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A B S T R A C T

During interventional surgeries of implantable cardiovascular devices in addressing cardiovascular diseases 
(CVD), the inevitable tissue damage will trigger host inflammation and vascular lumen injury, leading to delayed 
re-endothelization and intimal hyperplasia. Endowing cardiovascular implants with anti-inflammatory and 
endothelialization functions is conducive to the target site, offering significant tissue repair and regeneration 
benefits. Herein, inspired by the snake’s molting process, a ShedWise device was developed by using the poly 
(propylene fumarate) polyurethane (PPFU) as the foundational material, which was clicked with hyperbranched 
polylysine (HBPL) and followed by conjugation with pro-endothelial functional Arg-Glu-Asp-Val peptide (REDV), 
and finally coated with a “self-sacrificing” layer having reactive oxygen species (ROS)-scavenging ability and 
degradability. During the acute inflammation in the initial stage of implantation, the ROS-responsive hyper-
branched poly(acrylate-capped thioketone-containing ethylene glycol (HBPAK) coating effectively modulated 
the level of environmental inflammation and resisted initial protein adsorption, showcasing robust tissue pro-
tection. As the coating gradually “sacrificed”, the exposed hyperbranched HBPL-REDV layer recruited specif-
ically endothelial cells and promoted surface endothelialization. In a rat vascular injury model, the ShedWise 
demonstrated remarkable efficiency in reducing vascular restenosis, protecting the injured tissue, and fostering 
re-endothelization of the target site. This innovative design will introduce a novel strategy for surface engi-
neering of cardiovascular implants and other medical devices.

1. Introduction

Cardiovascular disease (CVD) has become the leading cause of death 
worldwide [1–3]. To address cardiovascular diseases and their associ-
ated organ and tissue pathologies, various types of implantable cardio-
vascular devices such as artificial heart valves, vascular stents, 
ventricular assist devices, and catheters are widely utilized [4–8]. 
However, all interventional surgical procedures would inevitably cause 
vascular injury characterized by denudation of the endothelial cell layer, 
which typically serves as an effective barrier against thrombosis, lipid 

uptake, and inflammatory cell infiltration [9,10]. Nonetheless, some 
typical interventional therapies remain the gold standard for treatment. 
For example, drug-eluting stents (DES) have been implanted in millions 
of patients, effectively reducing the incidence of early in-stent restenosis 
(ISR) due to the loading of anti-proliferative drugs [11–13]. However, 
the released drugs inhibit endothelial cell growth, exacerbating the 
endothelial injuries caused by interventional surgeries, which subse-
quently leads to difficulties in achieving eventual endothelialization. 
The lack of a natural endothelial barrier increases the risk of long-term 
thrombosis, predisposing to late-stage intimal hyperplasia [14–16].
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In the case of vascular stent implantation, the initial disturbance of 
blood flow leads to complex spatiotemporal changes in shear stress, 
resulting in increased thrombogenicity and alterations in endothelial 
phenotype from quiescent to inflammatory. This promotes inflamma-
tory cell migration and escalates oxidative stress significantly, leading to 
tissue and cellular damage [17–19]. The acute inflammatory response 
interacts with the coagulation response, exacerbating each other [20]. 
Due to the unmitigated adverse microenvironment resulting from early 
lipid uptake and inflammatory cell migration, the disturbed vascular cell 
behaviors foster late-stage stent thrombosis and the progression of 
atherosclerosis [21,22].

Given the close association between inflammation and excessive 
production of reactive oxygen species (ROS) at the intervention site, the 
use of antioxidants to eliminate ROS emerges as a promising approach to 
regulate the vascular pathological microenvironment [23,24]. However, 
excessive antioxidant therapy may deplete the appropriate levels of 
inflammation and ROS, unfavorably affecting normal endothelial repair 
and vascular remodeling. Encouragingly, an increasing number of re-
searchers suggest that ROS-responsive strategies can mitigate excessive 
pathological ROS production while preserving physiological ROS levels, 
achieving an adaptive regulation of the inflammatory environment 
[25–28].

Inspired by the snake’s remarkable molting process, ShedWise is 
endowed with a self-adaptive, self-sacrificing coating designed to pro-
vide early-stage protection and foster regeneration in the later stage. The 
name “ShedWise” reflects the intelligent design of the coating, drawing 
a direct parallel to the snake’s natural ability to shed its outer layer as a 
defense and renewal mechanism. Its efficacy in protection in the earlier 
stage and promotion of endothelialization in the late stage is demon-
strated in vitro and in vivo. The ShedWise utilizes an unsaturated and 
degradable polyurethane (PPFU) as a substrate, which is synthesized 

from poly(propylene fumarate) (PPF) diol and hexane diisocyanate 
(HDI) with the ease of modification, biodegradability and desired me-
chanical properties [29]. A pro-endothelial functional layer is con-
structed by covalent grafting of hyperbranched polylysine (HBPL) via 
Michael addition, followed by conjugation with pro-endothelial func-
tional Arg-Glu-Asp-Val peptide (REDV). A ROS-responsive poly(acryl-
ate-capped thioketone-containing ethylene glycol (HBPAK) containing 
multiple thioketal (TK) linkages is then used to create the top “self--
sacrificing” hydrogel coating. The “self-sacrificing” layer scavenges ROS 
primarily through the TK linkages in HBPAK. These TK linkages are 
highly sensitive to various types of ROS such as O2

