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A B S T R A C T

Surfaces with enduring and superior antithrombotic properties are essential for long-term blood-contacting 
devices. While current surface engineering strategies integrating anticoagulants and antiplatelet agents show 
promise in mimicking the non-thrombogenic properties of the endothelium, their long-term effectiveness re
mains limited. Here, we report an easy-to-perform, dual-biomimetic surface engineering strategy for tailoring 
long-acting endothelium-mimicking anti-thrombotic surfaces. We first designed a Mytilus edulis foot protein-5 
(Mefp-5) mimic rich in amine and clickable alkynyl groups to polymerize-deposit a chemical robust coating 
onto the surface through a mussel-inspired adhesion mechanism. Then, a clickable nitric oxide (NO, an anti
platelet agent)-generating enzyme and the anticoagulant heparin were sequentially co-grafted onto the chemical 
robust coatings via click chemistry and carbodiimide chemistry. Our results demonstrate that this engineered 
surface achieved an impressive NO catalytic release efficiency of up to 88 %, while heparin retained 86 % of its 
bioactivity even after one month of exposure to PBS containing NO donor. Both in vitro and in vivo experiments 
confirmed that this robust endothelium-mimicking coating substantially reduces thrombosis formation. Overall, 
our long-acting endothelium-mimicking anti-thrombotic coatings present a promising and feasible strategy to 
address thrombosis-related challenges associated with blood-contacting devices.

1. Introduction

Cardiovascular implantable biomedical devices (e.g., cardiac pace
makers, vascular stents, central venous catheters, and artificial hearts or 
valves) are widely used for medical monitoring, infusion, and disease 
treatment [1–5], significantly enhancing patients’ quality of life. How
ever, during clinical application, these long-term implants are inevitably 
prone to complications, such as coagulation and thrombosis, which can 
ultimately compromise their functionality [6,7]. In severe cases, such 
complications may lead to life-threatening events, or permanent 

disability [8–10]. To combat thrombosis, prolonged or lifelong admin
istration of anticoagulants is commonly employed in clinical practice 
[11–13]. However, this strategy may inherently lead to side effects such 
as heparin-induced thrombocytopenia (HIT), bleeding, and increased 
liver burden [14–16].

The formation of thrombus on the surface of foreign materials is a 
well-established process involving two distinct yet interrelated events: 
(1) fibrin formation due to the activation of the coagulation cascade, and 
(2) platelet activation, adhesion, and aggregation mediated by a cyclic 
guanosine 3′,5′-monophosphate (cGMP)-dependent mechanism [17,18]. 
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Based on this understanding, numerous innovative surface engineering 
strategies have been explored to improve the blood compatibility of 
cardiovascular implants [19–21]. Among these, approaches that mimic 
the non-thrombogenic properties of the native endothelial cell (EC) 
layer lining the inner walls of blood vessels have shown the greatest 
promise [22–24]. The endothelium represents one of the best antith
rombotic surfaces in nature, owing to the synergistic action of its 
secreted anti-platelet agents-NO and prostacyclin (PGI2)-along with key 
anticoagulants such as thrombomodulin (TM), tissue factor pathway 
inhibitor (TFPI), and heparan sulfates (structural analogs of heparin), 
which are localized at or near the luminal surface [25]. Over the past 
two decades, significant efforts have been devoted to replicating the 
highly thromboresistant properties of the natural endothelium by inte
grating anti-coagulant heparin and antiplatelet agent NO on the surfaces 
of blood-contacting materials/devices, with numerous studies reporting 
encouraging antithrombogenic performance and reproducing 
thrombomodulin-like responsiveness [26–28]. However, current tech
nologies face challenges in sustaining long-acting anticoagulation 
functionality for long-term or permanently implanted cardiovascular 
devices. A main reason for the low persistence of the activity of these 
methods is seen in the adequate long-lasting immobilization of the 
anticoagulant heparin together with bioactive compounds capable of 
generating the antiplatelet agent NO on the surfaces of implants. 
Chemically robust coatings that overcome these two limitations bearing 
multiple reactive functional groups for covalent immobilizing 
anti-coagulant heparin and bioactive species capable of producing NO 
therefore represent a promising approach for long-lasting 
thromboresistance.

We present a biomimetic approach inspired by the mechanochemi
cally robust adhesive plaques formed by Mytilus edulis foot proteins 
(Mefp), which are secreted by mussels for durable attachment to virtu
ally all wet material surfaces [29]. It has been demonstrated that the 
mechanochemical robustness enables the mussel adhesive plaques to 
maintain strong and durable bonds with solid substrates, even under 
harsh conditions such as extreme acidity, alkalinity, and oxidative en
vironments (Fig. 1A) [30]. Studies have identified Mefp-5 is a linear 
macromolecule enriched with multiple functional groups, where the 
coexistence of a flexible backbone and reactive moieties (i.e., catechol 
and amine groups) is essential for the strong and durable adhesion of 
mussel adhesive plaques to a wide range of materials (Fig. 1B and C) 
[31]. During the self-polymerization of Mefp-5, the catechol-amine 
synergism drives the formation of cross-linked, interpenetrating net
works (Fig. 1D), endowing the adhesive plaque with unmatched chem
ical robustness [32].

Herein, inspired by the role of Mefp-5 in forming a robust adhesive 
plaque, we present a dual-biomimetic surface engineering strategy for 
tailoring long-acting endothelium-mimicking anti-thrombotic surfaces. 
Specifically, we synthesized a Mefp-5 mimic by co-modifying poly
allylamine (PAm, Mw ~17 kDa) with 4-pentynoic acid (PA) and hy
drogenated caffeic acid (HCA), resulting in an alkyne- and catechol- 
functionalized polyallylamine (ACPA, Fig. 1E). Leveraging the 
intrinsic catechol-polyamine synergy of ACPA, we fabricated a chemi
cally robust polymeric pre-coating (PACPA, Fig. 1F) enriched with 
reactive primary amine groups and clickable alkynyl moieties on ma
terial/device surfaces. Subsequently, the clickable NO-generating cop
per chelator N3-DOTA-Cu and heparin were sequentially co-grafted onto 
the PACPA using click chemistry and carbodiimide chemistry, resulting 
in a dual-functional endothelial-mimetic anti-thrombotic surface 
(Fig. 1G). Benefiting from the chemical robustness and the capability of 
PACPA for tethering biomolecules, the endothelium-mimicking coating 
exhibits exceptional chemical robustness even under harsh conditions 
(HCl (pH 2), NaOH (pH 13), and H2O2 (0.3 % w/w)), ensuring long-term 
retention (>86 % bioactivity after 4 weeks) of both immobilized bio
molecules even after 4 weeks of immersion in simulated physiological 
fluids. This robust bioactivity retention endows the coating with long- 
lasting endothelium-like antithrombotic properties, effectively 

