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Background: Poly-L-lactic acid (PLLA) stents have broad application prospects in the treatment of cardiovascular diseases due to 
their excellent mechanical properties and biodegradability. However, foreign body reactions caused by stent implantation remain 
a bottleneck that limits the clinical application of PLLA stents. To solve this problem, the biocompatibility of PLLA stents must be 
urgently improved. Albumin, the most abundant inert protein in the blood, possesses the ability to modify the surface of biomaterials, 
mitigating foreign body reactions—a phenomenon described as the “stealth effect”. In recent years, a strategy based on albumin 
camouflage has become a focal point in nanomedicine delivery and tissue engineering research. Therefore, albumin surface 
modification is anticipated to enhance the surface biological characteristics required for vascular stents. However, the therapeutic 
applicability of this modification has not been fully explored.
Methods: Herein, a bionic albumin (PDA-BSA) coating was constructed on the surface of PLLA by a mussel-inspired surface 
modification technique using polydopamine (PDA) to enhance the immobilization of bovine serum albumin (BSA).
Results: Surface characterization revealed that the PDA-BSA coating was successfully constructed on the surface of PLLA materials, 
significantly improving their hydrophilicity. Furthermore, in vivo and in vitro studies demonstrated that this PDA-BSA coating 
enhanced the anticoagulant properties and pro-endothelialization effects of the PLLA material surface while inhibiting the inflamma
tory response and neointimal hyperplasia at the implantation site.
Conclusion: These findings suggest that the PDA-BSA coating provides a multifunctional biointerface for PLLA stent materials, 
markedly improving their biocompatibility. Further research into the diverse applications of this coating in vascular implants is 
warranted.
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Introduction
Cardiovascular diseases (CVDs) are increasingly becoming the leading cause of death worldwide, resulting in a serious 
public health burden.1 Interventional therapy, which involves endovascular stenting (ES), is the most widespread and 
effective method for treating CVDs.2,3 Currently, commonly used bare metal stents (BMSs) and drug-eluting stents (DESs) 
are made with nonbiodegradable metal materials and can support the initial stage of implantation to maintain vascular 
patency.4,5 However, the risk of thrombosis and restenosis are often increased by permanent stent retention, which also 
hinders imaging evaluations and further clinical intervention.6,7 Bioabsorbable vascular stents (BVSs) are becoming a new 
strategy to improve the long-term outcome of ES as BVSs degrade over time after they perform their supportive role, which 
facilitates revascularization and functional recovery.8 Poly-L-lactic Acid (PLLA) is an ideal material for BVS due to its 
excellent biodegradability and mechanical properties;9 in addition, PLLA has shown good degradation behavior and 
biosafety in clinical trials, with additional clinical evidence supporting its application.10,11 Nevertheless, PLLA stents 
inevitably cause a foreign body reaction in host tissues, affecting the therapeutic efficacy of ES.10,12 This reaction is 
attributed to platelet adhesion and immune cell activation, which occurs when the stent is sensed as an intravascular;13,14 as 
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a result, in-stent thrombosis and intimal hyperplasia ultimately occur. For these reasons, the interface between the PLLA 
stent and host tissue must be improved to mitigate foreign body reactions and achieve long-term patency and definitive 
efficacy of ES. In this context, a simple and effective camouflage strategy that involves “stealth” modifications of vascular 
implanted foreign bodies (eg, coating with natural biomaterials) deserves further investigation.

Albumin is the most abundant plasma protein in the blood and is usually a nonadhesive protein.15 In recent years, 
albumin has been widely used in clinical and biomedical research due to its superior intrinsic properties, such as 
biocompatibility, biodegradability and low immunogenicity.16 Notably, albumin can blunt the surface of biomaterials and 
is an effective immune escape coating because surface albumin prevents other adhesive proteins (especially fibrinogen) 
from nonspecifically adsorbing on the surface of a material, inhibiting blood coagulation and inflammatory responses.17–19 

