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Effective approaches are urgently needed to avoid the formation of thrombosis and bacterial infections
during long-time intravenous implanation. Of particular importance are the surfaces of implants that not
only satisfy the demand of an antibiofouling ability to repel thrombocytes, proteins, and bacteria, but
also provide an antibacterial property without cytotoxicity to normal cells, which would be biosafe to
blood. Here, we explore the implementation of such antibiofouling and antibacterial functions in a
superhydrophilic nanostructured surface containing zinc-coordinated polydopamine (PDA/Zn). The
formation mechanism of the zinc-coordinated polydopamine nanostructure was demonstrated with the
growth and intertwining of the PDA/Zn nanowires via Zn—-N and Zn-O bonds. The PDA/Zn nanostruc-
tured surface inhibited the attachment of biological substances, such as blood platelets and bovine
serum albumin, as well as possessing excellent antibacterial properties. This work reports the fabrication
mechanism of a PDA/Zn surface with a nanostructure and superhydrophilicity, which has potential for
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Introduction

Long-time intravenous implants and devices are a common and
indispensable part of medical care and have had a great impact
on patient health for both diagnostic and therapeutic
purposes.’™ However, lots of risks come along with the implan-
table devices in veins, which could end up in a complete
malfunctioning of the implant.>*® In general, thrombocytes
that adhere on the surface of the implants can be activated to
form local thrombosis.®® To the implanted materials, throm-
bocytes adhering to their surfaces are actually considered
biofouling,” just like bacterial infections. If planktonic bacterium
attaches on the biomaterial surface, it may start to colonize."*'"
Subsequently, a biofilm would be formed with complex and
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preventing biomaterial-associated biofouling and infections.

dynamic structures and would irreversibly attach by producing
an extracellular matrix.>'>'" In case of no or delayed treatment,
this process can end up in an acute infection, potentially causing
implant failure and requiring replacement surgery, incurring a
significant economic burden.’? Compared to planktonic bacteria,
biofilms possess lower susceptibility towards antimicrobials and
host defence mechanisms, and therefore are challenging to
treat.”>™ Thus, preventing the biofouling of initial thrombocytes
and bacterial attachment is crucial to avoiding the formation of
further thrombosis and a biofilm, which could influence implant-
associated infections and implant failures.

A promising strategy to combat the biofouling adhesion of
thrombocytes and bacteria is based on the functional surface of
the implants, characterized by antibiofouling coatings'®"” or
antibacterial coatings.>'®'® Usually, the former type attracts
much interest with the aim to inhibit the initial biofouling
attachment on the surface through promoting low adhesion or
even repellent properties towards thrombocytes, proteins, and
bacteria."® Recently, a superhydrophilic nanostructure surface
that exhibited a water contact angle lower than 10° was
proposed for achieving the antibiofouling goal through means
other than imparting lubricity to the implants.>>*! Because the
affinity between the surface and water molecules is strong, on
such a surface, water spreads to form a continuous water film,
which acts as a barrier to prevent interactions between the biofoul-
ing and the surface, thus resisting biofouling adhesion.”***

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the PU-PDA/Zn film preparation process. (a and b) Preparation of the PU-PDA/Zn coating by the dopamine one-pot
method. (c) Schematic diagram of zinc ion and dopamine dimer complexation. (d) Nanostructure and superhydrophilicity of the PDA/Zn film surface.
(e) Schematic diagram of the antibiofouling and antibacterial properties of the PDA/Zn film surface.

The surface modifications to engineer superhydrophilicity can be
performed by changing the surface chemistry or topography using
polymer-based hydrogels,*** zwitterionic polymers,*>® or various
hydrophilic polymer brushes,”*' which are able to provide an
antibiofouling property but few of them possess an intrinsic
bacterial-killing ability."® As another approach, antibacterial coat-
ings are able to kill microbes when they approach the implants
surfaces via contact-killing and release-killing models.**** Such
functional coatings can be created by confining antimicrobial

