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Implanted biomaterials such as medical catheters are prone to be adhered by proteins, platelets and bacteria due
to their surface hydrophobicity characteristics, and then induce related infections and thrombosis. Hence, the
development of a versatile strategy to endow surfaces with antibacterial and antifouling functions is particularly
significant for blood-contacting materials. In this work, CuSO4/H202 was used to trigger polydopamine (PDA)
and poly-(sulfobetaine methacrylate) (PSBMA) co-deposition process to endow polyurethane (PU) antibacterial
and antifouling surface (PU/PDA(Cu)/PSBMA). The zwitterions contained in the PU/PDA(Cu)/PSBMA coating
can significantly improve surface wettability to reduce protein adsorption, thereby improving its blood
compatibility. In addition, the copper ions released from the metal-phenolic networks (MPNs) imparted them
more than 90% antibacterial activity against E. coli and S. aureus. Notably, PU/PDA(Cu)/PSBMA also exhibits
excellent performance in vivo mouse catheter-related infections models. Thus, the PU/PDA(Cu)/PSBMA has great
application potential for developing multifunctional surface coatings for blood-contacting materials so as to
improve antibacterial and anticoagulant properties.

1. Introduction

Medical catheters (such as urinary catheters, intravenous catheters,
gastric tubes, etc.) are widely used in clinical practice as implanted
biological materials [1-3]. However, due to their materials natural hy-
drophobicity, these are prone to non-specific proteins adsorption and
adhesion/activation of platelets, further leading to clotting and
thrombus to cause device failure [4,5]. What’s more serious is that
bacteria easily adhere to the surface during catheter implantation.
Adhering bacteria proliferate rapidly and secrete extracellular matrix
(EPS) to form a biofilm [6-8]. To solve these problems, injections of
anticoagulants and antibiotics are common clinical treatments. How-
ever, drug abuse may cause unavoidable damage to the human body
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[9-12]. Hence, endowing the implant materials with good biocompati-
bility and antibacterial properties are of great clinical significance for its
safe and long-term application.

Based on the mechanism of surface-induced thrombosis, various
kinds of approaches through surface modification have been explored so
as to solve these problems timely and effectively [13]. For instance,
hydrophilic polymers (polyethylene glycol (PEG) and its derivatives
[14], poly(vinyl pyrrolidone) (PVP) [15,16], etc.) and anticoagulant
agents (heparin, bivalirudin etc.) are often used for building
anti-coagulation surfaces [17,18]. Although these approaches have been
widely used in research, there are still major limitations in practical
applications because most of the available ones usually involve complex
procedures and have poor blood compatibility. Especially, zwitterionic
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polymers, such as poly-(sulfobetaine methacrylate) (PSBMA), poly-(-
carboxybetaine methacrylate) (PCBMA), poly (2-methacry-loyloxyethyl
phosphorylcholine) (PMPC), have been extensively used for surface
modification of all kinds of medical devices due to their excellent hy-
drophilic, nonfouling, and biocompatibility properties [19-21]. It has
been hypothesized that, with both positively and negatively charged
moieties, the zwitterionic polymers can strongly bind water molecules
via electrostatically induced hydration, so they exhibit high resistance
against nonspecific protein adsorption and also efficiently avoid bacte-
rial adhesion to prevent formation of long-term bacterial biofilm
[22-24]. Hence, zwitterionic polymers have been an ideal candidate for
construction of biomaterials with good blood compatibility.

