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Application of extracorporeal circuits and indwelling medical devices has saved many lives. However, it is
accompanied with two major complications: thrombosis and infection. To address this issue, we apply thera-
peutic nitric oxide gas (NO) and antibacterial peptide for synergistically tailoring such devices for surface anti-
thrombogenic and antifouling dual functions. Such functional surface is realized by stepwise conjugation of NO-
generating compound of 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) chelated copper ions
(Cu-DOTA) and dibenzylcyclooctyne- (DBCO-) modified antimicrobial peptide based on carbodiimide and click
chemistry respectively. The integration of peptide and Cu-DOTA grants the modified surface the ability to not
only efficiently inhibit bacterial growth, but also catalytically generate NO from endogenous s-nitrosothiols
(RSNO) to reduce adhesion and activation of platelets, preventing the formation of thrombus. We envision that
the stepwise synergistic modification strategy by using anticoagulant NO and antibacterial peptide would
facilitate the surface multifunctional engineering of extracorporeal circuits and indwelling medical devices, with
reduced clinical complications associated with thrombosis and infection.

1. Introduction modification strategies to provide antibacterial and anticoagulant dual

functions. Up to date, the most successful approaches have been active

Nowadays, the widespread application of blood-contacting devices
has saved numerous lives by hemodialysis, nutritional support, drug
delivery and extracorporeal circulation [1]. However, the demand for
co-administration of antibiotics and anticoagulants in clinic to reduce
infections and thrombosis substantially brings out the potential hazards
in blood-contacting devices [2]. Besides, these devices’ shortcomings
such as heparin-induced thrombocytopenia [3] and bacterial resistance
[4] potentially caused by drugs, epidermal necrolysis [5], deep phlebitis
[6], or catheter-related bloodstream infections [7] are much more
life-threatening during cardiopulmonary bypass in practice.

The urgent clinical need of decreasing infection and blood clotting
with minimized usage of drugs has stimulated the pursuit for surface
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strategies, in which the implanted materials and devices elute drugs (e.
g., noble metals [8], heparin [9], antibiotics [10], and peptide [11]) to
prevent the activation of platelets or to kill bacteria. Although these
available methods have been widely implemented in research, limita-
tions persist because the interaction between blood protein and the
material surface is not regulated validly, and the anti-infection and
anti-coagulation properties may lose rapidly after drug release [12]. In
addition, common surface molecule grafting strategies such as the amide
coupling [13] usually provide limited long-term bioactivity due to the
probabilistic reaction of multiple chemical groups. Hence, according to
the currently underway human clinical evaluation of these surface
coatings, there is no benefit compared to clinical practice with heparin
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[14,15].

Different from the exogenous devices, the blood vessel possessed
excellent antibacterial and anticoagulant properties, which stems from
the microenvironment [16] and its physiological activities [17]. Anti-
microbial peptide (AMP), as a key component of the immune system, are
widely distributed in plasma to kill bacteria directly and recruit lym-
phocytes to resist infection when wounds occur [18]. It is reported that
more than 2000 species of AMP have been isolated from multitudinous
sources [19]. It is note-worthy that peptides are not susceptible to
bacterial resistance and has wide antimicrobial properties unlike most
antibiotics [20]. Although the structural and functional differences are
abundant among these AMP, the common properties such as highly
cationic character and the amphipathic structures provide areas of in-
terest for surface modification [19]. In addition, endothelial cells release
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a series of factors, e.g., Nitric oxide (NO) therapeutic gas, into the sur-
rounding microenvironment in vivo, which plays a significant role in
numerous processes such as up-regulating cyclic guanylate mono-
phosphate (cGMP) expression in platelets to reduce the activation and
aggregation, thus preventing the formation of thrombosis [21].

Here, inspired by the healthy blood vessel microenvironment, we
combined antithrombotic and antibacterial activities by integrating the
NO and antibacterial peptides based on amide coupling and click
chemistry (Fig. 1). A highly effective NO catalytic species, Cu-DOTA
[22], and a molecular anchor, Azide-NHS were immobilized to the
aminated surface in sequence, and the bio-clickable antibacterial pep-
tide, DBCO-AMP, was subsequently tethered to this anchor by
click-reaction. The stepwise synergistic modification strategy supported
well-maintained molecular configuration/conformation of AMP and
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Fig. 1. (A) Bio-inspired design of multifunctional surface with the combination of catalytic release of NO, induced by Cu-DOTA and anti-microbial peptide, which
realizes the integration of both antithrombogenic and antifouling properties. (B) Synergistic grafting of Cu-DOTA and anti-microbial peptide based on carbodiimide

and click chemistry respectively.
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avoided the potential cross-reaction between grafted molecules. We
showed that the PVC functionalized by AMP and Cu-DOTA i.e.,
AMP@Cu-DOTA presented excellent antibacterial efficiency against
both E. coli and S. epidermids. A rabbit ex vivo circulation test demon-
strated the merit of AMP@Cu-DOTA surface in terms of thrombosis
reduction. In a word, these positive results shown in this study provide a
new approach for not only multicomponent surface engineering strat-
egy, but also the creation of multifunctional extracorporeal circuits and
indwelling medical devices with improved clinical outcomes associated
with anti-infection and anti-thrombosis.