inhibiting platelet activation through sustained NO release, synergistic 
with heparin-mediated coagulation factor inactivation, thereby 
ensuring long-term anti-thrombotic efficacy (Fig. 1H). Overall, our 
findings highlight a promising strategy for engineering durable and 
highly effective antithrombotic surfaces for blood-contacting materials 
and medical devices.

2. Materials and methods

2.1. Materials

Polyallylamine solution (PAm, Mw ~17,000, 20 wt% in H2O), 3,4- 
dihydroxy hydrocinnamic acid (HCA, purity ≥97.0 %), 4-Pentynoic 
acid (PA, purity ≥95.0 %), Azido-mono-amide-DOTA (N3-DOTA, pu
rity ≥85.0 %), Heparin sodium (Heparin, ≥99 %), S-nitrosoglutathione 
(GSNO, purity ≥97.0 %), N-(3-dimethylaminopropyl)-N′-ethyl
carbodiimide (EDC, purity ≥98.0 %), N-hydroxysuccinimide (NHS, 
purity ≥97.0 %), 2-(N-morpholino) ethanesulfonic acid hydrate (MES, 
purity ≥99 %), CuSO4⋅5H2O (≥99.0 %), Sodium ascorbate (≥99.0 %), 
N,N-Diisopropylethylamine (DIPEA, ≥99.0 %), Fibrinogen (Fg ≥ 85.0 
%), Human serum albumin (HSA, ≥96.0 %), Immunoglobulin G (IgG, 
≥95.0 %), and L-glutathione (GSH, purity ≥97.0 %) were purchased 
from Sigma-Aldrich (Shanghai, China). Deionized water (DI, 18.2 MΩ 
cm− 1), Sodium hydroxide (NaOH, purity ≥98.0 %), Acid Orange II 
(purity ≥96.0 %), Phosphate buffer solution (PBS, 10 mM), Copper 
chloride dehydrate (CuCl2⋅2H2O), Hydrogen peroxide solution (H2O2, 
0.3 % (w/w)), and Hydrochloric acid (HCl) were purchased from 
Aladdin Reagent (Shanghai, China). Chromogenix Factor IIa (FIIa) and 
Factor Xa (FXa) kits (Chromogenix Coamatic® Heparin) were purchased 
from Chromogenix Co., Ltd. (Milano, Italy). Activated partial throm
boplastin time (APTT) was purchased from Beyotime Biotechnology Co., 
Ltd. (Shanghai, China). cGMP ELISA kit was purchased from Wuhan 
MSK Biotechnology Co., Ltd. (Wuhan, China). 316L stainless steel (SS) 
was purchased from Corsair Medical Technology Co., Ltd. (Suzhou, 
China). New Zealand white rabbits were purchased from Shanghai 
Model Organisms Center, Inc.

2.2. Synthesis of ACPA and N3-DOTA-Cu

ACPA was synthesized using standard EDC/NHS chemistry. To pre
vent the oxidation of the catechol groups in HCA, the MES buffer (pH 
5.6) was first deoxygenated with high-purity nitrogen for 2 h. Subse
quently, HCA (100 mg mL− 1), PA (200 mg mL− 1), EDC (800 mg mL− 1), 
and NHS (200 mg mL− 1) were dissolved in 100 mL of the deoxygenated 
MES buffer and activated at 37 ◦C for 30 min. PAm (1 mg mL− 1) was 
then introduced into the reaction mixture, followed by continuous 
stirring at 10 ◦C for 24 h. The crude product was purified through 
dialysis (molecular weight cutoff: 1000 Da) against deoxygenated DI for 
48 h, with water replacement every 6 h, and lyophilized to obtain the 
final ACPA.

For the NO-generating complex, the N3-DOTA-Cu coordination 
compound was prepared by reacting N3-DOTA (1 mg mL− 1) with 
CuCl2⋅2H2O (0.35 mg mL− 1) in aqueous solution at room temperature 
for 15 min, ensuring the complete chelation of Cu2+ ions.

2.3. Structural characterization

The chemical structures of HCA, PA, PAm and ACPA were charac
terized using a 1H nuclear magnetic resonance (1H NMR) spectrometer 
(Bruker Avance III 400 MHz spectrometer, Germany) and Fourier 
transform infrared (FTIR) spectroscopy (Nicolet 5700, Thermo Fisher 
Scientific, USA). Electron paramagnetic resonance (EPR) spectroscopy 
(A320, Bruker, Germany) was employed to analyze the coordination 
structure of the N3-DOTA-Cu complexes.
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Fig. 1. The development of enduring and highly anti-thrombotic surfaces for long-term blood-contacting devices, inspired by the role of Mefp-5 in forming robust 
adhesive plaques, the integration of heparin as an anti-coagulant and NO as an anti-platelet agent, to mimic the non-thrombogenic properties of the natural 
endothelium. (A) The abilities of mussel adhesive plaque to resist chemical corrosion of harsh chemical solutions including strong acid (HCl, pH 1), base (NaOH, pH 
14), and oxidant (H2O2, 3 % (w/w)). (B) Schematic illustrations of Mefp-5 in the formation of robust adhesive plaques and (C) the amino acid sequence of Mefp-5 
[33]. (D) Schematic illustration of the interfacial location and chemical crosslink of Mefp-5 to form a robust adhesive plaque on the substrate through 
phenol-polyamine synergy. (E) The synthetic Mefp-5-like alkyne- and catechol-functionalized polyallylamine (ACPA) mimics not only the role of multiple functional 
groups but also the macromolecular backbone of Mefp-5 in the formation of highly adhesive, robust adhesive plaque. (F) Schematic representation of adhesion, 
crosslinking, and progressive assembly of ACPA as a macromolecular building block to form the highly adhesive, robust, multifunctional PACPA coatings on sub
strates based on phenol-polyamine synergy. (G) Illustration of the preparation process of the long-acting endothelium-mimicking antithrombotic coatings on sub
strates. (H) Schematic depiction of the developed dual-biomimetic antithrombotic coatings to closely mimic the anti-thrombotic function of natural endothelium via 
the anti-coagulant heparin and anti-platelet NO working synergistically at the blood/substrate interface.
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2.4. Preparation of the PACPA coating