The development of bacteria is another important problem that
greatly threats the using of implants. Injecting antibiotics for several
days after implanting the medical device is a common way. However,
the abuse of antibiotics in medical treatment has led to an increase in the
prevalence of resistant bacteria [25]. Therefore, to prevent the occur-
rence of device-associated infection, more effective method is to modify
the bactericidal chemicals on the surface of the material [26]. Currently,
the commonly used antibacterial agents are metal nanoparticles [27],
metal ions [28,29], quaternary ammonium salts [30], antimicrobial
peptides and polymer [31], etc. As an essential trace element in the
human body, copper is one of the earliest inorganic antibacterial agents
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used by human. In 2500 BC, the Egyptians had used copper to clean their
wounds. Copper also had been widely used for treatment of wound
infection and other diseases before the discovery of antibiotics [32].
According to previous reports, the high concentration of copper ions
outside will cause the difference in the concentration of ions inside and
outside the cell membrane, which will destroy the transportation of
nutrients (Na'/K*, glutamate, etc.) required by the cell and cause its
death. In addition, copper ions could bind to bacterial surface and
destroy the cell membrane, inducing leakage of intracellular compo-
nents and causing cell death. Therefore, the excellent antibacterial
property of copper ion could prompt us to choose it as a surface deco-
ration agent to construct antibacterial biomaterials [33].

Based on the above description, we know that the construction of a
material with both antibacterial and anticoagulant is of great signifi-
cance in clinical applications. Although the emerging applications of
nitric oxide release have been extensively studied in overcoming anti-
thrombotic and anti-bacterial medical devices, there are still problems
such as short lifetime and poor blood compatibility [34-39]. In contrast,
the use of copper ions and zwitterionic polymers to modify implant
materials has unparalleled advantages. However, it is still a challenge to
solve how to anchor zwitterionic polymers and metal ions on the surface
with ease. Bio-inspired polydopamine (PDA) has been regarded as a
universal and versatile platform for simple surface modification of
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Scheme 1. Schematic of the preparation of the PU/PDA(Cu)/PSBMA. (a) (i) The chemical structure of PDA and copper ion forming MPNs. (ii, iii) The mechanism of
the DA-triggered polymerization of SBMA. (b) PU/PDA(Cu)/PSBMA exhibits both antibacterial and antifouling properties.
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medical devices, but the main drawbacks of state-of-the-art PDA coat-
ings lie in the low efficiency and poor stability [40,41]. Most recently,
Xu et al. proposed that CuSO4/H50; is able to notably accelerate the
co-deposition process of PDA with PSBMA [42]. During the polymeri-
zation of dopamine (DA), Cu** and H,0, produce reactive oxygen
species (ROS), such as O3, OH3 and OH® in alkaline medium. These free
radicals could accelerate the oxidation and polymerization of DA in the
solution, thus improving the deposition efficiency with PSBMA [43]. In
this study, CuSO4/H20, was used to trigger PDA and PSBMA
co-deposition process to endow polyurethane (PU) antibacterial and
antifouling surface (PU/PDA(Cu)/PSBMA) (Scheme 1). The constructed
PDA coating contains copper ions and catechol groups to form
metal-phenolic networks (MPNs) to endow the surface with good sta-
bility and antibacterial properties [44-46]. In addition, PDA can also act
as an initiator to induce the polymerization of sulfobetaine methacrylate
(SBMA) monomer and can be anchored on the surface of the substrate
for good antifouling performance. Then we comprehensively evaluated
the blood compatibility, protein/platelet resistance, cytotoxicity and
anti-infective properties of these materials in vitro and in vivo, the results
indicated the materials that we constructed have promising prospect for
being used as excellent implanted biomaterials.

2. Experiment section
2.1. Materials

Dopamine hydrochloride and SBMA were purchased from Sigma-
Aldrich (USA). Copper (II) sulfate pentahydrate (CuSO4-5H20, 99%),
hydrogen peroxide (H203, 30%), tris (hydroxymethyl) aminomethane
(Tris) were obtained from Aladdin (China), respectively. Dulbecco’s
modified Eagle Medium (DMEM) and fetal bovine serum (FBS) were
purchased from Gibco Life Technologies (USA). Fluorescently-labeled
bovine serum albumin (FL-BSA), BSA and Fg regents were obtained
from Bioss Biotech (China). LIVE/DEAD Viability/Cytotoxicity kit
(L3224), LIVE/DEAD BacLight bacterial viability kit (L7012) and Cell
Counting Kit-8 (CCK-8) were purchased from Thermo Fisher (USA).
S. aureus (ATCC6538) and E. coli (ATCC 8739) were kindly provided by
Prof. Jian Ji (Zhejiang University). Ultrapure water was obtained from a
Milli-Q system (Millipore, USA). All the other chemical reagents, unless
mentioned, were purchased from Aladdin (China).