2. Materials and methods
2.1. Materials

Copper chloride dehydrate (CuCl2:2H20), NaOH (Purity > 98.0%),
Dimethyl sulfoxide (DMSO), Tri-tert-butyl 1,4,7,10-Tetraazacyclodode-
cane-1,4,7,10-tetraacetate (DOTA, purity > 98.0%), N-(3-dimethylamine-
propyD-N'-ethylcarbodiimide =~ (EDC, purity >  98.0%), N-
hydroxysuccinimide (NHS, purity > 97.0%), 2-(N-morpholino) ethane-
sulfonic acid hydrate (MES, Purity > 97.0%), Tris-HCI (Purity > 97.0%), 1-
[(1-Azido-15-0x0-3,6,9,12-tetraoxapentadecan-15-yl) oxy] pyrrolidine-
2,5-dione (Azido-dPEG4-NHS), polyallylamine alkaline, Acid Orange II
(AO 1), phosphatic buffer solution (PBS), S-nitrosoglutathione (GSNO, pu-
rity > 97.0%), reduced glutathione (GSH, purity > 97.0%), Cyclic Guanosine
Monophosphate (¢cGMP) and y-chain fibrinogen ELISA Kits were purchased
from Sigma-Aldrich. Peptide ((DBCO-Mal)-(Mpa)-(PEG5)-
WFWKWWRRRRR, DBCO-AMP) was synthesized with the assistance of
China Peptides Co. Ltd. (Shanghai, China, purity > 95%).

2.2. Preparation of the amine-bearing coating

To fabricate the amine-bearing coating, firstly, the polyvinyl chlo-
ride (PVC, one of the most popular materials used for fabricating blood-
contacting tubing) substrates (2.5 cm x 2.5 cm) were immersed into
dilute aqueous solution of dopamine (1 mg/mL) dissolved in 10 mM tris
buffer (pH 8.5). After deposition for 24 h, the polydopamine (PDA)-
coated PVC substrates were rinsed by distilled water and dried by a flow
of nitrogen gas (N5). PDA is the lack of surface amine groups. When PDA
was treated by an amine-rich polymer, polyallylamine, in alkaline so-
lution, it would finally convert into a coating rich in amine groups that is
marked as PADA. This reaction primarily base on the Schiff base reac-
tion or Michael addition. The high density of amine groups on the PADA
is beneficial for subsequent immobilizing of molecules with carboxyl
groups based on carbodiimide chemistry. To obtain such an amine-
bearing PADA coating, subsequently, the PDA-coated PVC substrates
mentioned above were immersed into the polyallylamine alkaline so-
lution (pH 12) for amination for 12 h at room temperature. Finally, the
obtained amine-bearing PADA-coated PVC was washed by distilled
water and dried by Nj.

2.3. Preparation of the AMP@Cu-DOTA coating

DOTA is a kind of cyclones with four carboxyl groups, which can be
immobilized on anmie-bearing PADA through the interaction of
carboxyl groups and amine groups, that is, amide coupling. Meanwhile,
copper ions can be effectively chelated into the center of DOTA, thus
form a stable NO catalytically generating species. Here, CuCly-2H50 and
DOTA (0.1 mg/mL) were firstly mixed in molar ratio of 1:1 in deionized
water to prepare the Cu-DOTA coordination complex. Then the Cu-
DOTA (0.11 mg/mL) were activated in water-soluble carbodiimide
(WSC) solution consisting of EDC (1 mg/mL), NHS (0.24 mg/mL) and
MES (9.76 mg/mL) for 30 min in advance. Afterwards, the PADA-
modified PVC substrates were immersed into the above reaction sys-
tem. After grafting for 12 h, the Cu-DOTA-functionalized PVC were
washed with PBS and distilled water in sequence, and then dried by N2
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before surface analysis. The immobilization of the Cu-DOTA on PADA
just consumption partial of the surface amine groups of PADA by con-
trolling of feed Cu-DOTA concentration and reaction time (this grafting
type belong to “carbodiimide chemistry”), then grafted the Azido-
dPEG4-NHS by utilizing the rest amine groups. The grafted Azido
acted as an anchor for further specifically bonding with DBCO-modified
AMP based on “click chemistry”. PEG act as a spacer in each synthetic
molecule. The spacer is flexible and increased the distance between
functional molecular segment and binding site, thus make the grafted
molecules with higher activity.