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

substances at the biomaterial surfaces, where bacterial killing is
supposed to occur due to the disruption of the cell membrane. For
instance, quaternary-ammonium compounds are very well-known
antimicrobial molecules and are commonly used to prepare
contact-killing surfaces.*° Alternatively, the direct localized
release of an antimicrobial substance from the material surface
offers the option for delivery only where needed, thus preventing
the toxicity from reaching other parts of the body and minimizing
resistance development. Silver, copper, and zinc are currently used
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3738 However, silver anti-

as releasable antibacterial agents.
bacterial agents are not allowed in intravenous implants due to
silver’s biotoxicity.*® Additionally, without repellent properties,
biological elements, such as thrombocytes, protein, and DNAs,
are still likely to adhere on the contactkilling or release-killing
coatings if they do not have superhydrophilicity. Therefore, an
ideal functional surface should not only satisfy the demand of an
antibiofouling ability to repel the thrombocytes, protein, and
bacteria, but should also provide an antibacterial property without
cytotoxicity to normal cells and with biosafety to blood. However,
the facile establishment of such multifunctional surfaces still
remains a challenge.

Here, we report a zinc-coordinated polydopamine (PDA/Zn)
surface with a nanostructure and superhydrophilicity, which
combines both antibiofouling and antibacterial properties. The
fabrication process is quite easy, as shown in Fig. 1(a) and (b).
Selecting polyurethane (PU) as a substrate, the PDA/Zn surface
was prepared on the substrate by shaking PU in a mixed
solution with dopamine and zinc ammonium, since dopamine
can self-polymerize with the release of hydrogen ions,*® which
subsequently react with zinc ammonium to promote weak
neutralization. The zinc ions further coordinatively bonded
with the -N and -O in the polydopamine (Fig. 1(c)). The zinc-
coordinated polydopamine nanowires grew and became inter-
twined, resulting in the formation of the nanostructure of the
surface, which was superhydrophilic (Fig. 1(d)). Thus, the PDA/
Zn surface inhibited the attachment of biological substance,
such as blood platelets and bovine serum albumin. On the
other hand, zinc is known to have antibacterial properties,
probably due to the irreversible Zn(u)-protein bindings.*"*>
Our nanostructured PDA/Zn surface possesses excellent anti-
bacterial properties (Fig. 1(e)). This work provides a new platform
for performing a simple and reliable surface design and optimiza-
tion of the PDA/Zn coating processes to allow it to be potentially
used in the biomedical field to prevent biomaterial-associated
biofouling and infection.

Experimental section
Materials

Dopamine hydrochloride (DA-HCI) was purchased from Sigma-
Aldrich (USA). Zinc chloride (ZnCl,) and copper(u) sulfate
pentahydrate (CuSO,-5H,0, 99%), were obtained from Aladdin
(China). The ammonium hydroxide was supplied by Chengdu
KeLong Reagent Co., Ltd (China). The polyurethane (PU) film
was obtained from Schweitzer-Mauduit (SWM) International,
Inc. The bovine serum albumin (BSA) reagent was obtained
from Beijing BaiAoLaiBo Technology Co., Ltd (China). The fetal
bovine serum (FBS) was purchased from Gibco Life Technologies
(USA). The live/dead BacLight Bacterial Viability Kit (L7012) was
purchased from Invitrogen (USA), and the Cell Counting Kit-8
(CCK-8) was purchased from the Tongren Institute of Chemistry
(China). The deionized water was obtained from a Milli-Q system
(Millipore, USA). All the other chemical reagents were purchased
from Aladdin (China) unless otherwise noted.

5478 | Mater. Adv., 2022, 3, 5476-5487

View Article Online

Paper

Preparation of PDA coating and PDA/Zn coating on the PU
surface

Zinc ammonium complex was obtained by gradually adding
4 mol L™ ammonia aqueous solution to 100 mL of 1 mol L™*
ZnCl, solution until the white floccules just disappeared. The
concentration of the zinc ammonium complex was calculated
as 0.435 mol L™'. Zinc ammonium solutions with concentra-
tions of 0.2, 0.15, 0.08, and 0.05 mol L ™" were obtained by
diluting the 0.435 mol L™" zinc ammonium solution. Next,
4 mL zinc ammonium solution with concentrations of 0.2, 0.15,
0.08, and 0.05 mol L™ " were poured into the vessel of a six-well
cell plate, respectively. Followingly, 8 mg dopamine was added
into one vessel to obtain 2 mg mL ™" dopamine mixed with zinc
ammonium solution. Also, 2 mg mL ™" of dopamine solution
without zinc ammonium (Tris-HCI, pH 8.4) was used as the
control group. The PU film was cut into circular lamellas with a
diameter of 1.75 cm, which were placed in the above-
mentioned mixture solution. The reactions were carried out
in a constant temperature shaking water bath at 25 °C with
shaking in cycles of 85 rpm for different times (such as 1, 2, 6,
and 24 h). The coated PU films were wished with DI water three
times and then naturally dried.