The ACPA was dissolved in deoxygenated DI (1 mg mL− 1), and 316L 
SS was immersed in the solution. The pH was adjusted to 9 using NaOH, 
and the reaction was carried out at 37 ◦C for 24 h under micro- 
oxygenated conditions. This process was repeated 3 times to achieve a 
dense and uniform PACPA coating.

2.5. Click chemistry-mediated immobilization of N3-DOTA-Cu

N3-DOTA-Cu (1 mg mL− 1), copper sulfate pentahydrate (6.5 mg 
mL− 1), and sodium ascorbate (10 mg mL− 1) were dissolved in PBS buffer 
(pH 7.4), respectively. The three solutions were then mixed at a volume 
ratio of 20:1:1, and DIPEA was added to the mixture to adjust the pH to 
8.0. Subsequently, the reaction was performed at room temperature in 
the dark for 12 h. Afterward, the resulting product was washed thor
oughly with DI and dried using N2 gas. Finally, DOTA-Cu-PACPA with 
NO catalytic activity was obtained (marked as DOTA-Cu).

2.6. Sequential co-immobilization of heparin

Heparin was covalently grafted onto the surface using water-soluble 
carbodiimide (WSC) chemistry. Briefly, heparin (1 mg mL− 1) was dis
solved in MES buffer (pH 5.6) containing EDC (3 mg mL− 1), followed by 
activation at 37 ◦C for 30 min. Subsequently, 1 mL of the heparin so
lution was dropwise added onto the PACPA- or DOTA-Cu-coated surface 
and allowed to react at 37 ◦C for 24 h. Finally, the surface was ultra
sonically cleaned with DI and dried with N2, to obtain the heparin- 
functionalized coating (labeled as Hep or Hep&DOTA-Cu).

2.7. Characterizations

The water contact angle (WCA) was determined by a KrüssGmbH 
DSA 100 Mk 2 goniometer (Hamburg, Germany). The chemical com
ponents of the coatings were identified by X-ray photoelectron spec
troscopy (XPS, AXIS Supra, Kratos Analytical Inc., Japan) equipped with 
a monochromatic A1 Kα (1468.6 eV) X-ray source operated at 12 kV and 
15 mA at a pressure of 3 × 10− 7 Pa. The C1s peak (284.8 eV) was used 
for charge calibration. The thickness of these coatings was investigated 
by a spectroscopic ellipsometer (W-VASE, J.A. Woollam, USA). Surface 
morphology and roughness were characterized using scanning electron 
microscopy (SEM, JSM-7001F, Japan), and 3D profilometry (VK-X3000, 
Keyence, Japan). The optical density (OD) values of eluates from the 
coatings were detected at 480 nm with a microplate reader (Biotek, 
USA).

2.8. Quantification of amine groups

The amine group density on the surfaces was measured using the acid 
orange II. First, 100 μL of acid orange II solution (3.5 mM, pH 3) was 
added to the surface of each sample and incubated at 37 ◦C for 12 h. 
Following the reaction, the samples were rinsed with HCl (pH 3) to 
remove unbound acid orange II and then dried with N2. Subsequently, 
200 μL of NaOH solution (pH 12) was added to the surface and incubated 
at 37 ◦C for 15 min. Finally, the concentration of acid orange II released 
into the NaOH solution was measured at 485 nm using a microplate 
reader (μQuant, Bio-Tek Instruments Inc.). A standard curve for amine 
group quantification was established by measuring the adsorption 
density of acid orange II across a series of concentration gradients.

2.9. Assessment of the chemical robustness of mussel adhesive plaques 
and PACPA

To evaluate the chemical robustness of mussel adhesive plaques, they 
were treated with extreme solutions (HCl (pH 1), NaOH (pH 14), and 
H2O2 3 % (w/w)) for 6 h, and their resistance to chemical erosion was 

evaluated by checking morphological changes.
The chemical robustness of the PACPA and Hep&DOTA-Cu coatings 

was evaluated by immersing the samples in solutions with HCl (pH 2), 
NaOH (pH 13), or H2O2 (0.3 % w/w)) at 37 ◦C for 24 h. Following the 
incubation, the absorbance of the eluate, surface morphology, WCA, 
film thickness, surface roughness, and chemical composition of the 
coatings were analyzed using spectral photometry, SEM, spectroscopic 
ellipsometry, and XPS, respectively. To assess the long-term chemical 
robustness of the Hep&DOTA-Cu surface, samples were immersed in 
PBS solution at 37 ◦C for 7 (week 1), 14 (week 2), and 28 days (week 4), 
with an additional 10 μL of NO donor (10 μM GSNO/GSH) supple
mented. At the designated time points, samples were collected and 
assessed for their elemental composition, NO catalytic efficiency, and 
anticoagulant properties.

2.10. Quantification of N3-DOTA-Cu bound to the PACPA coatings

Real-time quantification of N3-DOTA-Cu bound to PACPA coatings 
was performed using a quartz crystal microbalance with dissipation 
(QCM-D, Q-sense AB, Biolin Scientific, Sweden). The PACPA coatings 
were applied to Au-coated quartz crystals, which were then mounted in 
the QCM-D reaction chamber for analysis. First, a PBS buffer containing 
copper sulfate pentahydrate, sodium ascorbate, and DIPEA was injected 
into the chamber at a flow rate of 50 μL min− 1 until the QCM signal 
stabilized, establishing a baseline. Then, the N3-DOTA-Cu was dissolved 
in PBS with copper sulfate pentahydrate, sodium ascorbate, and DIPEA, 
and introduced into the chamber at the same flow rate. The reaction was 
allowed to proceed until equilibrium was achieved. Finally, unbound 
N3-DOTA-Cu was rinsed off using PBS, and the amount of bound N3- 
DOTA-Cu was determined based on the change in the QCM signal.