To further grafting AMP, the Cu-DOTA-modified specimens con-
taining the residual amine groups were first Azide-functionalized by
carbodiimide chemistry with NHS from Azido-dPEG4-NHS dissolved in
PBS (pH 7.4). After reaction for 12 h, the Azide-functionalized specimen
namely the Azide/Cu-DOTA-coated specimens were then dipped into
DMSO and PBS mixed solution with volume ratio of 1:4 containing 2
mg/mL of DBCO-modified AMP (i.e., (DBCO-Mal) -(Mpa) -(PEG5)-
WFWKWWRRRRR) for 12 h at room temperature. In the end, the PVC
functionalized by AMP and Cu-DOTA i.e., AMP@Cu-DOTA were washed
by PBS and dried by N,. The diagrammatic graph of related reaction
formula for different chemical conjugations is shown in Fig. S2.

2.4. Characterization

2.4.1. Tests of amine groups on substrates before and after modification

Acid Orange (AO) II colorimetric staining method was used to
determine the amine groups of the PADA-coated surfaces. Briefly, the pH
of AO II aqueous solution was adjusted to 4.0 by hydrochloric acid, and
then the samples were submerged in solution for 4 h. Afterwards, the
samples were washed with hydrochloric acid (pH 4.0), and subsequently
AO II adsorbed on the sample surfaces were eluted by NaOH aqueous
solution (pH 11). Finally, the eluted solution was measured at 485 nm by
using the microplate reader (pQuant, Bio-tek instruments Inc.), and the
density of amine groups was calculated according to the standard curve.

High Performance Liquid Chromatography (HPLC) purification of
the synthesized DBCO-AMP was performed on an Agilent HPLC system
using a Kromasil 100-5C18 column (5 pm, 4.6 x 250 mm, column
temperature 25 °C). Buffer A (0.1% TFA in water) and Buffer B (0.1%
TFA in acetonitrile) were used as mobile phases. The flow rate was 1 mL/
min with a gradient. Injection volume was 10 pL and run time was 11
min.

2.4.2. Identification of DBCO-AMP

The molecular weight of DBCO-AMP was determined by Electrospray
Ionization Mass Spectrometry (ESI-MS) (Sciex API 150EX LC/MS with
Agilent 1100 HPLC). Buffer: 75%ACN/24.5%H>0/0.5%Ac; flow rate:
0.2 mL/min; run time: 1 min.

Nuclear Magnetic Resonance (NMR) spectrum (Bruker AVANCE III
400) was used to determine DBCO-AMP.

2.4.3. Characterization of the substrates before and after modification

Electron Paramagnetic Resonance (EPR) was used to analyze Cu-
DOTA, the spectra were measured on a Bruker EPR EMXPlus (X-band
is 9.85 GHz, the power is 0.2 mW, and field modulation is 100 kHz).

To analyze the chemical structures of the coatings, gold-plated wafer
was used as the coating substrate and Reflection Absorbance Fourier
transform infrared (RA-FTIR) spectrum was determined by Nicolet
model 5700 instrument.

The elemental composition of the coatings was measured by X-ray
photoelectron spectroscopy (XPS, XSAM200, Kratos Ltd, UK) which was
supplied with a monochromatic A1 Ka (1486.6 eV) and operated at 12
KV x 15 mA with the pressure of 20 x 10~° Pa. With the use of 300 eV
pass energy, overview XPS spectra were taken between 50 and 1300 eV
at 0.5 eV energy steps. The detailed spectra of peaks of interests were
taken with a 0.05 eV energy step. Each sample had 15 min of total
acquisition time.
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2.5. Quantifications of Cu-DOTA and AMP bound to the PADA coating

The PADA film was deposited onto the AT-cut 5 MHz Au-coated
quartz crystal and set in the quartz crystal microbalance with dissipa-
tion (QCM-D) equipment chamber. To make the QCM-D baseline sta-
bilized, we injected the PBS (pH 7.4) solution with the rate of 50 pL/min
continuously. Then, the WSC solution contain DOTA (0.1 mg/mL) was
injected until the curve equilibrated. After that, PBS (pH 7.4) was
perfused to rinse the unbound DOTA. Subsequently, the CuCly-2H;0
(0.1 mg/mL) were injected to realize the chelation of Cu?>* with DOTA
for obtained Cu-DOTA-coated surface. After that, PBS was injected to
remove the unchelated Cu?" until obtaining the stable baseline. Before
grafting of AMP, the PBS (pH 7.4) solution containing Azido-dPEG4-
NHS (2 mg/mL) was supplemented to the chamber for obtaining
azide-functionalized surface based carbodiimide chemistry between
NHS with -NH; retained on the Cu-DOTA-coated surface. After complete
reaction and rinsing by PBS, 2 mg/mL of DBCO-AMP dissolved by PBS
(pH 7.4) was injected into the chamber persistently. Based on the click
chemistry between DBCO and Azide, the AMP was finally immobilized
on the surface. In the end, the mass of the immobilized molecular species
was calculated according to the Sauerbrey equation.