Characterization

Scanning electron microscopy (SEM) images of the PU, PU-PDA,
and PU-PDA/Zn films were obtained using a Phenom G2
Pro system (Phenom-World, Netherlands). The compositional
analyses of the PU, PDA, and PU-PDA/Zn films were performed
by Fourier-transform infrared spectroscopy (FT-IR) spectro-
scopy (Prestige-21, Shimadzu) using the total reflection
method. X-ray photoelectron spectroscopy (XPS) was performed
for the PU, PDA, and PU-PDA/Zn films using AlKa (1486.6 €V)
as the radiation source (Kratos, XSAM800). The contact angles
of the PU, PU-PDA, and PU-PDA/Zn films were analyzed
using an interfacial tension meter (DSA25, Kriiss GmbH Ger-
many). For the PU-PDA/Zn membrane, atomic force microscopy
(AFM) images were obtained on a MultiMode 8SPM microscope
(BRUKER, German) to assess the mechanical properties.

Cytotoxicity and haemolysis tests

The cytotoxicity of the PU, PU-PDA, and PU-PDA/Zn films was
verified by the viabilities of L929 mouse fibroblast cells. Here,
100 pL of the complete medium containing 2000 cells was added
into one well of the 96-well plate. Next, 100 pg of the cut-up PU, PU-
PDA, and PU-PDA/Zn films was added to each well to a final
concentration of 0.1 mg mL ™. The control group was set up without
the films. The cells were cultured for 24 or 48 h at 37 °C and 5%
CO,. After the incubation, the medium was removed and replaced
by another 90 pL of culture medium and 10 pL. CCK-8 reagent for
the following 4 h incubation. The absorbance was measured at
450 nm using a microplate reader (Multiskan FC, Thermo Fisher).
The cell viability was calculated as the ratio of the absorbance of the
tested samples to the control wells, as per the following:

Cell Viability = (ODsample - ODblank)/(ODcontrol - ODblank) X

100%

© 2022 The Author(s). Published by the Royal Society of Chemistry
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where ODgample, ODcontrol; and ODpjank are the optical densities
(absorbance value) of the sample group, control group, and
blank group. The blank group was the complete culture med-
ium containing 1% double antibody and 10% calf serum (FBS).
To ensure the accuracy of the experimental data, the optical
density of the four wells was measured and averaged for each
test group.

The PU, PU-PDA, and PU-PDA/Zn films with a diameter of
1.75 cm were placed in test tubes, respectively. Then, 10 mL
normal saline was added in to each tube that was then put in to
a water bath at 37 °C for 30 min. Next, 4 mL of rabbit whole
blood containing sodium citrate was diluted with 5 mL of
normal saline. Following, 0.2 mL of saline-diluted rabbit whole
blood with sodium citrate was added into the sample-
containing tubes, which were placed in a water bath at 37 °C
for more than 1 h. After that, the solutions were centrifuged at a
speed of 3000 rpm min~" for 5 min. The absorbance value of
the supernatants at the wavelength of 545 nm was determined
using a microplate reader (Multiskan FC, Thermo Fisher).
Three parallel samples for each group were tested to ensure
the accuracy of the experimental data, while 10 mL normal
saline was used for the negative control group, and 10 mL
deionized water was used for the positive control group. The
haemolysis ratio was calculated as follows:

Haemolysis ratio = (OD; — ODy,)/(ODp. — ODyp) X 100%
where OD, is the absorbance of the donor group (the experi-
mental groups), OD,. is the absorbance of the negative
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control group, and OD,. is the absorbance of the positive
control group.

Platelet and protein adsorption tests

The PU, PU-PDA, and PU-PDA/Zn films with a diameter of
1.75 cm were immersed overnight in isotonic phosphate buffer
solution (PBS, pH 7.4). Platelet-rich plasma (PRP) from rabbit
whole blood with sodium citrate was obtained by centrifugation
at 1000 rpm for 10 min. The PU, PU-PDA, and PU-PDA/Zn films
were subsequently immersed in 200 pL of concentrated PRP at
37 °C for 90 min. After that, the films were removed from the
PRP, and washed by PBS solution three times. The washed
films were treated with 2.5% glutaraldehyde for 4 h at room
temperature. Then, the samples were dehydrated through 25,
50, 75, and 100 wt% ethanol-water solutions (10 min each
time), and were dried for further use.