2.11. Quantification of heparin bound to the PACPA coatings

Real-time quantification of surface-immobilized heparin was per
formed using a QCM-D. PACPA coatings were applied to Au-coated 
quartz crystals, which were then placed in the reaction chamber for 
analysis. Initially, MES buffer solution (pH 5.6) was injected into the 
chamber at a flow rate of 50 μL min− 1 until a stable QCM baseline was 
achieved. Subsequently, heparin, dissolved in MES buffer containing 
EDC and NHS, was introduced into the chamber at the same flow rate 
until the QCM signal equilibrated. Finally, unbound heparin was rinsed 
with PBS.

2.12. Catalytic release of NO

The catalytic NO release from different surfaces was measured using 
a chemiluminescence nitric oxide analyzer (NOA, Sievers 280i, Boulder, 
CO). Briefly, samples were placed in a reaction chamber containing 5 mL 
PBS, with 50 μL of NO donor (10 μM GSNO/GSH). The NO released from 
the surface was transported via a N2 stream through the reaction 
chamber to the NO analyzer. The amount of NO was quantified using a 
pre-established calibration curve, as detailed in the literature [34].

2.13. Blood collection

Fresh whole blood was collected from New Zealand white rabbits in 
accordance with strict ethical standards and following the 3R Principle 
of the Animal Protection Act, with trisodium citrate anticoagulant added 
at a ratio of 9:1 (v/v). The blood was centrifuged at 3500 rpm or 1500 
rpm for 15 min to obtain platelet-poor plasma (PPP) or platelet-rich 
plasma (PRP), respectively.

2.14. Hemolysis test

For the hemolysis test, fresh citrate anticoagulated rabbit whole 
blood was diluted with saline at a 4:5 (v/v) ratio to prepare diluted 
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blood. Test samples were placed in 9.8 mL saline, with 9.8 mL of saline 
and DI as the negative and positive controls, respectively. All samples 
were incubated at 37 ◦C for 30 min. Subsequently, 0.2 mL of the diluted 
blood was added to each sample, and the mixtures were incubated at 
37 ◦C for another 1 h and centrifuged at 3000 rpm for 5 min. Finally, 
200 μL of the supernatant was collected to measure the absorbance at 
540 nm. The hemolysis rate (R) was calculated using the following 
formula: 

(R) =
(A − C1)
(C2 − C1)

× 100% (1) 

Where R is the hemolysis rate, A is the absorbance of the test sample, C1 
is the absorbance of the negative control, and C2 is the absorbance of the 
positive control.

2.15. In vitro whole-blood evaluation

A total of 200 μL of anticoagulant-free rabbit whole blood was 
applied dropwise to the surface of each sample (1 × 1 cm). After 5 min of 
static incubation at 37 ◦C, the samples were tilted to a 90◦ vertical 
orientation to simulate physiological shear conditions, and the blood 
flow behavior was recorded. Samples were then gently rinsed with PBS 
(pH 7.4) to remove non-adherent blood components and fixed in 2.5 wt 
% glutaraldehyde for 24 h at 4 ◦C. Thrombus morphology and platelet 
adhesion were analyzed using SEM.

2.16. Clotting time, FIIa and FXa activity

To measure APTT, the samples were placed in a 24-well plate and 
incubated with 350 μL of fresh rabbit PPP at 37 ◦C for 30 min. APTT 
reagent was added, and clotting time was measured using a coagul
ometer following the manufacturer’s protocol.

The activities of FIIa and FXa on different sample surfaces were 
evaluated using respective chromogenic assay kits. The procedure 
involved adding 50 μL of PPP to the sample surfaces and incubating at 
37 ◦C for 30 min. All steps were carried out according to the chromo
genic assay kit manual.

To assess sustained anticoagulant functionality, samples were incu
bated in 2 mL PBS (pH 7.4) at 37 ◦C on a shaker for durations of 7, 14, 
and 28 days, with daily PBS replacement. At each time point, NO release 
(via chemiluminescence), Anti-FIIa, and -FXa activities were evaluated 
as described above.

2.17. Protein adsorption

Protein adsorption on the functionalized surfaces was quantified 
using QCM-D in real time. Briefly, gold-coated quartz chips coated with 
PACPA, DOTA-Cu, Hep, and Hep&DOTA-Cu were placed in the QCM-D 
reaction chamber. PBS buffer (pH 5.6) was injected at a flow rate of 50 
μL min− 1 until the quartz chip frequency stabilized. Subsequently, PBS 
solutions containing 2 mg mL− 1 of HSA, Fg, or IgG were introduced into 
the chamber, and frequency changes were monitored. After stabiliza
tion, unbound proteins were rinsed by PBS rinsing, and stable adsorp
tion was confirmed by post-rinse signal stabilization.

2.18. Platelet adhesion activation, and cGMP quantification

To assess platelet adhesion and activation on various samples sur
faces, 200 μL of PRP was added dropwise onto the surfaces of different 
samples and incubated at 37 ◦C for 30 min, with an additional 10 μL of 
NO donor (10 μM GSNO/GSH). After incubation, the surfaces were 
rinsed 5 times with PBS and fixed overnight in 2.5 wt% glutaraldehyde 
solution. The samples were subsequently dehydrated using a graded 
ethanol series, dried, and examined via SEM, as detailed in the literature 
[35].

The expression levels of cGMP in platelets adhered to different sur
faces were determined using ELISA kits. First, 1 mL of PRP was added 
dropwise to each sample surface and incubated at 37 ◦C for 30 min. 
Subsequently, the platelets were lysed with 0.1 % (v/v) Triton X-100 
and ultrasonicated for 1 min, followed by centrifugation (2500 rpm, 5 
min). Finally, the collected supernatant was then used for cGMP quan
tification, with cGMP levels measured following the manufacturer’s 
protocol.

