attachments, but also loose stones. The stents
were placed into ultra-pure water to wash away the loose stones,
and then dried with nitrogen. The weight of the crust on each
stent was obtained. SEM images of the stent surfaces showed
that the amount of crust of the PDPA@Cu-75-AMP-coated
stents was significantly less compared with that on the control
and the PDPA@Cu-75-coated ones (Fig. 4B). We can clearly
observe that the groups of control and the PDPA@Cu-75 were
covered with a mass of encrustation, and the real surface of the
polymer stents could hardly be observed. In contrast, the
PDPA@Cu-75-AMP stent showed a clean surface, and only
sporadic and small encrustation could be found. The average
crusting weight in the control and the PDPA@Cu-75 group
showed no statistical significance, while there was statistical
significance for the group of PDPA@Cu-75-AMP (Fig. 4C). The
crust on the PDPA@Cu-75-AMP surface was only 23% of the
other two groups. Since the components of these stones contain
mainly magnesium ammonium phosphate encrustation (stru-
vite) produced by urease-producing bacteria, the contents of
Ca, Mg and P in these stones were then semi-quantitatively
characterized by XPS (Fig. 4D and E). XPS analysis showed that
there was no significant difference in the components of these
stones in control, PDPA@Cu-75, and PDPA@Cu-75-AMP
groups. We found that these stones were mainly struvite.
Moreover, the contents of P and Mg in the PDPA@Cu-75-
AMP group were significantly less than those of the other two
groups (Fig. 4F). The result implied that the PDPA@Cu-75-AMP
coating had a long-term (2 week) and efficient inhibitory effect
on encrustation formation induced by urease-producing bac-
teria, and this property is highly desired for indwelling cathe-
ters or stents.

3.5 Cytotoxicity of the PDPA@Cu-75-AMP coating

We have verified that the PDPA@Cu-75-AMP coating showed
the best antibacterial and anti-encrustation performance. We
then further investigated the biocompatibility of this coating
prior to applying in vivo studies on its ability to inhibit bacteria
and prevent encrustation. CCK8 and live/death staining experi-
ments were performed to evaluate the cytotoxicity of the
PDPA@Cu-75-AMP coating. CCK8 assay was performed on
L929 cells after 24, 48 and72 hours of culture on the
PDPA@Cu-75-AMP and the control surfaces. It was found that
there was no significant difference in cell proliferation between
the two groups in 3 days (Fig. 4F), suggesting the negligible
influence of the AMP- and Cu*'-containing coating on cell
growth.

Live/Dead staining was further applied to provide an intui-
tive cytotoxicity of the coating. Live/Dead staining is a very
efficient tool to analyze the viability and adherence of cells on
surfaces. The assay is based on two fluorescent dyes green AO
and red PI. AO has membrane permeability and can penetrate
the live cell membrane to stain nuclear DNA and RNA. PI is a
DNA-binding dye with excitation and emission wavelengths of
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488 nm and 630 nm, respectively. It produces red fluorescence,
but has no membrane permeability, and cannot pass through
living cell membranes, thus enabling the staining of only dead
cells. After culture on the PDPA@Cu-75-AMP and the control
surfaces for 24 h, 1929 cells were stained with AO and PI.
According to the staining mechanism, normal cells could be
coloured with green, early apoptotic cells showed weak red
fluorescence, late apoptotic cells showed enhanced red, and
necrotic cells showed strong red fluorescence. It was observed
that cells adhered well on the surfaces, and almost all the cells
were green stained (Fig. 4G). Cell counting showed that the
number of dead cells is very small, less than 1% (Fig. 4H).
Moreover, the PDPA@Cu-75-AMP group showed no significant
difference as compared to the bare (control) group. The result
indicated that the mussel-inspired, Cu-coordinated and APM-
modified coating had negligible cytotoxicity.