BSA as model proteins were selected to evaluate the protein
adsorption analysis of the PU, PU-PDA, and PU-PDA/Zn films
with a diameter of 1.75 cm, which were first immersed
overnight in isotonic phosphate buffer solution (PBS, pH 7.4).
The films were moved into BSA solution (1 mg mL™", 500 uL),
respectively, and immersed at 37 °C for 2 h. Then, the BSA-
adsorbed films were washed by PBS buffer solution and deio-
nized water several times. All the film samples were sonicated
in sodium dodecyl sulfate (SDS) (2 wt%, 500 uL) solution for
30 min to elute the surface-adsorbed proteins. (SDS solution
can elute more than 95% adsorbed protein). Next, 25 pL of
supernatant was added in to 200 pL of BCA working solution,

Fig. 2 SEM images (a) and water contact angle (b) of PU-PDA/Zn films prepared with 0.2 M (a1, b1), 0.15 M (a2, b2), 0.08 M (a3, b3), 0.05 M (a4, b4) zinc
ammonium for 24 h. SEM images (c) and water contact angle (d) of PU-PDA/Zn-0.08 films after coating for 1 h (c1, d1), 2 h (c2, d2), 6 h (c3, d3), and 24 h

(c4, d4).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and the absorbance at 545 nm of the mixed solution was
measured by a microplate reader.

In vitro antibacterial properties

The UV-sterilized PU, PU-PDA, and PU-PDA/Zn films with a
diameter of 1.75 cm were placed in a 24-well plate, and then
500 pL of bacteria (Escherichia coli or Staphylococcus aureus)
diluted to 1.0 x 10® cfu mL ™" were added. After 60 min contact,
100 pL of bacterial solution was plated on to an agar plate.
Three parallel groups were set for each sample. The agar plate
was incubated at 37 °C for 24 h. The bacterial-killing rate was
calculated based on the number of colonies as per the following
equation:

Bactericidal efficiency = (ay — a)/a,

where a, is the bacterial quantity of the bare groups, and
a means the bacterial quantity of the samples, such as PU,
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The morphology of Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus) after touching the PU, PU-PDA and PU-PDA/Zn
films was characterized by a slide-climbing method. Here,
500 pL of bacteria (E. coli or S. aureus) diluted to 1.0 x
10" cfu mL ™" was incubated overnight with a glass slide in each
well of a 48-well plate at 37 °C. Subsequently, the PU, PU-PDA,
and PU-PDA/Zn films with a diameter of 1.75 cm were added to
the 48-well plates for 12 h at 37 °C. After that, the planktonic
bacteria were removed and washed three times with sterile PBS
buffer solution. The bacteria-covered glass slides were fixed with
2.5% glutaraldehyde overnight, and dehydrated through the use
of 25, 50, 75, and 100 wt% ethanol-water solutions (10 min each
time). After drying, the obtained samples were subjected to SEM
observation.

Moreover, live/dead staining was performed to explore the
survival ability of the bacteria in contact with the surfaces of the
PU, PU-PDA, and PU-PDA/Zn films. The aforementioned
bacteria-climbed glass slides were gently flushed by sterile

PU-PDA, and PU-PDA/Zn-0.08 films. water (made by the Ilaboratory, with high-temperature
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0.08 films.
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(a) Full XPS spectra of PU, PU-PDA, PU-PDA/Zn-0.08 films. (b)—(d) High-resolution XPS spectra of Zn 2p (b), N 1s (c), and O 1s (d) in PU-PDA/Zn-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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sterilization performed with deionized water), and dyed by
150 pL live/dead staining (Invitrogen by Thermo Fisher
Scientific) for 20 min (for the preparation method, see the
manufacturer’s instructions for use). The dyed glass slides were
observed under a fluorescence microscope.