2.2. Preparation of PU/PDA(Cu)/PSBMA

First, DA and SBMA monomer were all dissolved in Tris buffer so-
lution (50 mM, pH 8.5). Then, CuSO4-5H50 (5 mM, 62.5 mg) and H,0,
(19.6 mM, 0.1 mL) were dosed sequentially. The concentration of DA
was kept at 2 mg/mL, and the mass ratio of DA/SBMA was 1:15. PU
samples were first pre-wetted by ethanol and then immersed in the
above solutions in an air oscillator at room temperature for 4 h. After
that, the samples were washed by deionized water and dried at 55 °C for
4 h. In this study, the single DA coating (PU/PDA), a DA coating with
copper ions (PU/PDA(Cu)) and a DA/SBMA coating(PU/PDA/PSBMA)
were also prepared on the PU surface using the same method as the
control.

2.3. Characterization

'H NMR spectra (Bruker DMX500, 500 Hz, USA) was employed to
prove the successful synthesis of PSBMA copolymer. A field-emission
scanning electron microscope (SEM, Hitachi SU8000, Japan) was used
for characterizing the surface morphologies of the samples. The surface
chemical compositions of the samples was measured by X-ray photo-
electron spectrometer (XPS, PerkinElmer, USA), and the hydrophilicity
and thickness of the coatings by water contact angle analysis (Biolin,
Theta, Sweden) and spectroscopic ellipsometry (J. A. Woollam, M-
2000UI, USA), respectively, and the UV-vis absorption of the solutions
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by an ultraviolet spectro-photometer (Agilent, CARY5000, USA).
2.4. Evaluation of coatings stability

In order to evaluate the stability of the surface coating, PU/PDA(Cu)/
PSBMA was immersed in 2 mL of PBS (pH 5.5, pH 7.4, pH.8.5, respec-
tively) and shaken at 120 rpm under 37 °C for 7 days. A quantitative
solution was taken on day 1, day 3, and day 7, and the absorbance of the
solution at 420 nm was measured by ultraviolet spectro-photometer.
Moreover, the structure stability of this PU/PDA(Cu)/PSBMA was also
investigated by monitoring the thickness change of the coating.

2.5. Invitro antibacterial property

The antibacterial properties of materials modified by different
methods were tested according to the previous reported method [38,
471]. Briefly, the samples after high temperature sterilization were first
placed in a 24-well plate, and then 200 pL of bacteria (E. coli or S. aureus)
suspension that was diluted to 1.0 x 10° CFU/mL was added. After in-
cubation in shaker at 37 °C for 24 h, the bacteria in the suspension were
inoculated on Luria-Bertani (LB) agar plates with 10-fold serial dilutions
for counting. Finally, the relative bacterial survival rate was calculated
based on the number of colonies. In addition, LIVE/DEAD staining was
performed to explore the survival and adhesion ability of bacteria in
contact with these surfaces.

2.6. In vitro anti-adhesion of bacteria activity

The anti-adhesion of bacteria activity of the samples was evaluated
against bacteria of E. coli and S. aureus. Briefly, fresh bacteria suspension
(2mL, 1 x 108 CFU/mL) was cultured with different samples in 24-well
culture plate and incubated for 24 h at 37 °C. Next, removed the
planktonic bacteria and washed three times with sterile PBS buffer so-
lution. Subsequently, 2.5% glutaraldehyde was used for fixing the
samples overnight followed by ethanol gradient dehydration (25, 50, 75
and 100 wt%, respectively) for 10 min in each step. Finally, the obtained
samples were dried for SEM observation.