3.6 In vivo anti-encrustation of the PDPA@Cu-75-AMP
coating

With this biocompatible, antibacterial and anti-encrustation
coating in hand, we then applied it on commercially available
PU stents to investigate the in vivo properties. In this study,
Wistar/SD rats were used for in vivo tests because their urine
and encrustation are similar to those of humans. Stents with or
without the PDPA@Cu-75-AMP coating were surgically inserted
into the bladder of rats followed by injection of P. mirabilis into
the bladders (Fig. 5A). After 2 weeks, all the stents were
removed from the bladder, and cleaned with ultrapure water.
SEM was first used to check the surface crusting morphology
after drying with nitrogen. As rats are living creatures, and the
bladder can contract involuntarily and produce friction
between the stent surface and the bladder, it is difficult to
form more stones on the stent surface as the surfaces in the
in vitro bladder model. Nevertheless, the stent orifice and
lumen are difficult to rub and touch, which is conducive to
the formation of stone in a bacteria-containing environment.
SEM images showed that, in the control and the PDPA@Cu-75
group, there was plenty of encrustation in both the orifice and
the lumen. Moreover, the encrustation had already blocked the
stents (Fig. 5B). In contrast, in the PDPA@Cu-75-AMP group,
only a few calculi formed in the orifice and the lumen, and the
lumen was still unimpeded. The encrustation was then care-
fully removed and quantitatively analyzed. As shown in Fig. 5C,
the weight of stones in the PDPA@Cu-75-AMP group was
significantly reduced compared with the control and
PDPA@Cu-75 group (Fig. 5C). This result was in line with that
of the in vitro bladder model, in which the PDPA@Cu-75-AMP
coating showed superior anti-crusting abilities because of the
antibacterial activity of AMP.

To confirm the in vivo antibacterial ability of our coating,
urine from the bladders of rats was also taken out for bacterial
culture (Fig. 5D). It was found that bacteria on the PDPA@Cu-
75-AMP coating, PDPA@Cu-75 and control groups were mainly
P. mirabilis. As expected, the bacterial colony in the group of
PDPA@Cu-75-AMP was significantly reduced compared with
control groups (Fig. 5E), indicating the efficient antibacterial
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ability in vivo. The result also verified that the anti-encrustation
of PDPA@Cu-75-AMP was directly related to the antibacterial
ability. Although the PDPA@Cu-75-AMP coating could not
completely kill bacteria in urine, it could still effectively inhibit
bacterial reproduction, inhibit the development of UTIs and
reduce the degree of infection.

Further in animal experiments, the bladders and kidneys
from all groups of rats were examined with H&E staining
(Fig. 5F). It was found that the bladder tissues in the control
and PDPA@Cu-75 coating groups showed inflammation. H&E
images of the control and PDPA@Cu-75 groups both had
obvious infiltration of neutrophils, while in the PDPA@Cu-
75-AMP group, infiltration of neutrophils in bladder tissues
was significantly reduced. Moreover, no obvious abnormality
was found in the renal pathological sections of all three groups.
This may be because the anti-reflux function of the ureter was
not damaged, and the infected urine could not retrograde into
the kidney. We also inferred that the inflammatory inhibition
of the PDPA@Cu-75-AMP group was due to the antibacterial
ability, which reduced the intrusion of bacteria into bladder
tissues and also the whole urinary system.

4. Conclusions

In summary, here we reported a Cu”*-assisted mussel-inspired
strategy for surface antibacterial modification of catheters with
AMP. We optimized the bio-inspired coating and then evalu-
ated its bactericidal and anti-crusting ability. The results con-
firmed that Cu®'-coordinated antibacterial coating showed
improved stability, antibacterial effect, and good biocompat-
ibility both in vitro and in vivo. More importantly, the mussel-
inspired, Cu®*-coordinated, AMP-modified stents could in situ
inhibit bacterial growth and biofilm formation, showing long-
term anti-infection and encrustation prevention in vivo. The
developed bioinspired strategy in this work may show promise
for fabrication of efficient antibacterial surfaces on urinary
tract medical devices with long-term bacterial inhibitory effects
and encrustation prevention ability.
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