− and H2O2, even at 
low concentrations (e.g., 100 μM H2O2), whereas stay stable to acid-, 
base- and protease-catalyzed degradation, ensuring stability in other 
physiological processes [30–33]. Upon exposure to ROS, the TK bonds 
undergo redox reactions, generating sulfhydryl and acetone as the 
byproducts. This reaction not only scavenges ROS but also causes the 
degradation of the HBPAK-based “self-sacrificing” layer. During the 
acute inflammation phase in the early implantation stage, the outermost 
gel coating resists initial protein adsorption and regulates environ-
mental inflammatory level through its hydrophilicity, and 
ROS-scavenging and degradation nature, thereby protecting tissues and 
establishing the groundwork for subsequent endothelialization. As the 
coating gradually “sacrifices”, the specific pro-endothelial layer of 
HBPL-REDV comes into play, promoting the formation of a natural 
endothelial barrier. Hence, the cascade process of “protecting-sacrifi-
cing-pro-endothelialization” is accomplished by our ShedWise (Scheme 
1). The performance of ShedWise is demonstrated in vitro and in vivo. 
The current design not only provides a novel strategy for surface engi-
neering of cardiovascular devices, but also is applicable to other devices 
necessitating anti-inflammation and tissue regeneration.

Scheme 1. Schematic illustration of vascular injury repaired by the “multi-in-one” device of ShedWise. A hyperbranched poly(acrylate-capped thioketone-con-
taining ethylene glycol (HBPAK) is introduced to modulate environmental inflammation and resist initial protein adsorption. As the coating gradually “sacrifices” due 
to the reaction with environmental ROS, the exposed hyperbranched poly-lysine/Arg-Glu-Asp-Val peptide (HBPL-REDV) layer promotes surface endothelialization, 
forming a natural endothelial barrier. This composite cardiovascular implant coating efficiently takes an anti-inflammatory role and facilitates the re- 
endothelialization process of the injured vascular tissue.
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2. Results and discussion

2.1. Construction and characterization of ShedWise

The ShedWise was constructed following the steps shown in Fig. 1a 
by using HBPL, Cys-Arg-Glu-Asp-Val peptide (REDV-SH), methacrylated 
hyaluronic acid (HAMA), and HBPAK (Figures S1-3). Along with the 
increase in HBPL concentration, the grafting density of HBPL on PPFU 
increased to 6.1 × 10− 8 mol/cm2 until 75 mg/mL, and then decreased at 
a still higher concentration (Fig. S4a). The water contact angle (WCA) of 
PPFU declined from 88.3 ± 5.0◦ to 63.7 ± 2.5◦ after HBPL grafting 
regardless of its concentration (Fig. S4b), revealing the more hydrophilic 
nature of PF-HB. The WCA is governed mainly by the very superficial 
layer of substrate, which explains the independence of the grafting 
amount of HBPL. Therefore, 75 mg/mL of HBPL was chosen in the next 
study.

The successful HBPL grafting was also confirmed by X-ray photo-
electron spectroscopy (XPS) (Fig. 1b and c) and attenuated total 
reflection Fourier-transform infrared (ATR-FTIR) spectroscopy 
(Fig. S4c) according to the appearance of -NH2 peak at 401 eV, and 

enhanced C-H stretching vibration at 2972 cm− 1 and carbonyl peak at 
1721 cm− 1. By using a silicon wafer as the substrate, the thickness of the 
grafted HBPL layer was examined to be 5.8 nm by ellipsometry (Fig. 1d).

Next, the PF-HB surface was grafted with sulfhydryl-containing 
REDV-SH peptide via the -SH and -NH2 condensation reaction under 
succinimidyl 4-[N-maleimidomethyl] cyclohexane-1 carboxylate 
(SMCC) catalyzation to obtain the PF-H/R. The grafting amount of 
REDV-SH was measured as 233.4 ng/cm2 by a quartz crystal microbal-
ance with dissipation (QCM-D) (Fig. 1e).

On the PF-H/R substrate, the self-sacrificing coating was constructed 
through a classical interface interpenetrating strategy [34,35]. The hy-
drophilic HBPL functions as a mediator to help the pre-gel solution 
spread and diffuse into the substrate, forming a robust hydrogel coating 
eventually. Here, the bonding mechanism relied on the interpenetration 
of the gel network into the functionalized substrate. The hydrophilicity 
imparted by HBPL and REDV-SH modification facilitated the swelling of 
the polymer substrate. Benzophenone (BP) enhanced this effect, loos-
ening the interface layer and allowing partial gel network infiltration. 
This formed a robust double-mesh anchoring structure, ensuring strong 
adhesion between the hydrogel and substrate. Along with the increase in 