2.7. Protein adsorption assay

BSA and Fg were selected as model proteins to evaluate the protein
adsorption analysis of different samples. Briefly, all samples were
immersed in PBS buffer solution in a 96-well plate overnight and then
separately submersed in protein solution (2 mg/mL, 200 pL) and incu-
bated at 37 °C for 4 h. Next, all samples were washed 3 times with
deionized water to remove unabsorbed proteins. Finally, all samples
were sonicated in sodium dodecyl sulfate (SDS) (2 wt %, 200 pL) solu-
tion for 1 h to detach the proteins adsorbed on the surface, and the su-
pernatant (100 pL) from each well was placed in a new 96-well,
supplementing with 100 pL of BCA working solution to test the absor-
bance at 560 nm by the microplate reader (Varioskan LUX, Thermo
Fisher). Additionally, all samples treated with FL-BSA were used for
qualitative observation of adsorption status of BSA on the surface by
fluorescence microscope (Zeiss, Germany).

2.8. Hemolysis test

Red blood cells (RBCs) were separated from the rabbit blood and
seeded in 2 mL centrifuge tube, and all samples dispersed in NaCl so-
lution then were incubated with RBCs under shaking culture at 37 °C for
2 h. For comparison, RBCs treated with equal volume of deionized water
and NaCl solution were used as positive and negative control groups,
respectively. After all samples were centrifuged for 10 min at 3000 rpm
to obtain supernatant liquid, the absorbance at 545 nm was measured
with a microplate reader. The hemolysis ratio was obtained in accor-
dance with following equation (ODpos and ODye, are the absorbance of
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positive and negative control groups at 545 nm, respectively):

oD, test — oD, neg

OD,os —

100%
OD,, 7

Hemolysis ratio (%) =

2.9. Platelet adhesion

Fresh citrated whole blood was centrifuged for 10 min at 1000 rpm
to obtain platelet-rich plasma (PRP). All samples were balanced in PBS
of pH 7.4 for 12 h and then separately submersed in 200 pL of PRP and
incubated at 37 °C for 2 h. All surfaces were cleaned softly with PBS
three times and fixed with 2.5% glutaraldehyde for 4 h at room tem-
perature. Finally, samples were dehydrated through a series of graded
ethanol-water solutions (25, 50, 75 and 100 wt %, each for 15 min) and
then were dried and gold-coated.

2.10. Invitro cytotoxicity assay

The CCK-8 and Live/Dead cell staining kit assay were applied to
assess the compatibility of the samples with HUVECs. Briefly, HUVECs
were initially harvested and seeded into 24-well plate for 12 h for
attachment (1 x 10* cells/well), and then sterilized samples were
seeded onto tissue culture plate containing fresh medium, and incubated
in a humidified incubator at 37 °C/5% CO, for 2 h, 24 h and 48 h,
respectively. After that, the previous samples were carefully removed by
sterile forceps from the culture medium, the cells were washed 3 times
with PBS and then CCK-8 reagent (10% in DMEM media) or Calcein-
AM/PI dual staining solution was added to 24-well plate. The absor-
bance at 450 nm was measured by Microplate Reader, and Live/Dead
cell staining was observed with an inverted fluorescence microscope.

Bioactive Materials 6 (2021) 2546-2556
2.11. In vivo antibacterial assay

All the animal procedures were performed in compliance with the
guidelines of the Institutional Animal Care and Use Committee of
Wenzhou Medical University (Wenzhou, China). The experiment used
approximately 0.4 kg Sprague Dawley (SD) rats obtained from the An-
imal Management Center of Wenzhou Medical University. The animal
models were based on our previous experimental methods. Briefly,
catheters were cut into segments, with then immediately implanted into
the back of the SD rats that were anesthetized. The wounds healing of
the catheters implantation site in SD rats was observed on day 1, day 3
and day 7. After the rats were euthanized, the implanted catheter
samples were taken out on day 7. The bacteria adsorbed on the surface of
catheters were dispersed in the PBS buffer solution by ultrasound, and
then we counted the survival status of the bacteria as per the previous
method. The surrounding skin was cut off, fixed, dehydrated and
embedded in paraffin, and then sectioned for hematoxylin and eosin
(H&E) staining and observation.