Results and discussion
Characterization and forming mechanism

To ensure the effect of the zinc content with the PDA on the
morphologies and hydrophilicity, we increased the zinc ammonium
concentration in the reaction mixture to obtain different PU-PDA/
Zn samples. Fig. 2(al)-(a4) show the SEM images of the surface
of the PU-PDA/Zn films prepared using the 0.2, 0.15, 0.08, and
0.05 mol L ™" concentrations, respectively. When the concentration
of zinc ammonium was 0.2 mol L™, the surface appeared to have a
pyknotic coating (Fig. 2(a1)). A honeycombed structure was formed
as the concentration of the zinc ammonium decreases to 0.08 and
0.05 mol L~ !, which was considered to be a result of the appropriate
proportion of zinc in the PDA polymer. After coating with PDA/Zn,
the water contact angle of the modified PU surface was significantly
lower compared to that of the original PU film, which was 83.5°
(Fig. S1, ESIt). Interestingly, when the water contact angle of the
PU-PDA/Zn film decreased to below 10°, the honeycombed structure
appeared (Fig. 2(b3)). When further lowering the concentration of
zinc ammonium to 0.05 mol L™" in the reaction mixture, although
the honeycombed structure of the PDA/Zn coating could still be
formed, the contact angle of the PU-PDA/Zn-0.05 surface increased
to 18.9°, which may be due to the increased relative proportion of
PDA polymer. The PDA surface on the PU was confirmed to be
without superhydrophilicity (Fig. S1, ESIT).

Further, we reveal the time-dependent growing process of
the PDA/Zn-0.08 coating as its contact angle was the lowest
among the PU-PDA/Zn samples prepared by different zinc
ammonium concentrations. The SEM images of the surface of
the PU-PDA/Zn-0.08 undergoing 1, 2, 6, and 24 h reactions are

Fig. 4
PU-PDA, and PU-PDA/Zn-0.08 films tested by AFM.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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shown in Fig. 2(c). During the first 2 h, sparse nanowires
appeared on the surface of the PU films (Fig. 2(c1) and (c2)).
As the reaction time went on, the nanowires continually grew
and became intertwined to form a honeycombed structure
(Fig. 2(c3) and (c4)). The nanostructure of the PDA/Zn-0.08
enhanced the water wettability, as confirmed by the water
contact angle (Fig. 2(d)). After 24 h coating, the water contact
angle of the PU-PDA/Zn-0.08 was lowered to 7.4°. Such super-
hydrophilicity is helpful for antifouling,*® as the hydrophobic
protein and bacteria cannot adhere on a superhydrophilic
surface.**

The XPS spectra were obtained to further evaluate the
coordination interaction of the Zn** in the polydopamine. As
shown in Fig. 3(a), Zn 2p and Zn 3p peaks were found in the
spectrum of the PU-PDA/Zn film, which were absent in the XPS
spectra of the PU and PU-PDA films. Combined with the SEM
image of the PU-PDA/Zn film (Fig. 1(d)) that was completely
different to the surface morphologies of PU and PU-PDA films
(Fig. S2, ESIY), the XPS result indicated that the zinc was
trapped in the coating materials. Moreover, we examined the
Zn 2p region in the PU-PDA/Zn film, which exhibited two peaks
at 1022.4 and 1045.48 eV corresponding to the doublet from Zn
2pss, and Zn 2p; ,, respectively (Fig. 3(b)). The binding energies
in the Zn 2p regions of the PU-PDA/Zn film were close to the
characteristic peaks of Zn in ZIF-8, which possessed a zeolitic
imidazole framework consisting of Zn** cations bridged by
imidazolate linkers,*® while they were significantly higher than
those of the previously reported values of ZnO.*” The Zn may
coordinate with PDA via Zn-N bonds like the Zn in ZIF-8, which
was verified by the nitrogen 1s XPS spectra.’® The binding
energy of 399.5 eV was attributed to the C-N bonds, one with
400.45 eV was assigned to N-H bonds; the two peaks were also
exhibited in the N 1s XPS spectra of the PU and PU-PDA films
(Fig. S3, ESIY). Interestingly, Fig. 3(c) displayed a new peak in
the nitrogen 1s XPS spectra of the PU-PDA/Zn film that was
spotted at 401.02 eV. This binding energy was assigned to the
formation of new bonds between Zn atoms and N atoms from

-

o

o
T

[0}
o
T

Young’s Modulus(MPa)

PU PU-PDA PU-PDA/Zn

(a) AFM images of PU-PDA/Zn-0.08 film (insert: the depth profiles across the PDA/Zn-0.08 surface). (b) Young's modulus of the surface of the PU,
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PDA.*® Besides, the formation of zinc-oxygen (Zn-O) bonds was
also observed in the O 1s XPS spectra of the PU-PDA/Zn film
(Fig. 3(d)). The binding energies at 532.54 and 533.77 eV
corresponded to C-O and C—O bonds, while the binding
energy of 531.39 eV was suggested to be due to Zn-O bonds as
the O atoms also existed in the polydopamine.*® The XPS results
confirmed the formation of Zn-N and Zn-O bonds in the
coordination interaction of the Zn** with the polydopamine.