Fig. 1. Construction and characterization of ShedWise. (a) Schematic illustration of the preparation process of ShedWise. The poly(propylene fumarate) poly-
urethane (PPFU) with unsaturated carbon double bonds in its main chain is clicked with HBPL via Michael addition to obtain PF-HB, followed by covalent binding of 
Cys-Arg-Glu-Asp-Val peptide (REDV-SH) via -NH2 and -SH condensation under the catalyzation of succinimidyl 4-[N-maleimidomethyl] cyclohexane-1 carboxylate 
(SMCC) to obtain PF-H/R. HBPAK and methacrylated hyaluronic acid (HAMA) solution is then coated onto the PF-H/R surface, followed by UV-irradiation to obtain 
the final ShedWise product. N 1s core-level XPS spectra of PPFU membrane before (b) and after (c) HBPL grafting. (d) Changes in sample thickness before and after 
HBPL grafting measured by ellipsometer (Si@PPFU refers to silicon wafer spin-coated by PPFU on the surface) (n = 3). (e) QCM-D curve showing the grafting mass of 
REDV-SH peptide along with time prolongation. (f) UV absorption of H2O2/KI solutions being treated by coatings with different HBPAK concentrations at 0, 1 %, 5 %, 
10 % and 20 % (m/v). (g) Representative image of the side view and top view of ShedWise by SEM. (h) Clearance of DPPH (200 μM) by ShedWise (d = 10 mm) along 
with time prolongation (n = 3).
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HBPAK concentration, the elimination rate of 10 μM H2O2 also increased 
gradually (Fig. 1f).

Through preliminary optimization experiments, we found that 5 % 
(m/v) of HBPAK provided a consistent and stable coating, with sufficient 
antioxidative capacity to modulate the inflammatory environment while 
maintaining the reproducibility of the preparation process. Therefore, 5 
% (m/v) of HBPAK was chosen to prepare the ShedWise. The thickness 
of the hydrogel layer was estimated as 10.2 μm by the cross-section 
scanning electron microscopy (SEM) image (Fig. 1g), where the crack- 
like pattern on the top view image attests to the formation of a self- 
sacrificing coating, akin to the hydrogel coatings demonstrated in pre-
vious studies [36,37]. Moreover, the ShedWise constructed from fluo-
rescein isothiocyanate (FITC)-labeled HBPAK showed the fluorescence 
emission peaking at 530 nm (Fig. S5a), substantiating the existence of 
hydrogel coating. The measured thickness of 7.9 ± 3.8 μm (Fig. S5b) is 
comparable to the coatings found on drug-eluting stents (DES) in com-
mercial applications [38].

Furthermore, the surface atom analysis for every step of the con-
struction was determined by XPS (Table 1). The PF-RE served as a 
control group, where REDV-SH was directly fixed to the PPFU surface 
through a click reaction. The changes in surface elemental compositions 
are well aligned with the reaction mechanisms. Specifically, the signif-
icant increase in N content (6.59 at%) and the higher N/C ratio (9.35 %) 
in PF-HB reflect the introduction of HBPL, which is rich in amino groups. 
After conjugation with the REDV-SH peptide, the N content (6.26 at%) 
and N/C ratio (8.91 %) remain high, indicating the retention of hyper-
branched structures. The notable increase in sulfur content (0.95 at%) 
and S/C ratio (1.35 %) confirms the effective incorporation of the sulfur- 
contained REDV-SH peptide. Following the application of the “self- 
sacrificing” coating, the N content decreases to 2.35 at%, while the S 
content remains at 0.91 at%, suggesting the stable presence of ROS- 
scavenging HBPAK moieties containing sulfur.

The adhesion of the self-sacrificing coating was determined using a 
90-degree peel test, yielding an adhesion energy of 13.4 J/m2 (Fig. S5c). 
This result aligns with the expected properties of hydrogel coatings that 
achieve substrate bonding through an interface interpenetrating strat-
egy [37,39]. The anti-oxidation property of ShedWise was demonstrated 
by a 1,1-diphenyl-2-picryhydrazyl (DPPH) assay (Fig. 1h). Along with 
time prolongation, the purple color of the DPPH solution gradually 
faded. After 240 min, 65.1 ± 3.7 % DPPH was scavenged by a 10 mm 
diameter sample of ShedWise. In contrast, the PF-H/R group maintained 
a distinct residual color under the same reaction condition (Fig. S5d).

2.2. Degradation behaviors of the self-sacrificing coating

As demonstrated by previous studies on intravascular stent coatings, 
achieving a controlled degradation profile is essential for maintaining 
vascular functionality during repair [40–42]. The ShedWise coating 
aligns with this principle by employing a self-sacrificing layer, which 
can eliminate ROS and is simultaneously decomposed under oxidative 
stress as demonstrated by static and dynamic simulative experiments in 
vitro. The decomposition of one thioketal linkage in HBPAK results in a 
bimolecular sulfhydryl compound and one acetone. Fig. S5e shows that 
under static oxidative conditions, the acetone concentration increased 
over time, indicating gradual coating degradation, the curves reached a 

platform at 36 h and 48 h for the coating with 5 % and 10 % HBPAK, 
respectively. As expected, a higher concentration of HBPAK also 
generated a larger amount of acetone.