To date, the albumin camouflage strategy has attracted much attention in the field of nanomedicine delivery and tissue 
engineering.20 Albumin-coated nanoparticles (eg, liposomes,21 DNA origami,22 and metal nanoparticles23) resist phagocy
tosis by the immune system and prevent other plasma proteins from adsorbing on the nanoparticle surfaces, thereby 
prolonging their circulation time in the blood. Furthermore, in the field of tissue engineering, Kenry et al24 reported that 
albumin-functionalized graphene oxide (GO) couplings showed enhanced antithrombotic effects and may serve as a coating 
material for blood-contacting devices. Tao et al25 reported that the transplantation of albumin-coated porcine hyaline 
cartilage scaffolds into rat omentum attenuated immune and inflammatory responses to xenografts. Although the albumin- 
coated stealth effect shows great potential to improve the performance of vascular implants (vascular grafts and stents), its 
therapeutic applicability in vascular implants has not been fully explored at this time. Given this background, we sought to 
apply albumin camouflage strategies to enhance the biocompatibility of PLLA vascular stents.
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However, the inert PLLA material lacks reactive groups on its surface and cannot directly immobilize albumin.26 

Therefore, preliminary surface modification of PLLA materials is necessary to provide additional reactive active groups 
for albumin immobilization. Polydopamine (PDA), a bonding polymer inspired by marine mussels, can be used to 
modify the surface of a variety of materials due to its strong adhesion properties and biocompatibility characteristics.27,28 

Previous studies have shown that PDA coatings improve endothelial cell function and inhibit vascular smooth muscle 
cell adhesion and proliferation, making them promising candidates for “pro-healing” coatings for vascular implants.29,30 

More importantly, PDA coatings with reactive groups can be used as secondary reaction platforms to further graft 
biofunctional molecules.31,32 Thus, the immobilization of albumin onto the PDA coating platform is expected to 
synergistically contribute to the surface biological properties necessary for PLLA vascular stents, such as thromboprotec
tion, anti-inflammatory effects, and pro-endothelialization.

In this study, we constructed a biomimetic albumin (PDA-BSA) coating with a multifunctional biointerface by stably 
immobilizing bovine serum albumin (BSA) on the surface of a PDA-coated modified PLLA stent material via covalent bond 
coupling. To demonstrate this phenomenon, we first systematically characterized the physicochemical properties of the coating. 
Then, we conducted a series of in vivo and in vitro experiments to evaluate the endothelialization, anti-thrombogenic, inhibits 
intimal proliferation, and regulates inflammation effects of the coating, thus analyzing its impact on the biocompatibility of PLLA.

Materials and Methods
Materials
Poly-L-lactic acid (PLLA, Mw = 537 kDa) was purchased from Evonik Industries AG (Essen, Germany). Dopamine, Tris 
(hydroxymethyl) aminomethane (Tris-base) and bovine serum albumin (BSA, purity ≥ 98%) were purchased from 
Sigma‒Aldrich (USA). Human umbilical vein endothelial cells (HUVECs) and RAW264.7 macrophages were purchased 
from Pricella (China). Sprague‒Dawley (SD) rats and New Zealand white rabbits were obtained from Shanghai BK/KY 
Biotechnology Co., Ltd (China). All animal experiments were approved by the Institutional Animal Care and Use 
Committee of the Medical School of Southeast University (approval ID: SYXK-2021.0022), according to Laboratory 
Animal—Guideline for Ethical Review of Animal Welfare (GB/T 35,892-2018).

Preparation of PLLA Membranes and Monofilaments
PLLA Film Preparation
A 2.5% (w/v) PLLA solution was prepared by dissolving PLLA powder in chloroform with constant magnetic stirring for 6 
h at room temperature. The solution was then cast in glass dishes and evaporated in a set vacuum oven at 25°C for 48 h to 
obtain PLLA films of uniform thickness. Finally, the resulting PLLA membrane was washed several times with ethanol and 
deionized water to remove any residual solvent, and then the membrane sample was dried under a stream of nitrogen.