2.6. Measurement of NO catalytic release

The real-time NO catalytic release from the PVC substrate (0.5 cm x
1 cm) modified by Cu-DOTA, Azide/Cu-DOTA and AMP@Cu-DOTA
coatings were monitored by using a chemiluminescence NO analyzer
(NOA) (Seivers 280i, Boulder, CO). 5 mL of PBS (pH 7.4) containing NO
donor (10 pM GSNO, 10 pM GSH) was immitted into the run baseline.
Then, the samples were immersed into the solution mentioned above
and the NO would be generated from the surface of sample, which was
then delivered to the NOA reaction chamber, in which NO would react
with O3 and produce NO2*. With the relaxation of NO2*, the photon
emitted could be measured for the computation of the catalytic NO
release. In order to test the longevity of the generation of NO induced by
AMP@Cu-DOTA-coated PVC, the AMP@Cu-DOTA-coated PVC was
exposed to PBS containing 10 pM GSNO and 10 pM GSH (the medium
was replaced every 12 h) continuously for various periods of time. After
treatment by PBS for 1, 3, 5, 7, 15 and 30 days, the NO catalytic capacity
of AMP@Cu-DOTA-coated PVC were performed accordingly.

2.7. Antibacterial activity in solid medium

The evaluation on anti-bacterial activities of AMP@Cu-DOTA
coating was performed in accordance with 1SO22196-2011. Both
gram-positive Staphylococcus epidermidis (S. epidermids), strain American
type culture collection (ATCC) 6538, and gram-negative Escherichia coli
(E. coli), strain ATCC 25922, were chosen for the antimicrobial tests.
Firstly, bacteria were precultured in solid medium (tryptone 10 g L ~},
yeast extract 5 g L ~1, agar 15 g L ~! and NaCl 10 g L ~%, dissolved with
ultrapure water) for 24 h at 37 °C and sub-cultured twice. Then freshly
picked bacterial colonies (1-2 rings) with the inoculating loop and were
dissolved in 0.2% liquid medium/99.8% saline (liquid medium con-
tained yeast extract 5 g L ~*, tryptone 10 g L. ~*, NaCl 10 g L ~* that were
dissolved with ultrapure water). With the ten-fold increasing sequential
dilutions, the concentration of bacteria was adjusted to 5.0 x 10°> ~ 10°
CFU mL L. After that, 200 pL of the above bacterial solution was added
to the surface of sample, and covered with a film keep it wet. All samples
were placed in an incubator at 37 °C for 24 h. Finally, bacteria on the
surface were rinsed and dissolved in 20 mL saline solution, and 200 pL of
the above bacterial solution was added to the solid medium at 37 °C.
After culture for 24 h, the colonies on the solid medium were counted.

2.8. Antibacterial activity in solution

After preculture in solid medium, we transferred fresh bacterial
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colonies (1-2 rings) to liquid medium and cultivated them for 24 h and
diluted for 10° times. Then, all samples were placed in a 24-well plate.
After that, each sample was immersed into 200 pL diluted bacterial so-
lution (10° CFU mL™!) at 37 °C. After cultivation for 12 h, 800 pL liquid
medium was supplemented to the samples and cultured for another 12 h.
Finally, 200 pL solution was removed to measure the optical density
(OD) value at 600 nm.

2.9. Hemolysis rate

All the samples were placed into centrifuge tubes with 9.8 mL saline
respectively and the equal amount of ultrapure water and saline without
sample were set as the positive and negative control. Then, the fresh
human blood (2 mL) with trisodium citrate dihydrate (109 mmol/L) was
diluted with saline (2.5 mL), and 200 pL of the diluted blood was added
into the tube to incubate at 37 °C for 1 h. Finally, all the blood samples
were centrifuged at 1500g for 5 min to measure the released hemoglo-
bin. And the hemolysis ratio was measure according to ASTM F756-08
[23].

2.10. Fibrinogen adsorption and activation

The fresh human whole blood used in this study was legally acquired
from the Chengdu central blood station following the ethics standards
and all volunteers did not take medicine in the recent 2 weeks. The blood
was anti-coagulated with tri-sodium citrate (4% wt) in a volumetric
ratio of 9:1. The platelet poor plasma (PPP) and platelet rich plasma
(PRP) were obtained by centrifugation of fresh human whole blood
under 3000 rpm and 1500 rpm for 15 min respectively.

Fibrinogen adsorption was tested by adding 50 pL of PPP with or
without NO donor (10 pM GSNO, 10 pM GSH) onto samples. After in-
cubation for 2 h at 37 °C, the sample was washed with PBS, and then 20
pL of horse radish peroxidase (HRP) labeled sheep polyclonal antibody
anti-human fibrinogen (Sigma-Aldrich) was introduced and incubated
for 60 min. Subsequently, chromogenic substrate 3,3',5,5'-tetrame-
thylbenzidine solution (TMB, 100 pL) was added. After 10 min, the color
reaction was terminated by introducing acid solution, while measure-
ment at 405 nm (absorbance) was performed.