Under the simulated oxidative circulation condition, the dynamic 
degradation process was demonstrated (Fig. 2). Cracks appeared on the 
hydrogel coating at 12 h, which developed into multiple and larger ones, 
resulting in the ultimate disintegration of the whole coating (Fig. 2a). 
Quantitative analysis in Fig. 2b revealed that the ShedWise had a higher 
slope of degradation at first 120 h, which was slowed down until equi-
librium was reached at 200 h. By contrast, the degradation rate of non- 
responsive PEGDA/HAMA coating remained below 20 %, which should 
be mainly caused by the hydrolysis of the acrylate structure. In sum-
mary, under simulated oxidative stress the self-sacrificing coating was 
completely degraded at 8 d, which aligns with the ROS dynamics 
observed in vascular injury models, where ROS peaks on day 1 and then 
decreases by day 3 and day 7 [43]. This design ensures sufficient anti-
oxidant protection during the ROS-active period and timely degrada-
tion. Previous studies also demonstrate that HAMA hydrogels without 
HBPAK show minimal degradation in 250 mM H2O2, while introducing 
HBPAK leads to significant mass loss (over 60 % in 10 days). This 
highlights the role of HBPAK in promoting degradation under oxidative 
conditions. Additionally, hydrogels with HBPAK degrade much slower 
in PBS compared to H2O2, indicating that ROS significantly influence its 
degradation rate [44]. These findings support the tunability of coating 
degradation via HBPAK ratio and ROS levels. Therefore, the premature 
depletion of the top hydrogel coating and early exposure of the 
pro-endothelial layer under high inflammation can be mitigated by 
adjusting the HBPAK concentration to prolong the degradation process. 
This adjustment provides effective protection against excessive ROS and 
delays the functional layer exposure during the inflammatory peak, 
ensuring the top coating maintains its anti-inflammatory properties 
while allowing controlled exposure of the pro-endothelial layer.

To address the varying activities of different ROS, we conducted 
additional experiments using activated neutrophils to simulate the ROS- 
rich environment following vascular injury [45]. Neutrophils isolated 
from the peripheral blood of C57 mice were stimulated with phorbol 
12-myristate 13-acetate (PMA) to produce reactive oxygen species 
(ROS) via nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dase, mimicking the early inflammatory response. As shown in Fig. S6, 
noticeable pores and fractures appeared in the coating after 24 h, indi-
cating ROS-responsive degradation. By 48 h, interconnected pores and 
extensive degradation were observed, demonstrating the adaptive de-
gradability of our sacrificial coating in response to diverse ROS 
environments.

To verify the retention of pro-endothelial layer structure after 
degradation of the self-sacrificing coating, the ATR spectra of ShedWise, 
PF-H/R, and ShedWise post-degradation were compared (Fig. S7a). The 
ester carbonyl peak of HBPAK at 1734 cm− 1 shifted to a lower wave-
number (1720 cm− 1) after degradation, indicating the changes in the 
carbonyl environment, while the peak at 1100 cm− 1 corresponding to C- 
O-C stretching vibration disappeared. A new peak at 1647 cm− 1 (-CO- 
NH-) was detected in both PF-H/R and ShedWise post-degradation 
group, suggesting a similar surface structure. SEM characterization 
showed increased nitrogen content post-degradation (Fig. S7b), which 
was consistent with the XPS results, demonstrating the retention of the 
pro-endothelial functional layer after degradation of the sacrificing 
layer.

2.3. Hemocompatibility of ShedWise

Implantable cardiovascular devices always contact the complicated 
blood environment directly, where their surface takes the major role 
concerning hemocompatibility. The modification strategy here aims not 
only to minimize blood component destruction and potential impact on 
the coagulation process, but also to enhance the crucial anti-adhesion 
activity. A comprehensive evaluation of ShedWise was thus 

Table 1 
Surface atom analysis of different groups measured by XPS.

Groups Surface composition (at%) Element ratio

C N O S N/C × 100% S/C × 100%

PPFU 64.79 2.03 33.18 / 3.13 /
PF-HB 70.45 6.59 22.96 / 9.35 /
PF-RE 66.74 4.42 28.72 0.12 6.62 0.18
PF-H/R 70.24 6.26 22.55 0.95 8.91 1.35
ShedWise 65.13 2.35 31.60 0.91 3.61 1.40
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implemented in terms of erythrocyte-related hemocompatibility, blood 
clotting, and anti-platelet adhesion.

The extent of erythrocyte damage caused by blood-contacting bio-
materials can be inferred from a higher hemolysis ratio. Here, the he-
molysis ratios remained at critically low values of 0.16 ± 0.15 % 
(PPFU), 0.72 ± 0.20 % (PF-H/R), and 0.25 ± 0.14 % (ShedWise) as 

shown in Fig. 3a. The slightly higher ratio of the PF-H/R group is likely 
attributed to the interaction between the positively charged HBPL 
molecules and the negatively charged phospholipids on the erythrocyte 
membrane. Nonetheless, the hemolysis ratios are all far below the 
accepted threshold of 5 % for blood-contacting materials.

To investigate the effect of the modified coatings on the surrounding 

Fig. 2. Degradation behavior of the self-sacrificing coating. (a) Representative surface SEM images of ShedWise at different degradation time (0, 12, 24 and 72 h). (b) 
The degradation rate of self-sacrificing coating (5 % of HBPAK with 1 % of HAMA, m/v) and PEGDA/HAMA coating along with time prolongation (n = 3).