2.12. Statistical analysis

All data were obtained from at least three replicate experiments and
expressed as the mean =+ standard deviation. Statistical significance was
evaluated by means of the two-tailed Student’s t-test between different
groups. The difference of *p < 0.05 is statistically significant under
consideration.
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Fig. 1. (a) Schematic illustration of the preparation of PU/PDA(Cu)/PSBMA. (b) H NMR spectra of PSBMA in D,0. (c) Contact angle measurement of the PU/PDA,
PU/PDA/PSBMA, PU/PDA(Cu) and PU/PDA(Cu)/PSBMA coating. (d) XPS of the PU/PDA, PU/PDA/PSBMA, PU/PDA(Cu) and PU/PDA(Cu)/PSBMA coating. (e)
High Cu 2p scan of the PU/PDA(Cu)/PSBMA coating. (f) SEM images of the PU, PU/PDA, PU/PDA/PSBMA, PU/PDA(Cu) and PU/PDA(Cu)/PSBMA coating. Scale

bar: 1 pm.
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3. Results and discussion
3.1. Preparation and characterization of the PU/PDA(Cu)/PSBMA

Herein, a novel coating based on the co-deposition of PDA and
PSBMA triggered by CuSO4/H204 was simply prepared onto the surface
of PU (PU/PDA(Cu)/PSBMA) (Fig. 1a). In this study, PDA acted as both
the polymerization initiator and the adhesive sites. First, in order to
prove that DA could induce the polymerization of SBMA monomer, the
structure of the polymerized product was characterized by 'H NMR. As
shown in Fig. 1b, the chemical potential peaks in the 'H NMR date were
4.50, 3.77, 3.52, 3.14, 2.94, 2.19, 2.97, and 1.00-1.29 ppm in sequence.
The comparison showed that they belonged to the proton peaks in
PSBMA. In addition, a proton peak appeared at the position of 3.59 ppm
chemical shift, which was a unique peak of Tris, indicating that Tris was
also involved in the reaction. The proton peak also appeared at the
chemical shift position of 6.6-7.0 ppm in the spectrum, which proved
that DA also participated in the above reaction and was retained in
PSBMA. In addition, we monitored the UV-Vis absorbance changes of
various DA solutions at 420 nm (Fig. S1). The absorbance of the solution
with CuSO4/H20, also increased to more than 3.0, which was much
higher than that of DA (1.6) and DA (0.82) with SBMA. Fig. S2 shows
that the color of the pristine PU catheter was changed from white to
PDA-like light grey, indicating successful formation of the coating.

Next, the thickness of these PU films modified by different methods
was measured. As seen in Fig. S3, the thickness of PU/PDA and PU/PDA/
PSBMA coatings was less than 10 nm after 4 h, while the thickness of
PU/PDA(Cu) and PU/PDA(Cu)/PSBMA reached 30 nm. Therefore, the
polymerization of DA and the deposition rate of PDA coating were
greatly accelerated and triggered by CuSO4/H305. Similarly, the contact
angle decreased from 85 + 5° to 22 + 4° (Fig. 1c), which became more
hydrophilic after incorporation of PSBMA. The increase of thickness
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makes the surface of the coating contain more copper ions and zwit-
terions, which endows the surface with antibacterial and hydrophilic
properties, and good hydrophilicity to effectively inhibit the adsorption
of bacteria, platelets and non-specific proteins on the surface [48,49].

The XPS analysis was performed on the surface chemical composi-
tion of these samples for further confirmation of successful decoration.
As shown in Fig. 1d and e, the Cu 2p peak at 935.0 eV was observed in
the PU/PDA(Cu) and PU/PDA(Cu)/PSBMA, that demonstrated the for-
mation of MPNs. Additionally, the spectra for PU/PDA/PSBMA and PU/
PDA(Cu)/PSBMA, a strong S 2p peak at 170.0 eV and the N 1s peak at
402.2 eV were shown, which corresponded to the C-N* bonds and S
element of the PSBMA (and S4) respectively. Notably, the spectrum
showed that all samples also had an N 1s peak at 399.0 eV, which was
attributed to the C-N bond of PDA. Further, changes in surface
morphology of the PU were observed by SEM. According to Fig. 1f, the
original surface exhibited smooth surface topography, while surface
modification led to rough surface morphology. Moreover, the surface
roughness of PU/PDA(Cu)/PSBMA significantly increased, which
showed that the surface modification reactions went on smoothly on
material surface.