PLLA Monofilament Preparation
PLLA powder was melted and extruded through a single-screw extruder (HIGHRICHJA EXTRUSION, HRJSJ-Φ20) to 
produce 0.6 ± 0.02 mm virgin PLLA monofilaments. The extruded monofilaments were solid-state drawn at 85–120°C to 
form monofilaments with a diameter of approximately 150 mm. The details of the process can be found in a previously 
published article.33

Preparation of the PLLA Surface Coatings
A dopamine solution with a concentration of 2.0 mg/mL was prepared by adding dopamine to Tris-HCl buffer solution 
(10 mM, pH 8.5). The PLLA substrates were immersed in dopamine solution and shaken at 37°C for 24 hours. Then, the 
mixture was removed and washed thoroughly with deionized water to remove the dark brown precipitate on the surface. 
The mixture was dried in a vacuum oven at 37°C for 12 h to generate a PLLA substrate with a PDA coating labeled 
PLLA/PDA. Next, the PLLA/PDA substrate was immersed in a 2 mg/mL BSA solution (in PBS) with a pH of 7.8 and 
reacted at 4°C for 24 h. Subsequently, the substrate was washed thoroughly with ionized water, washed thoroughly and 
dried at 37°C for 12 h to prepare the final sample labeled PLLA/PDA-BSA. The preparation process of the coating is 
shown schematically in Figure 1.
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Coatings Characterization
Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR, Bruker-Vetor 22, Germany), operated in 
a wavenumber range of 500–4000 cm-1, was applied to characterize the surface chemical bonds. The surface element 
compositions of the coatings were analyzed through X-ray photoelectron spectroscopy (XPS; Thermo Scientific-Escalab 
250Xi, USA). The roughness of the surface was detected using atomic force microscopy (AFM; Bruker-Dimension 
ICON, Germany) in tapping mode with a scanned range of 20 μm × 20 μm. The surface morphology was evaluated using 
a scanning electron microscope (SEM; Zeiss-sigma 300, Germany), and the distribution of elements on the PLLA/PDA- 
BSA surface was determined via energy dispersive X-ray spectroscopy (EDS). The coated surfaces were observed by 
a contact angle goniometer (LAUDA Scientific, Germany) to assess their hydrophilicity.

Endothelial Cell Culture and Analysis
Human umbilical vein endothelial cells (HUVECs; Pricella, Wuhan, China) were used to investigate the effects of different 
membrane samples on endothelial cell growth and function. Briefly, membrane samples (1 cm × 1 cm) were placed in 24-well 
culture plates, and HUVECs were inoculated at a density of 5 × 10^4 cells/mL. The cells were incubated in a 37°C cell culture 
incubator (95% air, 5% CO2) for 4 hours and 3 days. Cell adhesion and proliferation were detected at hour 4 and day 3 using a Cell 
Counting Kit-8 (CCK-8) assay. The samples were then fixed and stained with an anti-platelet endothelial cell adhesion molecule-1 
antibody (CD31; Abcam, UK) and DAPI (Sigma, USA) and observed under an inverted fluorescence microscope (Olympus, 
Japan). The fluorescence signal intensity of the CD31 image was analyzed using ImageJ software.

Inflammatory Response Analysis
Macrophage Adherence Analysis
To assess the inflammatory response in vitro, RAW264.7 (Pricella, Wuhan, China) macrophages were inoculated onto 
membrane samples (1 cm × 1 cm) at a density of 5 × 10^4 cells/mL and cultured under standard culture conditions for 3 
days, after which the morphology of the macrophages on the surface of the samples was observed via light microscopy. 
Macrophage culture supernatants were collected, and the secretion of the proinflammatory factor TNF-α was detected via 
enzyme-linked immunosorbent assay (ELISA).

In vivo Subcutaneous Implantation
To assess local inflammation in the tissues surrounding the in vivo sample implants, subcutaneous implantation of the samples was 
performed on the backs of rats to explore the inflammatory response.34 Three male Sprague‒Dawley (SD) rats (280–300 g) were 
anesthetized by intraperitoneal injection of sodium pentobarbital (40 mg-kg-1). Three incisions were created in the back of each 
rat, and three sets of different membrane samples (1 cm × 1 cm) were placed in separate subcutaneous pockets. After 4 weeks, 

Figure 1 Preparation of a PDA-BSA coating on the surface of PLLA material. A thin polydopamine layer was coated on the PLLA substrate by immersing the PLLA substrate 
in an aqueous dopamine solution for a period. And then BSA was covalently grafted onto the resultant PLLA/PDA composite membranes by the coupling between 
o-benzoquinone and BSA amine.
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samples with surrounding tissue were collected to assess the tissue inflammatory response. The tissues were fixed with 
paraformaldehyde, embedded in paraffin and stained with hematoxylin and eosin (H&E) for further study.