The FT-IR results verified the XPS analysis (Fig. S4, ESIt).
The characteristic peak of the PU-PDA film at 1438 cm " was
attributed to the bending vibration of N-H bonds, while the
peak at 1350 cm ™' corresponded to the bending vibration of
O-H bonds, and the peak at 1275 ecm™* corresponded to the
stretching vibration of C-N bonds. Those are characteristic
peaks of polydopamine. With the Zn coordinating with poly-
dopamine, a blue-shift of the N-H and C-N characteristic peaks
occurred. The FT-IR peak related to O-H bonds decreased due
to the formation of Zn-O bonds. Based on the results of XPS
and FT-IR, it is suggested that the Zn>" built Zn-N and Zn-O
bonds with polydopamine to form several possible structures
(Fig. S5, ESIY).

The PDA/Zn coating was stable when immersed in water, but
quite unstable in the acid solution with pH 1 (Fig. S6, ESIT).
When rinsing under flowing water at 100 mL min ™", the PDA/
Zn coating was slightly washed out, but still with its nano-
structure maintained. When increasing the flowing water to
500 mL min~', the structure of the PDA/Zn coating was
obviously eroded (Fig. S6, ESIT).
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In order to determine the thickness and surface features of
the PDA/Zn coating, the surface of the PDA/Zn film was tested
by atomic force microscopy in the fault zone.*® The result
showed that the PDA/Zn coating was ca. 190 nm thick
(Fig. 4(a)). The elasticity properties of the PU, PU-PDA, and
PU-PDA/Zn-0.08 surfaces were tested by atomic force micro-
scopy (AFM), a method whereby a material’s surface is indented
using a soft cantilever under a contact mode. The Young’s
modulus (E) of the PU-PDA/Zn-0.08 film was 116 MPa, which
was obviously greater than that of PU and PU-PDA (Fig. 4(b)).
The values of E for the soft hydrated materials are usually
reported with great distinction when measured using different
methods.>>*" Using atomic force microscopy, the value of the
PU film was measured as 66.3 MPa, and the value for PU-PDA
was 72.8 MPa. These results showed that the PU-PDA/Zn-0.08
film was stiffer. The stiffness of the surface influences numerous
behaviours of the live cell, such as cell proliferation, migration,
and differentiation.”>** The stiff surface of the PU-PDA/Zn-0.08
film may go against the live cell adhesion and proliferation,
which is completely positive for antibiofouling.