In the case of fibrinogen activation, the sample was firstly incubated
with PPP for 120 min. After washing by PBS, it was continuously incu-
bated with mouse anti-human y-fibrinogen monoclonal antibody (20 pL)
at 37 °C for 1 h. Subsequently, the sample was washed by PBS, and then
reacted with HRP labeled sheep anti-mouse polyclonal antibody (20 pL).
Afterwards, TMB solution (100 pL) was added. After reaction for 10 min,
the above mixed solution was measured at 405 nm.

2.11. c¢GMP synthesized by platelets

The expression level of cGMP was measured by ELISA. In brief, 1 mL
of PRP with or without NO donor (10 pM GSNO, 10 pM GSH) was
dropped on each specimen. After incubation for 30 min, 100 pL triton-X
solution (10%) was added and sonicated, and then the obtained solution
was centrifugated at 1200 rcf for 8min to gain the supernatant for ELISA
test [24].

2.12. Adhesion and activation of platelets

The experiments were carried out within 12 h after the blood
donation. In consideration of the chemical instability of endogenous
donor of RSNO in PRP, an extra NO donor consisting of 10 pM GSNO and
10 pM GSH was added to act as a comparison analysis. 1 mL of PRP, with
or without NO donor, was dropped on the surface of each specimen and
incubated for 2 h at 37 °C in humidified air. After that, the samples were
rinsed with 0.9% NaCl solution and fixed with 2.5% glutaraldehyde
overnight. With further dehydration and dealcoholizing, the surfaces of
samples were sputtered with gold and examined by scanning electron
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microscope (SEM, Quanta 200, FEI, Netherlands).
2.13. Anti-thrombogenicity test by ex-vivo blood circulation

All the studies followed the animal use protocol of the China Council
on Animal Care and Southwest Jiaotong University, obeying the ethical
rules for experimental animals. Eight adult New Zealand white rabbits
(2.5-3.5 kg) were used for this experiment. General anesthesia was
carried out to all experimental animals. The left carotid artery and the
right jugular vein of the rabbits were isolated and connected with the
arteriovenous (AV) extracorporeal circuit (ECC) by cannula. The PVC
tubes before and after functionalization by AMP@Cu-DOTA were con-
nected to the ECC tightly. The blood flow began by loosening the arterial
and venous sides of the ECC. After 3 h of blood circulation, the experi-
ments were stopped and the blood flow rates of the circuits were
measured [25]. The cross section of the experimental tubing and the
weight of the residual thrombus on the samples were obtained to eval-
uate the anti-coagulant effect of the specimens. Afterwards, the samples
were washed by PBS (pH 7.4) and fixed in 2.5% glutaraldehyde solution
overnight. After dehydration and critical point drying, the samples were
observed by SEM (As shown in Fig. 6e).

Bioactive Materials 6 (2021) 1618-1627

3. Results and discussion
3.1. Synergistic co-grafting of Cu-DOTA and AMP on PVC

3.1.1. Identification of DBCO-AMP and Cu-DOTA

The DBCO-AMP was designed and fabricated by standard Fmoc
mediated solid-phase peptide synthesis (Fig. 2a) [26]. ESI-MS and NMR
were used for confirming the success of DBCO-AMP synthesis. ESI-MS
analysis indicated that the monoisotopic mass of [M+4H]** and
[M-+3H]%" at 654 and 871 Da, respectively (Fig. 2b) was in line with its
theoretical molecular weight of 2612.0 Da. The spectrum of 'H NMR
revealed the presence of typical diagnostic peaks specific to the
DBCO-AMP (Fig. 2c). Taken together, these results demonstrated the
successful synthesis of DBCO-AMP. The spectra of EPR showed the
successful synthesis of Cu-DOTA coordination complex, as evidenced by
the presence of Cu-DOTA signal at 267 mT (Fig. 2d).