Blood Compatibility Analysis
Hemolysis Rate
A hemolysis test was performed using a rabbit erythrocyte suspension according to the reported protocol.35 Rabbit whole 
blood was mixed with 0.9% (w/v) sodium chloride solution at a 4:5 ratio. Prior to testing, all samples were immersed in 
centrifuge tubes containing 10 mL of saline and incubated for 30 min at 37°C. Ten milliliters of 0.9 (w/v) saline or 
deionized water was used as a negative or positive control, respectively. Then, 0.2 mL of blood was added to each 
centrifuge tube, and the samples were incubated at 37°C for 1 hour. Subsequently, the samples were removed, and all 
centrifuge tubes were centrifuged at 3000 rpm for 5 min. Then, 150 µL of supernatant from the centrifuge tubes was 
carefully pipetted into a 96-well plate, and the absorbance was read and recorded at 540 nm by an enzyme meter. The 
hemolysis rate was calculated as follows:

where A is the absorbance of the sample, C1 is the absorbance of the negative control and C2 is the absorbance of the 
positive control.

In vitro Evaluation of Platelet Adhesion and Activation
Platelet-rich plasma (PRP) was prepared by centrifuging 3.8 wt% sodium citrate-anticoagulated rabbit whole blood at 
1500 rpm for 15 min. Then, 100 μL of PRP was added to the surface of the membrane samples (1 cm × 1 cm), and the 
samples were incubated at 37°C for 1 h. Afterward, the unadhered platelets were removed by moderate shaking in PBS. 
Platelets that adhered to the sample surface were fixed in 2.5% glutaraldehyde solution overnight, dehydrated through an 
ethanol gradient, and visualized via SEM. In addition, adherent platelets were quantified using a lactate dehydrogenase 
(LDH) release assay kit (Beyotime, Shanghai, China).

Ex vivo Circulation Thrombogenicity Test
The following experiments were performed according to previously reported guidelines.36 Under general anesthesia, 
three adult New Zealand Large White rabbits (3–3.5 kg) were isolated by dividing the left carotid artery and the right 
jugular vein and puncturing them with an indwelling needle. The membrane samples (0.8 cm × 1 cm) were coiled and 
placed in parallel into heparinized medical polyvinyl chloride (PVC) catheters, which were assembled with an indwelling 
needle. An extracorporeal circulatory pathway was established by connecting the vessel to the catheter. Two hours later, 
the blood flow rate was monitored, the circulatory pathway was disconnected, and a cross-section of the catheter was 
photographed. The thrombus attached to the surface of the sample was collected, photographed, and weighed. The 
samples were then rinsed with saline (0.9%). and fixed with glutaraldehyde solution (2.5%) overnight. The surface 
thrombi of all samples were dehydrated by gradient ethanol and observed via SEM.

In vivo Vascular Biocompatibility Assessment: Monofilament Sample Implantation
Uncoated, PDA, and PDA/BSA-coated PLLA monofilaments (Φ0.15 mm×10 mm) were implanted into the lumen of the 
carotid arteries of SD rats (n=3) to mimic the presence of a stent strut.37 After 28 days, the carotid arteries of the rats 
were imaged via MSME-PD-T2 sequences on a 7T small animal magnetic resonance imaging (MRI, Bruker, Germany). 
Subsequently, the rats were euthanized, and the carotid arteries that contained the implanted monofilaments were 
harvested and stained with H&E, anti-CD31, anti-α-SMA, and anti-OPN antibodies for histological analysis.