Antibiofouling property and biotoxicity test

The platelet adhesion and protein adsorption testing results
confirmed the foregoing verdict. For the PU film, the platelets
obtained from the whole blood of New Zealand white rabbit
were inclined to adhere on to the surface (Fig. 5(a)). The
pseudopodia of the platelets were noteworthily extended on
the surface of the PU film, indicating the platelets were in an
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Fig. 5 SEM images of the platelets adhered on PU (a), PU-PDA (b), PU-PDA/Zn-0.08 (c). Blood platelets count from the SEM images (d). Adsorption of
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activated state. By contrast, scattered platelets were found on on the surface of the PU-PDA/Zn-0.08 films (Fig. 5(c) and
the surface of the PU-PDA films, but still with extending Fig. S7, ESIt). The density of the platelets adhered to the surface
pseudopodia (Fig. 5(b)). However, there were fewer platelets was counted from the SEM images (Fig. 5(d)). The results
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0.08 films (a4, b4). Antibacterial efficiency of PU, PU-PDA, and PU-PDA/Zn-0.08 films against S. aureus (c) and E. coli (d).
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suggested the platelets were unwilling to adhere on the surface
of the PU-PDA/Zn-0.08 film. There are two factors to consider
here: one factor is the superhydrophilicity of the surface of the PU-
PDA/Zn-0.08 films, whereby live cells generally adhere to hydro-
phobic surfaces but not on highly hydrated hydrophilic sur-
faces;”> >’ and the other factor is the stiffness of the surface of
PU-PDA/Zn films, which was higher than those of the PU film and
PU-PDA film. The normal cells were attached to essentially rigid
materials, such as tissue culture plastic or glass coverslips, often
via adsorbed matrix protein,’® which was reluctant to adhere on to
PU-PDA/Zn-0.08. To evidence this, we used BSA (67 kDa) to
simulate the protein absorption assay.’>®® The BSA protein
adsorption capacities of the PU, PU-PDA, and PU-PDA/Zn-0.08
films are shown in Fig. 5(d). The values of the protein absorbance
of PU and PU-PDA were 29.6 and 21.7 pug cm %, which were
apparently higher than that of the PU-PDA/Zn-0.08 film (only
1.21 ug em™?). Considering the nanostructure of the PDA/Zn-0.08
coating, the protein absorbance to the specific surface area was
lower than 1.21 ug em 2. From the results of both the platelet
adhesion and protein adsorption, the PU-PDA/Zn film with anti-
biofouling property had low biological contamination, which is an
essential element for the potential application of anti-coagulation
and anti-thrombogenesis in artificial blood catheters.
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To reveal the suitability of the PU-PDA/Zn film for further
biological applications, the biotoxicity was further analyzed via
cytotoxicity experiments and haemolysis tests. For the cytotoxicity
investigation, the L929 mouse fibroblasts were incubated with the
PU, PU-PDA, and PU-PDA/Zn-0.08 film for 24 h and 48 h,
respectively. The cell viabilities were tested using the Cell Count-
ing Kit-8 (CCK-8) array (Fig. 6(a)), which was approximately 100%
for the PU-PDA/Zn-0.08 film. The results indicated that the
materials in our strategy have a satisfactory biocompatibility.
Fig. 6(b) shows the haemolysis rate of the PU-PDA/Zn-0.08 film,
which was lower than 5% using saline as the negative group and
DI water as the positive group. When the whole blood from New
Zealand white rabbit contacted with the PU-PDA/Zn-0.08 film, no
hemoglobin rupture occurred (inset of Fig. 6(b)), which showed
that the PU-PDA/Zn-0.08 film was biosafe to the blood. The results
confirmed the effective antibiofouling property and the ignorable
biotoxicity of the PU-PDA/Zn-0.08 film.

Antibacterial performances

To assess the antibacterial performance of the PU-PDA/Zn
films, S. aureus and E. coli, the most prevalent species of
Gram-positive and Gram-negative bacteria, respectively, were
employed via the spread plate method. Fig. 7(a) and (b) are
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Fig. 8 Fluorescence images of S. aureus (a) and E. coli (b) after contact sterilization of PU, PU-PDA, and PU-PDA/Zn-0.08 films. Bacterial live/dead ratio
of S. aureus (c) and E. coli (d) from the fluorescence images counted by ImageJ software.
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photographs of S. aureus and E. coli reproducing on the agar
plates for 24 h after 60 min contacting with the PU, PU-PDA,
and PU-PDA/Zn-0.08 films, separately. The PU and PU-PDA
films demonstrated no antibacterial efficacy, because the
bacteria continually multiplied after 60 min contacting with
the PU and PU-PDA. Nevertheless, a considerable number of
S. aureus colonies were detected in Fig. 7(a4), while there was a
prominent reduction of E. coli colonies for the PU-PDA/Z-0.08
samples (Fig. 7(b4)). The bactericidal efficiency was calculated
from the number of the colonies. The bactericidal efficiency of
the Gram-positive S. aureus of the PU, PU-PDA, and PU-PDA/Zn-
0.08 films were 14.6%, 16.1%, and 52.5%, respectively, showing
a degree of antibacterial performance of PU-PDA/Zn-0.08 films
against S. aureus. As expected, the bactericidal efficiencies of
the PU and PDA film against E. coli were low at 11.9% and
17.9%, respectively, which shows the bactericidal effect to
E. coli of the two samples was is feeble. Differently, the
bactericidal efficiency of the PU-PDA/Zn-0.08 film against
E. coli was high at 98.2% (Fig. 7(c)), which showed that the
Zn** did have a notably positive antimicrobial performance to
Gram-negative bacteria.