Fig. 3. Hemocompatibility of ShedWise. (a) Red blood cell hemolysis ratio of different groups (n = 5). Clotting time for different groups in (b) APTT, (c) TT, and (d) 
PT tests (n = 3). (e) Representative SEM images of samples after platelet adhesion. (f) Quantitative platelet adhesion results by LDH assay (n = 3). #p < 0.05 and 
##p < 0.01 versus the Plasma group; *p < 0.05, **p < 0.01 and ***p < 0.001; ns = no significant difference.
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blood coagulation cascade, activated partial thromboplastin time 
(APTT), prothrombin time (PT), and thrombin time (TT) were tested 
(Fig. 3b–d), respectively. Compared to those of PPFU, the APTT and TT 
of PF-H/R and ShedWise groups were significantly prolonged, whereas 
there was no significant difference in PT among all groups. These results 
showcase that the intrinsic and final common pathways in the coagu-
lation cascade are prohibited, while the extrinsic pathway is not affected 
strongly. A more significant prolongation of ShedWise can be attributed 
to the restricted adhesion of necessary clotting factors for thrombin 
generation and fibrin clot formation onto the HBPAK-containing top 
coating, which is rich in PEG segments. The PEG-based coating mini-
mizes protein adhesion and passively reduces the availability of clotting 
factors, thereby interfering with the enzymatic cascade required for 
coagulation [46]. It is worth mentioning that, compared to the original 
PPFU, the ultimate indices of the PF-H/R and ShedWise were almost the 
same as those of the plasma group, suggesting that the coagulation 
process will not be influenced after the coating formation.

The anti-adhesion property was assessed by exposing samples to 
platelet-rich plasma (PRP). The quantity and activation level of adhered 
platelets on the sample surfaces were examined using SEM (Fig. 3e) and 

lactate dehydrogenase (LDH) assay (Fig. 3f). The PPFU surface was 
covered by numerous irregularly shaped platelets with pseudopods 
extending. Conversely, the PF-H/R displayed a marginal decrease in 
adhered platelets count, attributable to the integration of hydrophilic 
HBPL. To some extent, this property imparts resistance against unspe-
cific protein adsorption by selectively binding to plasminogen present in 
the plasma, thereby facilitating thrombus dissolution [47,48]. By sharp 
contrast, the adhesion of platelets was substantially decreased on 
ShedWise. Their morphology remained in the disk shape as more clearly 
shown in the higher magnification image, suggesting that the platelets 
were inactive due to the hydrophilic nature of the HBPAK-based coating. 
Consistent with this observation, a significantly higher optical density 
(OD) value was observed on PPFU (0.53 ± 0.06) and PF-H/R (0.40 ±
0.02) compared to ShedWise (0.24 ± 0.00) (Fig. 3f), demonstrating 
again that ShedWise can significantly reduce the platelet adhesion.

2.4. Cell protection capacity and anti-inflammatory efficacies in vitro

Cell survival is the prerequisite for a series of subsequent physio-
logical activities. However, the excessive ROS environment could bring 

Fig. 4. Cell behaviors with different coatings in vitro. Viability of (a) SMC and (b) HUVEC on the sample surfaces under an oxidative environment (n = 3). The 
oxidative environment was established by adding H2O2 to the medium which had been co-cultured with cells for 24 h, achieving a final concentration of 0.2 mM, and 
lasting for 3 h “Control” refers to cells seeded on PPFU films without H2O2 treatment. (c) Mean fluorescence intensity (MFI) of HUVEC on different samples quantified 
from images in Fig. S12, showing the relative oxidative stress levels (n = 3). (d) Representative images of HUVEC adhesion on the ShedWise being treated with 0.2 
mM H2O2 for 0, 12, 24,72, and 120 h, respectively. (e) HUVEC area on the ShedWise along with prolongation of H2O2-treatment time (n = 3). (f) Fluorescence images 
of co-cultured HUVEC (green) and SMC (red) being incubated on different samples. Cells were treated with 0.1 mM H2O2 for 12 h before co-culturing on the sterilized 
samples in a 24-well plate for 48 h. (g) Quantification of the cell adhesion (left Y axis) and the ratio of HUVEC/SMC (right Y axis) from images in (f), (n = 4). *p <
0.05, **p < 0.01 and ****p < 0.0001; ns = no significant difference.
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serious inflammation damage and lead to apoptosis [49,50]. To assess 
the cytocompatibility, the proliferation of human umbilical vein endo-
thelial cells (HUVEC) and smooth muscle cells (SMC) on the sample 
surfaces was pretested under a normal environment (Fig. S8), show-
casing the normal cell adhesion and proliferation on all the sample 
surfaces without apparent cytotoxicity.

Cell counting kit-8 (CCK-8) assay revealed that ShedWise signifi-
cantly enhanced the viability of SMC (Fig. 4a) and HUVEC (Fig. 4b) in an 
oxidative environment. The PF-RE and PF-H/R also significantly 
improved the viability of HUVEC. The REDV peptide is known to pro-
mote the adhesion of endothelial cells onto the matrix or among the 
cells, augmenting that the connection plays a pivotal role in sustaining a 
portion of cellular structure and functionality amidst oxidative sur-
roundings, and thereby fortifying the resistance against oxidative injury 
[51]. By contrast, the PF-HB group did not exhibit an enhanced effect on 
the viability of endothelial cells in an oxidative environment. Therefore, 
the self-sacrificing coating can meliorate the oxidative environment, 
providing a protective effect on the proliferation of endothelial cells. 
This conclusion was further supported by the live (Calcein-AM, 
green)/dead (PI, red) assay (Fig. S9), where the extensive cell damage 
caused by H2O2 oxidation in the PPFU group was significantly remitted 
in the ShedWise group.