2.19. Ex vivo thrombogenicity assessment

In this study, a total of 18 male New Zealand white rabbits (2.5–3.0 
kg) were used, and all were euthanized after the experiment. The rabbits 
were anesthetized via intravenous injection of sodium pentobarbital 
solution (30 mg kg− 1) through the marginal ear vein. The right carotid 
artery and left jugular vein were then surgically exposed. Subsequently, 
NO donor (10 μM GSNO/GSH, 0.1 mL kg− 1) was injected into the rab
bits. The samples (1.5 × 0.9 cm) were curled inside a medical-grade 
three-way PVC catheter, which was then connected to the exposed ar
tery and vein to establish an arteriovenous extracorporeal circulation. 
After 2 h of extracorporeal circulation, the catheters were collected and 
photo documented. The foils were taken out, weighed, photographed, 
and fixed with 2.5 % glutaraldehyde for SEM observation.

2.20. Statistical analysis

All data are presented as the mean ± standard deviation (SD). Each 
experiment was repeated three times independently. Statistical signifi
cance was assessed using one-way ANOVA, followed by Tukey’s multi
ple comparison test to analyze differences among groups. An 
independent samples t-test was used to compare two groups, with p <
0.05 suggesting a significant difference.

3. Results and discussion

3.1. Fabrication and characterization of PACPA coating

The synthesis of the Mefp-5 mimic ACPA was conducted using car
bodiimide chemistry, enabling the formation of amide bonds between 
the carboxyl groups of PA and HCA and the primary amine groups of 
PAm (Fig. 2A). To prevent oxidation of the hydroxyl groups in HCA, the 
reaction was conducted in an acidic (pH 5.6) and oxygen-free environ
ment. The purified ACPA was characterized using 1H NMR and FTIR 
spectroscopy. In the 1H NMR spectrum, ACPA exhibited distinct signals 
corresponding to the aromatic protons of HCA (aromatic ring proton, 
δ6.94), the alkyne protons of PA (≡CH,δ2.67), and the acetyl group of 
PAm (-COCH3, δ1.82), confirming the successful conjugation of HCA 
and PA with PAm (Fig. 2B). FTIR analysis further validated the suc
cessful synthesis of ACPA, as evidenced by the characteristic absorption 
peaks at 3468 cm− 1 and 1604 cm− 1, corresponding to the -OH and ar
omatic -C=C- stretching vibrations of HCA in ACPA [36]. Additionally, 
the absorption peaks at 3280 cm− 1 and 2115 cm− 1 were attributed to 
the ≡ C-H and -C ≡ C- stretching vibrations of PA [37,38]. The stretching 
vibrations of -NH2 and -CH2 associated with the PAm functional group 
are prominently enhanced at 3362 cm− 1 and 2926 cm− 1 [39], respec
tively. Furthermore, the enhanced amide I and II bands at 1640 cm− 1 

and 1550 cm− 1 further confirmed the successful co-modification of PAm 
with HCA and PA (Fig. 2C) [40]. Overall, these results confirm the 
successful synthesis of ACPA, which is enriched with reactive amine 
groups and clickable alkyne functional groups.

Subsequently, the feasibility of the synthesized ACPA to form 
chemically robust pre-coating (PACPA) was evaluated (Fig. 2D). Given 
its excellent chemical stability and mechanical properties, 316L SS is 
widely used in interventional therapies, making it an ideal substrate for 
further investigation [41,42]. The PACPA-modified surface exhibited a 
pale-yellow color compared to the bare 316L SS, confirming the 
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successful fabrication of the PACPA coating. The 316L SS substrates 
were completely covered by the PACPA coating (Fig. 2E and S1), sug
gesting that the PACPA coating was dense and uniform. Further analysis 
revealed that the thickness of the PACPA coating increased with the 
oxidation time of ACPA (Fig. 2F), implying that the coating was formed 
through progressive oxidative cross-linking polymerization. Addition
ally, the surface of PACPA exhibited a high density of active grafting 
sites, with a primary amine group density of 16.04 ± 0.65 nmol cm− 2, 
which is three times higher than that of dopamine-based coatings 
(Fig. 2G). This high-density surface provides a promising foundation for 
robustly anchoring of sufficient biomolecule doses.

To further elucidate the formation mechanism of PACPA coating, the 
chemical structures of ACPA before and after oxidation were charac
terized using FTIR and XPS. As shown in Fig. 2H, the enhancement of Ar- 
C=N at 1641 cm− 1 and the decrease of aromatic Ar-OH at 3400 cm− 1 

suggest that Ar-OH undergoes oxidation during PACPA formation and 
participates in Schiff base reactions with -NH2, facilitating crosslinking 
polymerization [43]. Furthermore, XPS analysis confirmed that ACPA 
polymerization was primarily achieved through catechol-amine chemi
cal crosslinking, mainly involving Michael addition and Schiff base re
actions between the amine and catechol groups of ACPA [44] (Fig. S2).

Considering the critical role of chemical robustness in maintaining 
the enduring biological functionality of the coatings [45,46], we eval
uated the stability of PACPA coatings under extreme conditions (pH 2, 
pH 13, and H2O2 0.3 % (w/w)). As shown in Fig. 2I, after exposure to 
these extreme conditions, the PACPA-coated 316L SS exhibited no 
noticeable changes in color and morphology, indicating that the coat
ings remained firmly adherent to the substrate without damage or 
peeling. The consistent surface roughness further supported this result 
(Fig. 2J). Moreover, the OD480-values of the immersion solutions 