3.1.2. Characterization of coated surface

Since the consumption of amine groups can reflect the graft of mo-
lecular, the remaining amine groups on the different surface as shown in
Fig. S1. The high density of 13.13 + 0.31 nmol/cm? of the amine groups
on the PADA coating indicated the successful preparation of the amine-
bearing surface. Meanwhile, with the grafting of Cu-DOTA and Azido-
dPEG4-NHS in sequence, the densities of the residual amine groups on
the surface were 6.41 + 0.73 nmol/cm? and 0.01 + 0.03 nmol/cm?
respectively, implying the success of the molecular conjugation. To
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demonstrate the successful co-grafting of Cu-DOTA and DBCO-AMP on
the amine-bearing PADA-coated surface, RA-FTIR and XPS were per-
formed. As shown in Fig. 2e, the conjugation of Cu-DOTA on the PADA
led to the presence of a new peak at 1705 cm ™! assigned to the Amide I
(O=C-NH), and reinforcement in the band around 1640-1600 cm™*
corresponding to the Amide II (O—C-NH) in the spectrum of Cu-DOTA,
indicating the amination reaction between -COOH of Cu-DOTA and
-NH;, provided by PADA coating. The presence of peak at 2110 assigned
to the -N=N"=N" and further reinforcement in the Amide I and Amide
II bands in the spectrum of Azide/Cu-DOTA compared with the spec-
trum of Cu-DOTA strongly confirmed the effective azidation to the Cu-
DOTA. The introduction of Azide to the Cu-DOTA surface provided
the anchoring site with functional groups for further immobilization of
DBCO-AMP. The spectrum of AMP/Cu-DOTA revealed the presence of
some new peaks at 3060 (=CH stretching), 2100 (Guanidyl stretching),
and 1600 cm™! (C=C stretching) that were specific to the AMP, indi-
cating the successful conjugation of AMP. The significant variations in
the surface chemical compositions among the groups of PADA (Fig. 2f
and g), Cu-DOTA, Azide/Cu-DOTA and AMP@Cu-DOTA further
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confirmed the effective immobilization of Cu-DOTA and AMP. 1.78% of
Cu content was determined on the surface, implying the successful
creation of the NO-generating surface. It was also found that the teth-
ering of AMP led to 30% of shielding effects approximately on NO cat-
alytic active site of Cu (Fig. 2g), as evidenced by the remarkable
reduction in Cu content.

3.1.3. Quantitative measurement of Cu-DOTA and AMP conjugation and
NO catalytic capacity

To quantitatively measure the amount of Cu-DOTA and AMP bound
to the PADA coating, QCM-D analysis was carried out. The DOTA was
pumped into the system continuously until the curve equilibrated, and
the amount of DOTA bound to the surface was 319.08 ng/cm? after
rinsing with PBS as shown in Fig. 3a. Then, the CuCl, were injected
accordingly and the Cu-DOTA was harvested on the PADA coating
(339.94 ng/ cmz). After that, with the injection of Azido-dPEG4-NHS, the
curve rose gradually providing the evidence for the click chemistry of
peptide. Finally, with perfusion of AMP solution, the amount of AMP
bound to the surface was 1523.07 ng/cm? after the sufficient wash by
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Fig. 3. a) Real-time monitoring of DOTA, Cu?", NHS-(PEG)4Azide, DBCO-AMP grafting process on a PADA-coated chip determined by QCM. b) Effects of NHS-Azide
and DBCO-AMP grafting on NO generation. c¢) Retention of NO catalytic capacity of AMP@Cu-DOTA coating after continuous treatment by PBS containing NO donor

(10 uM GSNO, 10 pM GSH). Data are presented as mean + SD (n = 4).
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PBS revealing the successful grafting of functional molecules.

In our design, the Cu?* chelated in DOTA decomposes RSNO into NO
to prevent material-induced thrombosis. Thus, the release of NO was
measured to evaluate the successful design of the AMP@Cu-DOTA. To
test the NO catalytic activity of AMP@Cu-DOTA-coated PVC, the
chemiluminescence assay of real-time quantitative analysis was used to
evaluate the generation of NO in NO donor solution consisting of 10 pM
GSNO and 10 pM GSH (pH 7.4). The NO production patterns as shown in
Fig. 3b illustrated a stable persistent release of NO from Cu-DOTA-
coated PVC (11.2 + 0.6 x 107'° mol cm™2 min™}), revealing the suc-
cessful biofunctionalization of local delivery of NO. Furtherly, the
release rate of NO catalyzed by the samples of Azide/Cu-DOTA and
AMP@Cu-DOTA are 8.5 + 0.4 x 10" mol cm 2> min ' and 5.1 £ 0.7 x
1071 mol em™2 min~. Meanwhile, the reduced release of NO in the
Adize/Cu-DOTA and AMP@Cu-DOTA groups was significant because it
implied the successful immobilization of both molecules. To be medi-
cally relevant, the biofunctionalized coating must exhibit persisting
release of NO. The evaluation of the catalytic NO reflected that the
AMP@Cu-DOTA coating still showed a steady NO release rate of 4.2 +
0.1 x 1079 mol em™2 min ! after immersion for 30 days maintaining
~83.9% compared with the initial NO generation (Fig. 3c).