Next, the corresponding ROS inside HUVEC being cultured on 
different substrates were quantified (Fig. 4c and Fig. S10), showing 
consistent results of cell viability. Under the existence of H2O2, the PPFU 
group had a relatively weak ability to down-regulate the intracellular 
ROS level, whereas both the PF-HB and PF-H/R could to some extent. By 
contrast, the PF-RE and ShedWise could very significantly reduce the 
intracellular ROS levels. The REDV-SH grafting plays a role in improving 
endothelial cell function. The REDV peptide can specifically bind to 
α4β1 integrin on the surface of endothelial cell membrane, so that cells 
can play an antioxidant role by secreting antioxidant enzymes such as 
superoxide dismutase and catalase and clearing ROS [52,53]. With the 
excessive ROS-scavenging ability, ShedWise can significantly alleviate 
ROS production in HUVEC, endowing the vascular cells to display better 
pro-endothelial functions in later stages.

The morphology of HUVEC adhered on different substrates was 
further compared after staining of their cytoskeleton and nucleus 
(Fig. S11). Compared to those on the PPFU surface, the HUVEC had a 
more extended shape on the PF-HB, PF-RE, and PF-H/R surfaces. Most of 
the cells were well spreading with a slender and cobblestone 
morphology, which is consistent with the previous observation [54], 
indicating that the HBPL grafting is conducive to cell adhesion and 
spreading. The REDV promoted the HUVEC adhesion and spreading to a 
larger degree. By contrast, the number of cells adhered on ShedWise was 
limited without apparent pseudopodia, due to the anti-adhesion per-
formance of the hydrophilic self-sacrificing coating.

To simulate the potential HUVEC adhesion along with the degrada-
tion of sacrificing coating, the ShedWise was pre-treated with H2O2 
solution for varying durations before cell seeding (Fig. 4d and e). There 
were extremely low HUVEC (0.12 ± 0.05 %) adhered on the surface 
without H2O2 treatment. Along with the prolongation of degradation 
time, the area of fluorescence gradually increased and reached 5.09 ±
1.26 % (corresponding to the degradation rate of nearly 80 % under 
dynamic simulated conditions in vitro) at 120 h.

These results are aligned with the anticipated cellular responses 
upon the degradation of the coating. In a normal environment, the 
coating enriched with HBPAK initially exhibits shedding behavior, 
effectively deterring protein and cell adhesion, and thereby resisting cell 
recruitment during the early stages. As the hydrogel coating gradually 
degrades under oxidative conditions, the intermediate HBPL-REDV 
layer is exposed, which then serves as a recruiter for endothelial cells. 
This process facilitates a transformation from an “anti-adhesion” to a 
“colonization-promoting” effect within the ShedWise system.

The over-proliferation of SMC leads to intimal hyperplasia. The 
presence of proliferative tissue can impede the attachment and 

expansion of new endothelial cells, thereby obstructing the process of 
endothelialization. To simulate the injured site where multiple cell types 
co-exist and to assess the regulatory effect of ShedWise on competitive 
cell adhesion, a co-culture model of HUVEC (green) and SMC (red) was 
carried out (Fig. 4f and g). Compared to the control group, SMC 
proliferated as a priority over HUVEC on PPFU. Under the H2O2 treat-
ment, cells release inflammatory mediators such as interleukin (i.e., IL- 
6, IL-8) and tumor necrosis factor (i.e., TNF-α), which contribute to the 
promotion of SMC growth [55]. After modification, both the PF-RE and 
ShedWise groups exhibited selective proliferation effects on HUVEC. 
Furthermore, the ShedWise group enhanced the adhesion of HUVEC 
than SMC significantly. Therefore, the ShedWise effectively integrates 
cell protection with selective affinity for endothelial cells.

2.5. Assessment of ShedWise in vivo

The assessment of the coating in vivo was conducted by employing an 
abdominal aorta wire injury model in rats (Fig. 5a and b, and Fig. S12a). 
The vascular injuries were subjected to treatment with PPFU, PF-HB, PF- 
RE, PF-H/R, and ShedWise, respectively. The final evaluation time was 
14 d post-surgery, because this timeframe is acknowledged as a com-
plete cycle of re-endothelialization in blood vessels [56,57].

To allow the ease of observation and quantification, ShedWise pre-
pared from cyanine5.5 NHS ester (Cy5.5)-labeled HBPAK was implanted 
in the rat’s aorta, and was taken out for assessment ex vivo along with 
time prolongation (Fig. 5c). A monotonous reduction of fluorescent in-
tensity was observed, suggesting the continuous degradation of the self- 
sacrificing coating. On day 7, the fluorescence intensity disappeared 
completely, indicating a complete “sacrifice” of the top hydrogel coating 
(Fig. 5d). This change is in good agreement with the dynamic simulated 
degradation in vitro, conveying the possibility of restoring homeostasis 
at the initial stage, and subsequent exposure of the HBPL-REDV layer for 
endothelial recovery.