Fig. 2. Synthesis of ACPA and preparation and characterization of PACPA coatings. (A) Chemical structure of ACPA. (B) 1H NMR spectrum of ACPA. (C) FTIR spectra 
of HCA, PA, PAm, and ACPA. (D) Schematic representation of ACPA forming a PACPA coating on a substrate through phenol-polyamine synergy. (E) Macroscopic 
images and SEM micrographs of 316L SS before and after PACPA coating. (F) Time-dependent variation in PACPA coating thickness on the substrate surface. (G) 
Surface amine group density on 316L SS, PDA, and PACPA coatings. (H) FTIR spectra of ACPA before and after polymerization (PACPA). (I) Macroscopic images and 
SEM micrographs of PACPA coatings before and after 24 h exposure to harsh environments (pH 2, pH 13, and H2O2, 0.3 % (w/w)). (J) Surface roughness of PACPA 
coatings before and after 24 h treatment in harsh environments. (K) The OD values (480 nm) of the solutions containing PACPA-coated 316L SS after 24 h of exposure 
to harsh environments (pH 2, pH 13, and H2O2 0.3 % (w/w)). (L) The film thickness and (M) atomic compositions (%) of PACPA coatings before and after 24 h 
exposure to harsh environments (pH 2, pH 13, and H2O2 0.3 % (w/w)). High-resolution spectra of C1s (N), N1s (O), and O1s (P) of PACPA coatings before and after 
treatment in harsh environments. One-way ANOVA followed by Tukey’s multiple comparison test was performed to determine the p-values as indicated, and p < 0.05 
suggests a significant difference. “N.A” indicates no significant differences between groups. All error bars represent the mean ± SD (n = 4).
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remained unchanged (Fig. 2K), demonstrating that the PACPA coating 
did not dissolve or degrade [30]. Similarly, the film thickness of the 
coating remained consistent before and after treatment (Fig. 2L), con
firming the preservation of the structural integrity. Notably, XPS anal
ysis revealed no significant changes in the elemental content or chemical 
composition of the PACPA coatings before and after exposure to extreme 
conditions, further validating their exceptional chemical robustness 
(Fig. 2M–P and S3). These findings strongly support the excellent 
chemical robustness of PACPA coatings under harsh chemical environ
ments, which is crucial for maintaining long-term biomolecular activity.

3.2. Fabrication of endothelium-mimicking antithrombotic surfaces

The long-term and highly effective antithrombotic performance of 
blood-contacting device surfaces is strongly influenced by the grafting 
type, density, and stable anchorage of biomolecules [39]. By leveraging 
the abundant alkynyl and amine groups in the PACPA coating, the 
grafting efficiency and biological effects of NO-generating enzyme 
(N3-DOTA-Cu) and heparin were systematically investigated (Fig. 3A). 
First, the EPR spectrum of N3-DOTA-Cu displayed a signal in the range of 
3490-3430 mT, confirming the successful chelation of Cu2+ to N3-DOTA 
[47] (Fig. S4). Subsequently, real-time QCM-D monitoring of mass 
changes during the grafting process showed that N3-DOTA-Cu was 

Fig. 3. Preparation and characterization of endothelium-mimicking surfaces. (A) Schematic representation of sequential grafting of N3-DOTA-Cu and heparin onto 
the PACPA surface. Real-time QCM-D monitoring of grafting mass for (B) N3-DOTA-Cu and (C) heparin. (D) FTIR spectra of PACPA, DOTA-Cu, Hep, and Hep&DOTA- 
Cu surfaces. (E) Cu and S content (%) on 316L SS, PACPA, DOTA-Cu, Hep, and Hep&DOTA-Cu surfaces. (F) Film thickness and (G) WCA of PACPA, DOTA-Cu, Hep, 
and Hep&DOTA-Cu surfaces. (H) Anti-FIIa activity and (I) anti-FXa activity on the surfaces of 316L SS, PACPA, DOTA-Cu, Hep, and Hep&DOTA-Cu surfaces, along 
with APTT values (J). (K) Catalytic NO release rate from the Hep&DOTA-Cu coating at 37 ◦C in PBS. One-way ANOVA followed by Tukey’s multiple comparison test 
was performed to determine the p-values as indicated, and p < 0.05 suggests a significant difference. “N.A” indicates no significant differences between groups. All 
error bars represent the mean ± SD (n = 4).
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rapidly immobilized onto the surface, achieving a grafting density of 
463 ng cm− 2 within 2 h (Fig. 3B). In the subsequent heparin grafting, the 
PACPA coating demonstrated high-efficiency heparin immobilization, 
maintaining an effective surface density of 445 ng cm− 2 even after 
rinsing with PBS (Fig. 3C).

FTIR and XPS analyses were performed to further investigate the 
chemical structure and composition of the coating. FTIR spectra 
revealed the disappearance of the -C ≡ C- absorption peak in PACPA 
after N3-DOTA-Cu immobilization, accompanied by the emergence of a 
characteristic triazole ring. This confirms that the azide and alkynyl 

Fig. 4. Evaluation of the antithrombotic properties of endothelial-mimicking surfaces. (A) Adsorbed mass of Fg, HSA, and IgG on PACPA, DOTA-Cu, Hep, and 
Hep&DOTA-Cu surfaces. (B) Representative SEM images of platelets adhered to different surfaces. (C) Quantitative analysis of cGMP, (D) platelet adhesion and (E) 
activation (%) after 30 min incubation on different surfaces. (F) Schematic diagram of the New Zealand white rabbit arteriovenous shunt model. (G) Cross-sectional 
images and photographs of thrombi formed on the surfaces of different samples after 2 h of exposure to anticoagulant-free blood flow. (H) Quantitative evaluation of 
thrombus weight, (I) occlusion (%), and (J) blood flow rate (%) on different surfaces. (K) Representative SEM images of different surfaces after 2 h of blood cir
culation. One-way ANOVA followed by Tukey’s multiple comparison test was performed to determine the p-values as indicated, and p < 0.05 suggests a significant 
difference. “N.A.” indicates no significant differences between groups. All error bars represent the mean ± SD (n = 4).
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groups underwent a highly efficient and specific click chemistry reac
tion, successfully anchoring N3-DOTA-Cu onto the PACPA surface [48] 
(Fig. 3D). After sequential heparin grafting, characteristic FTIR peaks of 
heparin (-NHSO3

- , -C-O-C-, and -CH2SO3
− at 1,224, 1,169, and 1025 cm− 1 

[49,50], respectively) and enhanced amide I and II bands (1640 cm− 1 

and 1540 cm− 1) were observed, indicating successful heparin immobi
lization through condensation reactions with PACPA.