3.2. Anti-bacterial properties

For the indwelling medical devices or extracorporeal circuits, bac-
terial infection is a crucial complication after implantation. Hence,
antibacterial functionalization of surface becomes essential for these
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devices. To test the antibacterial properties of the AMP@Cu-DOTA
coating, we examined surface sterilization of gram-negative E. coli and
gram-positive S. epidermids in solid culture and liquid culture. We found
that in the solid media, the PADA coating endowed PVC pattern with
ability to resist E. coli (46.6 + 7.0%) and S. epidermids (45.0 + 7.0%)
which might contribute to the positively charged amine groups intro-
duced on the surface. Meanwhile, there was a slight increase of the
antibacterial rate in Cu-DOTA coated PVC compared with the PADA
group. According to the NO release rate of Cu-DOTA and Azide/Cu-
DOTA coating, the reported values were lower than the antibacterial
requirement of NO reported elsewhere (approximately 1 ppm). None-
theless, the effective antibacterial property might be owing to the ster-
ilization ability of Cu?* from Cu-DOTA. In addition, we have noted that
the surface functionalization by AMP@Cu-DOTA on the PADA-coated
PVC showed excellent antibacterial rates of 95.2 + 5.6 and 96.1 + 8.6
in E. coli and S. epidermids respectively, suggesting that the excellent
bacterial activity of AMP in the biofunctionalized surface was intactly
maintained by click chemistry (Fig. 4b and c). Subsequently, all the
samples were immersed in bacterium suspensions, which were used to
evaluate the potent bacterial inhibition of AMP@Cu-DOTA coatings in
liquid media. After measuring the optical density of bacterial solutions
incubated with different groups, the similar results were observed. As
shown in Fig. 4d and e, 96.0 = 7.0% of E. coli and 96.4 + 7.7% of
S. epidermids could be killed by AMP@Cu-DOTA coating modified PVC,
furtherly demonstrating the successful design of AMP@Cu-DOTA
coating to endow the PVC pattern with potent antibacterial capabilities.

Azide/Cu-DOTA AMP@Cu-DOTA

d 120 Hokk € 140 5 5 cpidermids
—~ 100 . 1207 b
X X
2 804 a2 T
. ] T g0
E 0 O I I
2 ] 2 604
[ ] Q p
a2 407 8 401 L
g E
< 20 < 20
0 g g
R o 90«‘* o o oV S
[ nd [ A
\bd ?@; \50\ \4
i Ll

Antibacterial Activity in Solution

Fig. 4. Representative colonization of E. coli and S. epidermids on the PVC substrates before and after coating with PADA and Cu-DOTA, Azide/Cu-DOTA and
AMP@Cu-DOTA. a) Colonization photographs of E. coli and S. epidermids. The antibacterial rate of different surfaces against E. coli (b) and S. epidermids (c) performed
by Solid Medium method. The antibacterial rate of different surfaces against E. coli (d) and S. epidermids (e) performed by solution method. Data are presented as

mean + SD (n = 4) and analyzed by one-way ANOVA (***p < 0.001).
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3.3. In vitro hemolysis and anticoagulation properties

As a new foreign blood-contacting material, hemolysis ratio (HR) is
one of the most crucial factors to determine whether it can be applied in
clinic. Therefore, the HR of the PADA coating before and after further
secondary modification by Cu-DOTA and AMP was evaluated. As shown
in Fig. 5a, the hemolysis ratios of the PADA, Cu-DOTA, Azide/Cu-DOTA
and AMP@Cu-DOTA are within 1%, which is far below the interna-
tionally accepted standard value of 5% [27], implying the potential
feasibility of the PADA and its derivative coatings applied in
blood-contacting devices. For a blood-contacting device, good blood
compatibility involves not only acceptable HR, but also low adsorptio-
n/activation of fibrinogen and adhesion/activation platelets. The results
of fibrinogen revealed that the modification by PADA did not lead to
significant effects on both adsorption (Fig. 5b) and activation (Fig. 5¢) of
fibrinogen. Of special importance is that the grafting of Cu-DOTA (i.e.,
Cu-DOTA) resulted in a remarkable reduction in fibrinogen adsorption
and activation as compared to the PADA, which might be ascribed to the
consumption of the surface positively charged amine groups of PADA
during the amination between amine groups and carboxyl groups of

Bioactive Materials 6 (2021) 1618-1627

Cu-DOTA [28]. We also noted that the subsequent azidation and further
conjugation of AMP to the Cu-DOTA did not influence the behavior of
fibrinogen on its surface, as evidenced by the same level adsorption and
activation of fibrinogen. It is well known that the inhibitory effect of NO
on platelet is based on its ability to up-regulate the expression of cGMP
[29]. To confirm the efficiency of NO generated by Cu-DOTA on pro-
moting the expression of cGMP of platelets, cGMP analysis was per-
formed. As expected, the Cu-DOTA promoted the synthesis of cGMP of
platelets (Fig. 5 d). Moreover, we found that the reduction of NO
induced by Azide/Cu-DOTA and AMP@Cu-DOTA (Fig. 3b) led to the
decrease in the cGMP expression. Subsequently, the effects of NO on
platelet adhesion and activation were further carried out. SEM analysis
revealed that most of the platelets adhered on both PVC and PADA
showed activated state accompanied with pseudopodium (Fig. 3e). For
the PADA, some platelets were fully spread due to the presence of a large
number of positively charged amine groups [28]. In contrast, the release
of NO induced by Cu-DOTA significantly reduced adhesion and activa-
tion of platelets from ~20% (Fig. 3f) and ~80% (Fig. 3g) of PVC to less
than 4% and 20% respectively. Although the production of NO induced
by Azide/Cu-DOTA and AMP@Cu-DOTA is lower than that of Cu-DOTA,
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Fig. 5. Hemocompatibility test in vitro. a) Hemolysis ratios, b) fibrinogen adsorption, c) fibrinogen activation of PVC substrates before and after functionalization by
PADA and Cu-DOTA, Azide/Cu-DOTA and AMP@Cu-DOTA coatings. d) cGMP expression of platelets on different surfaces after 2 h. e) Representative SEM images of
platelets adhered on different surfaces. f) Adhesion and g) activation of platelets incubated with different surfaces for 2 h. Data presented as mean + SD and analyzed