During vascular injury, SMC de-differentiates from a quiescent state 
to a synthetic state, thereby enhancing their proliferation and migration 
capabilities, leading to intimal hyperplasia, which is detrimental to the 
blood flow patency and long-term vascular stability [58,59]. The intima 
hyperplasia was assessed by Masson’s trichrome staining of 
cross-sections (Fig. 5e), where the unbounded region growing from the 
intima toward the vascular lumen was identified as neointimal prolif-
eration. Evident neointimal formation was observed in the Model group, 
which was largely restricted by all the materials-implanting groups, 
suggesting that these materials function similarly to those covered stents 
in clinical applications by providing support to prevent elastic recoil and 
neointimal hyperplasia [60,61]. In particular, the tunica media of PF-HB 
and ShedWise was only thickened slightly (Fig. S12b), which is poten-
tially associated with the proliferation of cells and rebuilding of the 
matrix in the media region, leading to the repair of the damaged 
vascular structure and enhancement of its stability [62]. Quantitative 
analysis of the intima/media (I/M) ratio (Fig. 5f and Figs. S13a and b) 
reveals that the ShedWise possessed the smallest I/M ratio (0.10 ± 0.05) 
closest to the normal. Compared to the normal group’s lumen area that is 
100 %, the ShedWise group had a value of 79.7 % lumen area. A nearly 
circular tissue was observed at the center of the lumen in the PPFU group 
(Fig. 5e), which is interpreted as the intraluminal thrombus formation, 
resulting in a lower lumen patency rate. This finding is consistent with 
the in vitro hemocompatibility results. In conclusion, the ShedWise 
effectively prevents excessive intimal hyperplasia and thrombus for-
mation in vivo, thereby maintaining a better level of lumen patency close 
to that of the normal group (Fig. 5g).

Following vascular injuries, monocytes migrate toward the damaged 
sites and differentiate into macrophages, which play a crucial role in 
regulating vascular tissue regeneration through the secretion of cyto-
kines and growth factors. The inflammatory (M1) and anti- 
inflammatory (M2) phenotypes of macrophages were stained with 
CD86 and CD163 to assess their infiltration (Figure S14 and Figure S15a, 
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b), respectively. Compared to the larger number of CD86+ cells observed 
in the Model, PPFU and PF-HB groups (3.8, 2.6, and 4.6 cells per field, 
respectively), fewer ones were found in the PF-RE, PF-H/R, and Shed-
Wise groups (0.6, 0.8 and 0.6 cells per field, respectively). In the sub-
luminal areas of the treated aortas, the reduced M1 macrophages and 
elevated M2 macrophages indicate a decreased level of inflammation. 
This reduction trend is positively associated with the existence of REDV 
peptide and self-sacrificing coating in ShedWise, which is consistent 
with their stronger anti-oxidation ability in vitro.

The excessive inflammatory response at the injured site of the aorta 
will also cause an increase in inflammation levels throughout the body. 
Elisa test was conducted to evaluate the levels of inflammatory factors of 
IL-6, TNF-α, and IL-10 in rat serum after 1 d of surgery (Fig. 6a–c). The 
ShedWise demonstrated the most pronounced effect on the reduction of 
IL-6 and TNF-α, highlighting its strong ability to mitigate acute 
inflammation at the injury site. Meanwhile, both the PF-H/R and 

ShedWise upregulated the IL-10 level compared to the Model group, 
suggesting that they help regulate the immune response, reduce 
inflammation, and support the subsequent healing and recovery of the 
tissue as shown below.

The degree of fibrosis in the adventitia and surrounding tissues has 
an intrinsic relationship with the inflammatory responses after vascular 
injuries. Here, the ratio of fibrosis degree was analyzed. Fig. 5e–h shows 
that the PF-RE, PF-H/R, and ShedWise groups reduced the fibrosis 
significantly compared to the Model group, which is consistent with the 
macrophage infiltration degree. Therefore, surface modification with 
REDV peptides and the self-sacrificing coating reduces inflammation 
while simultaneously promoting vascular healing.

The final phase of the intima recovery involves the formation of a 
fully developed endoderm, resembling the original natural endothelial 
structure. Immunofluorescent staining at 14 d post-surgery (Fig. 6d) 
reveals that the coverage of endothelium in the Model group with a 

Fig. 5. Degradation behavior of the self-sacrificing coating and its effect on intimal hyperplasia in vivo. (a) Schematic illustration of wire injuries in the rat abdominal 
aorta. The membranes of different groups were implanted immediately after injuries. (b) Real-time microscopic image of the aorta in surgery. (c) Fluorescence 
intensity loss of self-sacrificing coating during 7 d degradation after implantation. The blood vessels were collected at specific time intervals after implantation, and 
were imaged ex vivo. (d) Quantification of fluorescence intensity over time. (e) Representative Masson’s trichrome staining of treated aortas at 14 d after surgery (“L” 
in each image represents lumen). Quantification of (f) ratio of intima/media, (g) lumen area, and (h) ratio of collagen fibers (n = 3). *p < 0.05, **p < 0.01, ***p <
0.001 and ****p < 0.0001; ns = no significant difference.
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value of 5.6 ± 0.9 % (Fig. 6e) was notably low. By contrast, the endo-
thelium coverage reached the highest value of 33.5 ± 2.5 % in the 
ShedWise group, demonstrating its capacity to enhance endothelium 
regeneration. The aortas treated with PF-RE and PF-H/R exhibited 
endothelium coverage of 24.7 ± 2.5 % and 21.1 ± 2.2 %, respectively. 
Meanwhile, a contrasting trend in the α-SMA positive areas was 
observed (Fig. S16a). These results suggest that the PF-H/R encourages 
endothelium regeneration, particularly when combined with the self- 
sacrificing coating. The increased degree of endothelialization can 
inhibit the migration of underlying SMC to some extent, thereby facili-
tating the subsequent formation of the endodermis.