XPS analysis revealed the presence of characteristic Cu and S signals 
on Hep&DOTA-Cu surface (Fig, 3E and Table S1), further confirming the 
successful co-immobilization of N3-DOTA-Cu and heparin. Additionally, 
the incorporation of these biomolecules increased the coating thickness, 
indicating that the PACPA surface was completely covered by the NO- 
generating enzyme and heparin (Fig. 3F). Notably, the abundant hy
drophilic groups (sulfonic and carboxylic acid groups) in heparin 
significantly reduced the WCA on the Hep-PACPA surface to 23.6 ± 2◦

(Fig. 3G), demonstrating the enhanced wettability of the Hep- 
functionalized surface. This improved wettability promises better 
blood compatibility and reduces the adsorption of plasma proteins [51], 
making the surface highly suitable for blood-contacting devices 
(Fig. S5). Furthermore, compared to 316 SS, PACPA, and DOTA-Cu, the 
Hep-functionalized surface (Hep and Hep&DOTA-Cu) significantly 
reduced the activation of FIIa and FXa (Fig. 3H and I), and prolonged the 
APTT by over 90 s (Fig. 3J), a change with clinical significance [52]. 
Importantly, the Hep&DOTA-Cu surface exhibited efficient NO release, 
with a release rate of 4.2 × 10− 10 mol cm− 2 min− 1 (Fig. 4K), comparable 
to the natural NO release rate of endothelial cells (0.5–4 × 10− 10 mol 
cm− 2 min− 1) and remained unaffected by the subsequent grafting of 
biomolecules [53]. These results demonstrate that the N3-DOTA-Cu and 
heparin were successfully co-grafted onto blood-contacting surfaces via 
distinct reaction mechanisms, resulting in effective antithrombogenic 
performance.

3.3. Antithrombotic properties of endothelial-mimicking surfaces

The rapid adsorption of plasma proteins onto the surfaces of blood- 
contacting devices, resulting in platelet adhesion and activation, is a 
key initiating event in thrombosis [54]. To evaluate the anti-fouling and 
platelet-resistant properties of the endothelial-mimicking surfaces, the 
adsorption of Fg, HSA, and IgG on different surfaces was quantified. As 
shown in Fig. 4A, PACPA and DOTA-Cu surfaces exhibited relatively 
high protein adsorption levels (Fg: 955.15 ± 84.12 ng cm− 2 vs. 844.42 
± 57.79 ng cm− 2; HSA: 524.28 ± 32.17 ng cm− 2 vs. 518.88 ± 24.41 ng 
cm− 2; IgG: 426.67 ± 33.54 ng cm− 2 vs. 365.25 ± 15.45 ng cm− 2). In 
contrast, the Hep and Hep&DOTA-Cu surfaces significantly reduced 
protein adsorption (Fg: 265.13 ± 63.78 ng cm− 2 vs. 196.85 ± 60.10 ng 
cm− 2; HSA: 139.40 ± 11.71 ng cm− 2 vs. 86.75 ± 8.06 ng cm− 2; IgG: 82.4 
± 4.15 ng cm− 2 vs. 86.82 ± 2.95 ng cm− 2). Notably, no significant dif
ference in protein adsorption was observed between Hep and 
Hep&DOTA-Cu groups. This reduction in protein adsorption can be 
attributed to the electrostatic interactions between sulfonic acid groups 
and proteins, along with the enhanced hydrophilicity of the 
heparin-modified surface [55].

To assess platelet adhesion and activation, the surfaces were exposed 
to PRP and observed using SEM. On 316L SS and PACPA-coated sur
faces, pseudopodia extension was observed (Fig. 4B), indicating high 
degree of platelet activation [56]. In contrast, DOTA-Cu functionalized 
surfaces significantly reduced platelet adhesion, and maintained 
adhered platelets in a spherical, resting state, demonstrating its ability to 
inhibit platelet adhesion and activation. Similarly, heparin grafting 
reduced platelet adhesion and aggregation, likely due to the high hy
drophilicity and negative charge of the heparinized surface [57]. 
Moreover, the synergistic effects of NO and heparin further enhanced 
platelet inhibition. Quantitative analysis revealed that NO coatings 
significantly suppressed platelet adhesion and activation via cGMP 
pathway (Fig. 4C–E).

To explore the antithrombogenic performance of endothelial- 

mimicking surfaces in practical applications, an extracorporeal circu
lation model was established using New Zealand white rabbits (Fig. 4F). 
After 2 h of blood circulation, the lumen of 316L SS and PACPA tubes 
was completely occluded, indicating severe thrombosis. In contrast, 
DOTA-Cu, Hep and Hep&DOTA-Cu surfaces showed minimal thrombus 
coverage (Fig. 4G). Quantitative analysis further confirmed that the 
synergistic effect of DOTA-Cu and heparin (Hep&DOTA-Cu) signifi
cantly enhanced antithrombogenic performance compared to 316L SS, 
as evidenced by a markedly lower thrombus weight (32.61 ± 1.42 mg 
vs. 2.23 ± 0.53 mg, Fig. 4H) and occlusion rate (98.5 ± 1.9 % vs. 1.02 ±
0.02 %, Fig. 4I), while maintaining the initial blood flow rate (1.24 ±
0.03 % vs. 99.24 ± 1.37 %, Fig. 4J). Representative SEM images illus
trated typical thrombus characteristics on the control group surfaces, 
including platelets and red blood cells embedded within fibrin networks 
(Fig. 4K). In contrast, Hep&DOTA-Cu surfaces exhibited minimal 
platelets and plasma proteins, effectively preventing thrombus forma
tion. These results indicate that the dual-functional endothelium- 
mimetic surface exhibits remarkable antithrombotic performance in 
vitro and in vivo.