3.2. Stability of PU/PDA(Cu)/PSBMA coatings

Coating stability is an important indicator for the safety of implant
materials. To investigate its stability, the silicon wafer modified by the
same method was immersed in different PBS buffer solutions (pH = 5.5,
7.2 and 8.5), and the thickness of the coating was monitored. As shown
in Fig. 2a—c, after all samples were soaked in PBS buffer solutions with
pH = 7.2 and pH = 8.5 for 7 days, respectively, the coating thickness was
reduced by about 10%, even in the acidic buffer solution with pH = 5.5,
the coating thickness was only reduced by about 20%. Furthermore,
UV-Vis spectroscopy was used to detect the PDA content in the solution
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and the color change of the catheter also showed similar results
(Fig. 2d-i). The elemental composition of the surface was the same as the
initial state, and the morphology and water contact angle almost un-
changed (Figs. S5-S7). These results indicated the good stability of the
coating which was suitable for long-term use in the human body. The
good stability of the PU/PDA(Cu)/PSBMA coating may benefit from
such reason that the residual copper ions could act as cross-link sites by
chelation with the amine and imine groups of PDA, which is the same as
the mechanism reported in the literature that iron ions can enhance the
stability of the PDA coating [50,51].

3.3. Anti-protein adsorption and hemocompatibility

According to the mechanism of thrombus formation, the adsorption
of non-specific proteins on the surface has an important influence on
thrombus formation, and the construction of a biomaterial surface with
low protein adsorption was a solution [5]. Fg and BSA are key proteins in
the coagulation cascade, and play a leading role in mediating the
adhesion and activation of platelets to the surface of the material [52,
53]. Therefore, we choose Fg and BSA as model proteins to evaluate the
protein adsorption capacity of different samples. As shown in Fig. 3a and
b, when the PU surface modified by PDA or PSBMA is used alone, due to
the slow polymerization of DA, even if the successful modification of
PSBMA is detected, the PSBMA coating cannot cover it completely, so it

Bioactive Materials 6 (2021) 2546-2556

may cause PU/PDA/PSBMA to have lower anti-protein adsorption ca-
pabilities. However, when CuSO4/H203 is added, the polymerization of
DA and SBMA were accelerated, leading to the formation of a large
number of hydrophilic groups on the surface of PU, so that PU/PDA(Cu)
and PU/PDA(Cu)/PSBMA exhibits good anti-protein adsorption ability.
Especially for PU/PDA(Cu)/PSBMA surface, the protein adsorption of Fg
and BSA was even reduced by 70% and 88%. In addition, we also
observed the adsorption of FL-BSA on the surface of different samples
through a fluorescence microscope (Fig. 3c). It can be seen that the
surfaces of PU, PU/PDA, PU/PDA/PSBMA and PU/PDA(Cu) showed
strong fluorescence, while PU/PDA(Cu)/PSBMA almost undetectable
fluorescence, showing the excellent anti-protein adsorption perfor-
mance of PU/PDA(Cu)/PSBMA.

The adhesion and activation of platelets is another important cause
of thrombus formation [54]. When Fg and other adhesive proteins
adhere to the surface of the material, they interact with the receptors on
the platelet surface to regulate the adhesion and activation of platelets,
and the activated platelets will secrete and release adenosine diphos-
phate (ADP), thromboxane A2 (TXA2) and other substances. These
substances in turn regulate the binding of Fg and other viscous proteins
to platelets and accelerate platelet aggregation, and form a cascade re-
action that ultimately leads to the formation of thrombus [55]. There-
fore, a good blood contact material must be able to effectively inhibit the
adhesion of platelets, and the following experimental results just prove