Moreover, the survival rates of E. coli and S. aureus after
treatment with the PU, PU-PDA, and PU-PDA/Zn films were
observed by live-dead staining, in which the viable bacteria
were green and the dead bacteria were red (Fig. 8(a) and (b)). In
comparison to the strong green fluorescence of S. aureus and
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E. coli in the control group, green fluorescence of the two
bacteria was still observed, indicating that a large number of
viable bacteria existed on the PU and PU-PDA surfaces.
However, for the bacteria contacting with PDA/Zn coated on
the PU, the green fluorescence was significantly decreased,
while the red fluorescence was greatly increased, which indi-
cated that the PU-PDA/Zn film had excellent antibacterial
properties. The bacterial live/dead ratio of PU, PU-PDA, and
PU-PDA/Zn against S. aureus as well as E. coli were calculated by
the Image] software from the fluorescence images to show the
semiquantitative antibacterial efficiency (Fig. 8(c) and (d)). The
antibacterial efficiencies of Gram-positive S. aureus of the PU,
PU-PDA, and PU-PDA/Zn-0.08 films were 24.4%, 29.7%. and
74.2%, while the antibacterial efficiencies of Gram-negative
E. coli of the PU, PU-PDA, and PU-PDA/Zn-0.08 films were
20.4%, 26.7%, and 93.0%, respectively. These results were
consistent with that from the colonies numbers (Fig. 7).
Because of the antibacterial attachment performance of the
PDA/Zn coating, few bacteria were attached on the surface
(Fig. 9(a), (b) and Fig. S8, ESIt). To show the morphologies
of E. coli and S. aureus after touching the PU, PU-PDA, and
PU-PDA/Zn samples, the bacteria were fixed on glass slides and
observed by SEM. As shown in Fig. 9(c) and (d), both S. aureus
and E. coli in the control group displayed smooth surfaces and
no visible damage of the bacterial membrane (Fig. 9(c1) and
(d1)), while the morphologies of S. aureus after PU and PU-PDA

Fig. 9 SEM images to show S. aureus (a) and E. coli (b) attachment on the PU-PDA/Zn-0.08 films. SEM images of S. aureus (c) and E. coli (d) fixed on the
glass slides after contact sterilization of PU, PU-PDA, and PU-PDA/Zn-0.08 films.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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treatment were hardly changed and showed a globose shape with
a smooth surface (Fig. 9(c2) and (c3)), and S. aureus after contact
with the PU-PDA/Zn film possessed collapsed morphologies.
Combining the above results with Fig. 7(c), 8(c) and 9(c), it
signified that the PDA/Zn coating partly inhibited the S. aureus
growth through contact killing (Fig. 9(c4)). Even the clubbed E. coli
contacted with PU and PU-PDA films still maintained the original
morphology without remarkable deformation (Fig. 9(d2) and
(d3)). Specifically, the E. coli suffered from a bacterial membrane
collapse, resulting in a distorted morphology after PU-PDA/Zn
film treatment (Fig. 9(d4)). The Zn>* broke the bacterial
membrane by irreversible Zn(u)-protein binding, leading to severe
cytoplasm leakage,*"*" which indicated the prominent antibacter-
ial effect of the PDA/Zn coating on the PU substrate.

Conclusions

In summary, we demonstrated a biofouling-resistant and anti-
bacterial surface that constituted zinc-coordinated polydopamine
(PDA/Zn). The zinc ions bonded with the -N and -O sites of
polydopamine to form nanowires at first. As the nanowires
continued growing and intertwining, they finally formed a hon-
eycombed structure that was affected by the proportion of the zinc
ions to the polydopamine. The PDA/Zn coating was verified to
have a nanostructure and superhydrophilicity, which could
oppose the adhesion of the platelets and protein. Combined with
the ignorable biotoxicity and haemolysis effect, it is proposed that
the PDA/Zn could be coated on an artificial blood catheter and
dialysis membrane for anti-coagulation and anti-thrombogenesis
effects. Moreover, the PDA/Zn coating here enabled sterilizing
against E. coli and S. aureus bacteria because of the ability of zinc
ions, which could break the bacterial membrane due to the
irreversible binding of Zn(u)-protein in the cell membrane, which
leads to severe cytoplasm leakage. Considering these results
together, the PDA/Zn coating with a honeycombed structure is
highly favourable for biological applications, such as the functio-
nalization of artificial catheters and membranes.
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