using a one-way ANOVA, **p < 0.01, ***p < 0.001.
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they still showed the substantial inhibitory effects on both adhesion and
activation of platelets. Taken together these results indicated that
AMP@Cu-DOTA coating reduces fibrinogen adsorption and activation,
and suppresses both adhesion and activation of platelets, hence con-
firming its improved anti-thrombogenicity in vitro.

3.4. Ex-vivo anti-thrombogenicity

To further attest the ability of AMP@Cu-DOTA-coated PVC to pre-
vent the formation of thrombosis, ex vivo circulation antithrombogenic
evaluation was performed. Here, an arteriovenous (AV) shunt model
was used for the ex vivo antithrombogenic test, as reported previously
[22]. As shown in Fig. 6a, the commercially available PVC tubing before
and after functionalization by AMP@Cu-DOTA were assembled into an
extracorporeal circuit (ECC). The anti-thrombogenic properties of
AMP@Cu-DOTA coating were evaluated by analysis of occlusive rate,
thrombosis and blood flow rate of circuits after 3 h of ex vivo circulation
without any anti-coagulant treatment to blood in the New Zealand white
rabbit AV shunt model.

It was clear that after 3 h of ex vivo circulation, the bare PVC circuit
showed the almost complete occlusion (Fig. 6b) with 91.2 + 7.6% of
occlusive rate (Fig. 6¢), whereas the AMP@Cu-DOTA-modified circuit
significantly reduced the occlusive rate to 12.3 + 1.4%. The statistical
analysis of thrombosis formed in the circuits revealed that coating PVC
tubing internal surface with AMP@Cu-DOTA reduced the thrombus by
10-fold, as compared to the control PVC circuit (Fig. 6d). Further anal-
ysis by SEM confirmed the efficiency of AMP@Cu-DOTA coating to
percent the formation of thrombi on its coated surface. On the internal
surface the unmodified PVC tubing, very severe clots with cross-linked
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dense fibrillar networks of polymerized fibrin, activated platelets and
red blood cells were clearly observed (Fig. 6e).

On the other hand, surface coated with AMP@Cu-DOTA effectively
prevented activation of platelets, polymerization of fibrinogen, and
hence the formation of thrombi. There were only few of platelets
remained in a resting, nonactivated state found on the AMP@Cu-DOTA-
coated surface. In the end, the AMP@Cu-DOTA-modified circuit
remained 94.5 &+ 7.6% of blood flow rate after 3 h of circulation, which
is much higher than that of control circuit with blood flow rate of only
18.2 + 2.1% (Fig. 6f).

Taken together with the anti-bacterial results, the stepwise syner-
gistic modification strategy by using anticoagulant NO and antibacterial
peptide AMP imparted the PVC with dual functions to combat biofouling
and thrombosis, indicating the promising application in extracorporeal
circuits and indwelling medical devices.

4. Conclusion

In summary, we developed a stepwise conjugating strategy for con-
structing anti-coagulant and anti-bacterial surface on the semi-
implanted blood-contacting tubing. To realize dual functions capable
of combating thrombosis and anti-fouling, an anti-bacterial peptide and
a NO-generating species were sequentially conjugated on the tubing
surface through carbodiimide and click chemistry respectively. The
synergistic actions of NO catalytic generation and anti-bacterial peptide
resulted in significant inhibition both in adhesion and activation of
platelets, and in bacteria growth in vitro. Moreover, such dual-functional
tubing also effectively prevented the formation of thrombosis ex vivo.
Overall, this work might provide a new strategy not only for tailoring
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Fig. 6. Scheme of the New Zealand white rabbit AV shunt model exhibiting placement of the cannula in the carotid artery and jugular vein connected by the PVC
tubing before and after coating with AMP@Cu-DOTA. b) Photographs of the tubing (Left) and cross section of circuits (Right) after circulation for 3 h. ¢) Occlusive
rate of the circuits before and after modification by AMP@Cu-DOTA coating. d) Weight of thrombus formed in the unmodified- and AMP@Cu-DOTA-modified
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surface multi-functionalities, but also a promising solution for address-
ing the clinical complications of extracorporeal circuits and indwelling
medical devices associated with thrombosis and infection.
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