On the other hand, the pro-endothelial functions on the materials’ 
surface facing the blood flow at 14 d were assessed by immunofluores-
cence staining of CD31 (Fig. 6f). The inner surface of ShedWise exhibited 
a relatively continuous CD31-positive area (green), closely resembling 
the structure of normal vascular endothelium compared to other groups. 
The coverage of endothelial cells (9.1 ± 0.9 %) was more complete than 
that of PF-H/R (5.4 ± 0.3 %) (Fig. S16b). Additionally, α-SMA was used 
to label SMC that migrated to the inner surface of the vascular graft. The 
ShedWise group exhibited the highest CD31/α-SMA positive area ratio 
(1.6 ± 0.4), which is 2 folds of that of the PF-H/R group (0.7 ± 0.1) 
(Figure S16c and Fig. 6g). This result highlights the importance of the 
self-sacrificing layer in suppressing SMC colonization, promoting 
endothelialization, and effectively mitigating intimal proliferation dur-
ing vascular repair.

Moreover, a multilayer scanning and 3D reconstruction of the 
ShedWise group (Fig. S17a) reveals continuous green signals, indicating 

the formation of tight junctions between the endothelial cells. No sig-
nificant increase in α-SMA expression was observed, suggesting that our 
material supports vascular repair rather than inducing an endothelial-to- 
mesenchymal transition (EndMT). SEM observation of the neointima on 
the inner surface (Fig. S17b) reveals that after 14 d of implantation, the 
ShedWise exhibited a regular surface morphology similar to that of 
natural endothelium, and possessed obvious spindle cell structure on the 
magnification images. By contrast, the surface structure of PPFU 
appeared disordered, with blood cells and protein fibers deposited on 
the surface shown in the higher magnification images.

Lastly, the lung, liver, spleen, kidney, and heart of rats were har-
vested for H&E staining to explore the possible influence of metabolites 
(Fig. S18). All the physiological structures and cell morphology of or-
gans were normal, indicating that all the groups had no toxicity and 
possessed favorable biosafety in vivo.

In summary, our ShedWise has shown positive effects on preventing 
intimal hyperplasia, modulating inflammatory environment, and pro-
moting re-endothelialization. The experimental results in vivo and in 
vitro demonstrate the efficacy of our design of ShedWise as listed below: 
(1) the top hydrogel coating-mediated ROS scavenging for antioxidation 
and modification of the inflammatory environment; (2) controllable 
self-degradation properties and optimal blood compatibility of the self- 
sacrificing coating; (3) HBPL-REDV-mediated specific endothelial cells 
recruitment. Because of the availability of materials used and the ease of 
preparation, our strategy can be adapted to a range of surfaces and 
various implantable cardiovascular devices, including absorbable stents, 
vascular patches, and heart valves, thereby facilitating treatment and 

Fig. 6. Effects of sample treatment on inflammatory modulation and endothelial recovery. Quantitative results of (a) IL-6, (b) TNF-α, and (c) IL-10 level in rat serum 
1 d post-surgery by Elisa tests (n = 4). (d) Representative eNOS (green) and α-SMA (orange) double staining of aortas from different groups at 14 d after surgery. (e) 
Quantification of endothelial coverage from images in (d) (n = 3). (f) Representative confocal images showing CD31 (green) and α-SMA (red) expression on different 
samples at 14 d after surgery. (g) Ratio of CD31/α-SMA positive area from images in (f) (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001; ns = no 
significant difference.
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promoting tissue regeneration. Overall, the Shedvise offers a novel 
perspective for developing a therapeutic platform addressing vascular 
injuries and other diseases characterized by temporal dynamics across 
different stages.

3. Conclusion

The acute inflammatory response induced by interventional sur-
geries and subsequent challenges in endothelial recovery is crucial for 
the normal functionality of cardiovascular implants. In this study, we 
have innovatively developed a “multi-in-one” device of ShedWise, 
which orchestrated the interaction between implanted devices and 
target sites in a cascade. The top HBPAK coating effectively reduced ROS 
level, and meanwhile exhibited controlled self-degradation properties 
and optimal blood compatibility. Under an oxidative environment, the 
ShedWise displayed notable protective and antioxidative effects on 
HUVEC. By regulating the abnormal inflammatory microenvironment, 
the HBPL-REDV layer specifically stimulated endothelial cell growth. 
Consequently, every phase from the post-injury to the restoration of the 
endothelial barrier at the implantation site was mediated consecutively 
and appropriately. The degradation rate of the ROS-sensitive layer can 
be easily tailored to balance the anti-inflammatory and pro-regenerative 
functions at diverse pathological conditions. By this “self-sacrificing to 
pro-endothelial” cascade strategy, our ShedWise demonstrated its robust 
efficacy in protecting damaged tissues, promoting re-endothelialization, 
and reducing final restenosis in a vascular injury model. This strategy 
provides a viable solution for enhancing the treatment and prognosis of 
interventional therapies of cardiovascular implants, and demonstrates 
potential for surface engineering in other intravascular devices.
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