Fig. 3. Relative protein adsorption (a) Fg
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this point. As shown in Fig. 3f and S8, a large number of activated
platelets (2.74 x 10* platelets/mmz) adhered to the unmodified PU
surface. In contrast, the density of platelets adhered to the modified PU
surface was lower, especially the density on surface of PU/PDA
(Cu)/PSBMA was only 0.54 X 104 platelets/mmz, which was about
19.7% of that on the unmodified PU surface. Besides, the hemolysis rate
of all samples was lower than 5% (Fig. 3d and e), which also proved the
substrate with good blood compatibility.

3.4. Invitro antibacterial property assay

Infection caused by bacteria is one of the main complications of
implant materials. Surface modification with antibacterial agents is a
good choice to endow these devices with potent antibacterial [56]. To
illustrate the antibacterial property of modified PU materials, E. coli and
S. aureus were chosen for antibacterial characterization. As shown in
Fig. 4a, the number of colonies of the two bacteria decreased signifi-
cantly after incubating with PU/PDA(Cu) and PU/PDA(Cu)/PSBMA
surfaces, while no obvious change in colonies count change was
observed in other modified PU materials compared to pristine PU film.
According to quantitative analysis, there was a marked reduction up to 2
log by the coating containing copper ions against both S. aureus and
E. coli bacteria (Fig. 4b and S9). The bactericidal and anti-adhesive ac-
tivities of the all samples were explored through bacterial LIVE/DEAD
staining method and SEM measurement. As shown in Fig. 4c, intense
green fluorescence was observed in the groups of pristine PU, PU/PDA
and PU/PDA/PSBMA surface for both E. coli and S. aureus bacterial,
indicating that a large number of live bacteria adhered to the surface of
the material. The PU/PDA(Cu) and PU/PDA(Cu)/PSBMA surface how-
ever showed a significant reduction in the adhered bacteria. By contrast,
the excellent anti-fouling and antibacterial activities were exhibited
since just a few of dead bacteria adhered to the surface.

To further verify the bacterial anti-adhesion function, SEM images
were obtained to distinguish the remaining bacteria from bacterial
corpse on different samples. As shown in Fig. 5a and b, a lot of bacteria
with normal and intact cell membranes adhered to the surface of the
pristine PU, PU/PDA and PU/PDA/PSBMA. However, the cell mem-
branes of the attached bacteria in the other two groups were partially
destroyed and the cytoplasm leaked. Especially, only a small amount of
bacteria adhered to the surface of PU/PDA(Cu)/PSBMA. According to
the quantitative analysis, the densities of the two bacteria adhering to

E. coli

S. aureus

E. coli @

S. aureus

PU/PDA PU/PDA/PSBMA PU/PDA(Cu)

e
] ]
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the PU/PDA(Cu)/PSBMA surface reduced about 90% compared with the
unmodified PU surface (Fig. 5c and d), which suggested the antiadhesive
and antibacterial properties of modified PU. In addition, it was also
noticed that PU/PDA(Cu)/PSBMA exhibited different antibacterial
properties against E. coli and S. aureus. The reason may be that the cell
wall structure of Gram-positive are different from that of Gram-negative
bacteria, which led to the different antibacterial characteristics of the
coatings [57,58].

3.5. In vitro biocompatibility evaluation

To further evaluate the in vitro cytotoxicity, the HUVECs on the
surface of the 24-well plate were incubated with different samples and
then subjected to Live/Dead staining and CCK-8 test. As shown in
Fig. S10, 6a and 6¢, the fluorescence images showed that after incu-
bating HUVECs with all samples for 2 h, 24 h and 48 h respectively,
except for a few dead cells on the surface of PU/PDA(Cu) and PU/PDA
(Cu)/PSBMA, little dead cells appeared in other groups, showing
negligible cytotoxicity. In addition, this result was also verified by CCK-
8 test. After 48 h of incubation with HUVECs, the absorbance of all
samples at 450 nm increased significantly (Fig. 6b and d), indicating that
they all had excellent cell proliferation ability and biocompatibility.