3.4. Chemical robustness of endothelial-mimicking surfaces

Given the critical importance of stable biomolecules retention on 
blood-contacting device surfaces for ensuring long-term biological 
functionality [58,59], we further evaluated the ability of Hep&DOTA-Cu 
to securely anchor biomolecules under extreme conditions. Specifically, 
Hep&DOTA-Cu coatings were treated with HCl (pH 2), NaOH (pH 13), 
or H2O2 (0.3 % w/w) for accelerated degradation testing. Representative 
optical images and SEM micrographs demonstrated no noticeable 
changes in surface morphology before and after the treatments (Fig. 5A), 
with no variation in coating thickness or surface hydrophilicity (Fig. 5B 
and C). Moreover, the chemical composition of the coatings remained 
largely unaltered, and no reduction in surface Cu or S content was 
observed (Fig. 5D and Table S2), indicating chemical robustness. Owing 
to the chemical robustness of the coatings, the catalytic NO release 
performance also remained stable even after exposure to extreme con
ditions (Fig. 5E). Furthermore, compared to untreated coatings, the 
Hep&DOTA-Cu coatings subjected to extreme treatments exhibited no 
statistically significant changes in suppressing FIIa and FXa activities 
(Fig. 5F and G), with APTT values remaining consistently stable 
(Fig. 5H). These results demonstrate the highly chemical robustness of 
the coating and the highly preserved bioactivity of grafted biomolecules.

Subsequently, we further evaluated the anticoagulant properties of 
Hep&DOTA-Cu treated with HCl (pH 2), NaOH (pH 13), or H2O2 (0.3 % 
w/w) using anticoagulant-free whole blood. In comparison to the con
trol groups (316L SS and PACPA), the majority of blood on the 
Hep&DOTA-Cu coated surface remained fluid after 5 min at room 
temperature, regardless of the treatment (Fig. 5I). This result indicates 
that the anticoagulant functionality of the Hep&DOTA-Cu coating re
mains unchanged under extreme environmental conditions. Represen
tative SEM images showed that the control surfaces exhibited typical 
fibrin networks with entrapped activated platelets and red blood cells. In 
contrast, the Hep&DOTA-Cu coating demonstrated negligible adhesion 
of blood cells and reduced plasma proteins adsorption (Fig. 5J). These 
results demonstrate that the robust endothelium-mimicking coating 
possesses chemical stability and holds great promise for long-term 
antithrombotic performance.

3.5. Long-lasting antithrombotic properties of endothelium-mimicking 
surfaces

Enduring and superior antithrombotic performance is crucial for the 
long-term service of blood-contacting devices. To evaluate the enduring 
antithrombotic properties of the endothelium-mimicking surface, 
Hep&DOTA-Cu coatings were immersed in PBS at 37 ◦C for varying 
durations. WCA measurements confirmed that a 4-week immersion did 
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not significantly alter the WCA of the Hep&DOTA-Cu surface (Fig. 6A), 
indicating sustained hydrophilicity and effective suppression of 
nonspecific protein adsorption. Although slight reductions in surface Cu 
and S content were observed following immersion, retention levels 
remained at 85 % of their pre-immersion values (Fig. 6B), respectively, 
demonstrating chemical stability and robust biomolecule anchoring. 
Furthermore, owing to the chemical robustness of the PACPA coating, 
Hep&DOTA-Cu retained its superior NO generation capacity and coag
ulation factor inhibition. Even after 4 weeks of immersion, the catalytic 
NO release rate remained as high as 88 % (Fig. 6C), while anti-FIIa and 
-FXa activity retention rates exceeded 86 % (Fig. 6D).

To further validate the long-term antithrombotic performance of 
Hep&DOTA-Cu, ex vivo circulation experiments were conducted. After 2 
h of blood circulation, severe thrombosis was observed on the control 
surfaces (316L SS and PACPA), whereas Hep&DOTA-Cu-coated 316L SS 
exhibited almost no thrombosis, even after 4 weeks of immersion 
(Fig. 6E). Quantitative analysis revealed that Hep&DOTA-Cu signifi
cantly reduced thrombus weight (Fig. 6F), and occlusion rate (Fig. 6G), 
with the blood flow rates maintaining over 95 % (Fig. 6H). Represen
tative SEM images further demonstrated minimal blood cell adhesion on 
the Hep&DOTA-Cu surface, both before and after immersion, in stark 
contrast to the control surfaces (Fig. 6I). These results confirm that the 

endothelium-mimicking coating maintains long-lasting antithrombo
genic efficacy, thereby meeting the critical requirements for long-term 
functionality in blood-contacting medical devices/materials.

4. Conclusions

In this study, we developed endothelium-mimicking coatings with 
enduring and superior antithrombotic properties using dual-biomimetic 
surface chemistry strategies. The long-acting endothelium-mimicking 
antithrombotic coatings, which were firstly pre-coated by a chemically 
robust coating using a Mefp-5 mimic bearing amine, phenolic hydroxyl 
and clickable alkynyl groups, followed by sequential co-immobilization 
of heparin and clickable NO-generating enzyme (N3-DOTA-Cu) via 
carbodiimide and click chemistry, respectively. Owing to the excep
tional chemical stability of the pre-coatings and the robust covalent 
anchoring of target molecules, the endothelium-mimicking coatings we 
developed demonstrated a high heparin bioactivity retention rate of 86 
% and NO catalytic efficiency of 88 % after 4 weeks of PBS treatment. 
Consequently, the coatings showed enduring and superior anti- 
coagulant and anti-platelet properties in vitro and non-thrombogenic 
properties in vivo, similar to natural endothelium. We believe that this 
endothelium-mimicking antithrombotic coating represents a promising 

Fig. 5. Evaluation of the chemical robustness of endothelial-mimicking surfaces. (A) Surface photographs and SEM images of Hep&DOTA-Cu coatings before and 
after 24 h exposure to extreme conditions, including HCl (pH 2), NaOH (pH 13), and H2O2 (0.3 % w/w). (B) Film thickness, (C) WCA, and (D) changes in char
acteristic elements Cu and S of Hep&DOTA-Cu before and after treatment. (E) NO-generation rate, (F) Anti-FIIa, (G) Anti-FXa activities, and (H) APTT values of 
Hep&DOTA-Cu coatings before and after treatment under extreme conditions. (I) Macroscopic photographs and (J) SEM images of rabbit whole blood after 5 min of 
static contact with different material surfaces. One-way ANOVA followed by Tukey’s multiple comparison test was performed to determine the p-values as indicated, 
and p < 0.05 suggests a significant difference. “N.A.” indicates no significant differences between groups. All error bars represent the mean ± SD (n = 4).
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functional platform for addressing antithrombotic challenges in blood- 
contacting devices.
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