3.6. In vivo evaluation

According to above study, the surface of PU/PDA(Cu)/PSBMA
exhibited excellent properties such as antibacterial, anti-adhesion and
protein/platelet-resistance in vitro, but these properties may be
destroyed or even failed when entering the body. Therefore, we estab-
lished an animal model related to the catheter-induced infection to
evaluate its properties in vivo. We initially cut a wound with an average
size of about 1.5 cm on the back of the mouse, and then different samples
contaminated with S. aureus were immediately implanted. As seen in
Fig. 7a, there was no significant difference in the external wounds
among all the groups on day 1 after implantation. After the day 7 of
implantation, the wounds between all groups were basically healed and
there was no significant difference. In addition, we cut and opened the
infected skin to explore the appearance of inflammation inside. A large
amount of white pus was detected in the group implanted with PU, PU/
PDA and PU/PDA/PSBMA, which indicated a severe inflammatory
response due to bacterial infection. In contrast, the minimal infection
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PSBMA

-
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Fig. 4. (a) Agar plate photographs, (b) relative bacterial numbers and (c) live/dead assay of E. coli and S. aureus after incubation with PU, PU/PDA, PU/PDA/PSBMA,
PU/PDA(Cu) and PU/PDA(Cu)/PSBMA, respectively. Scale bar: 20 pm. (***P < 0.001).
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Fig. 5. SEM images showing the anti-adhesive properties of PU, PU/PDA, PU/PDA/PSBMA, PU/PDA(Cu) and PU/PDA(Cu)/PSBMA in the presence of (a) E. coli and
(b) S. aureus at different magnifications (upper panel, 5 k, Scale bar: 10 pm; lower panel, 20 k, Scale bar: 2 ym) (the white arrow indicates dead bacteria). Bacterial
density adhering to the surface of PU, PU/PDA, PU/PDA/PSBMA, PU/PDA(Cu) and PU/PDA(Cu)/PSBMA in the presence of (c) E. coli and (d) S. aureus (**p < 0.01,

5 < 0.001).
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Fig. 6. (a) Fluorescent images of LIVE/DEAD staining (b) cell viability on HUVECs after incubation with PU, PU/PDA, PU/PDA/PSBMA, PU/PDA(Cu) and PU/PDA
(Cu)/PSBMA for 24 h. (c) Fluorescent images of LIVE/DEAD staining (d) cell viability on HUVECs after incubation with PU, PU/PDA, PU/PDA/PSBMA, PU/PDA(Cu)

and PU/PDA(Cu)/PSBMA for 48 h. Scale bar: 20 pm.

was shown in other two groups due to little secretion. We also evaluated
the concentration of bacteria adhering to the surface of the catheter and
observed the tissue slices around the wound. As shown in Fig. 7b and
S11, the bacterial concentration of PU/PDA(Cu) and PU/PDA(Cu)/
PSBMA groups was reduced by 70% compared with the other three
control groups, indicating excellent bacteria-killing properties in the
group containing copper ions. According to H&E staining images, many
inflammatory cell infiltrations were observed in the pristine PU, PU/
PDA and PU/PDA/PSBMA groups (Fig. 7c). On the contrary, the above
pathological changes were alleviated in the other two groups.

4. Conclusion

In summary, we presented a rapid, simply and one-step strategy to
fabricate functionalized surfaces of PU via the CuSO4/H20,-triggered

2553

co-deposition of PDA and PSBMA. This method not only endows the
surface of PU/PDA(Cu)/PSBMA with excellent biocompatibility, blood
compatibility, bactericidal and anti-adhesion activities in vitro, but also
significantly improves the deposition efficiency and stability compared
with traditional methods. More importantly, the excellent performance
of PU/PDA(Cu)/PSBMA is still maintained in vivo mice models, which
can successfully inhibit the growth of bacteria and prevent catheter-
related infections caused by S. aureus. This work provides a simple
and effective method for addressing the major clinical complications of
blood-contacting biomaterials and medical devices.
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