Statistical Analysis
All experiments were performed at least three times, and the results are expressed as the mean ± standard deviation (SD). 
One-way analysis of variance (ANOVA) was used to analyze the experimental results, and a p value < 0.05 was 
considered to indicate a significant difference between two groups.

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S462691                                                                                                                                                                                                                       

DovePress                                                                                                                       
5161

Dovepress                                                                                                                                                               Du et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Results and Discussion
Surface Characterization
We used ATR-FTIR to analyze the chemical structure of the samples. As shown in Figure 2A, the characteristic peaks at 
approximately 1750 cm-1 and 2950 cm-1 were attributed to the carbonyl group stretching and the O-H asymmetric 
vibration of PLLA, respectively. After modification with the PDA coating, the characteristic peaks of PLLA significantly 
contracted, and some new absorption peaks appeared at approximately 1615 cm-1 (superposition of N-H bending and 
phenyl C=C stretching) and 1510 cm-1 (N-H shear), which demonstrated that there was a PDA layer on the PLLA 
membrane. The new absorption peak at ~3000-3600 cm-1 after modification with BSA was attributed to the 
N-H stretching vibration of BSA and indicated that the PLLA/PDA surface was successfully modified with BSA. To 
further confirm the modification, XPS further verified the changes in the elemental content of the sample surface, as 
shown in Figure 2B; only the C 1s and O 1s elemental peaks were present in the PLLA group. However, N1s peaks 
appeared after the PDA coating process, indicating that the PDA coating was successfully modified on the PLLA surface. 
In addition, the N1s peak increased after further modification with BSA, and a new sulfur (S2p) peak appeared, which 
indicated that BSA was successfully grafted onto the PLLA/PDA surface.

The surface morphology and roughness of the samples were observed via AFM and SEM after modification. 
Figure 2C shows the 2D and 3D micromorphology images characterized by AFM. The coating modification resulted 
in significant changes in the topography and roughness of the PLLA. The smooth surface of PLLA became rough due to 
polydopamine deposition. Further grafting of BSA reduced the surface roughness of the PDA coating. The average 
roughnesses (Ra) of PLLA, PLLA/PDA and PLLA/PDA-BSA samples were 39.0 nm, 195 nm, and 41.4 nm, respectively. 
SEM further revealed the differences in the surface morphology of the samples as shown in Figure 2D. Compared with 
the PLLA samples, a dense coating with tiny cracks can be observed on the surface of the PLLA/PDA samples, which is 
mainly due to the self-polymerization of dopamine. The introduction of BSA did not cause a significant change in the 
surface morphology of PLLA/PDA samples, but the cracks in the PLLA/PDA-BSA surface coatings were relatively 
reduced, which resulted in a more homogeneous and dense coating. The EDS elemental mappings (Figure 2E) illustrated 
the distribution and density of carbon, oxygen, nitrogen, and sulfur on the surface of the PDA-BSA coatings, distribution 
and density. Theoretically, sulfur is a characteristic element of BSA in our system, which was confirmed by our XPS 
results (Figure 2B). The EDS elemental distributions showed that sulfur was uniformly distributed on the PLLA/PDA- 
BSA surface, which suggested that BSA was successfully immobilized on the PLLA/PDA surface.

The hydrophilic properties of the samples were characterized by measuring the water contact angle. As shown in 
Figure 2F, the WCA of the PLLA membrane was 102.7 ± 1.2°, and the WCA was reduced to 53.7 ± 1.6° after PDA 
modification, which was attributed to the presence of many imine and phenolic hydroxyl groups in the PDA molecule. 
When BSA was further immobilized on the PLLA/PDA membrane, the WCA decreased to 43.0 ± 1.7°, suggesting that 
the grafting of BSA may increase the hydrophilicity of the PDA coating. PLLA is a hydrophobic material, and 
undergoing PDA and PDA/BSA coating modifications ultimately resulted in an increase in the hydrophilicity of 
PLLA. Due to this change, protein adsorption may be reduced, and biocompatibility may be improved, as discussed in 
the following sections.

Investigation of Endothelial Cell Proliferation and Functionality
Endothelial cells (ECs) are the major cellular component of vascular tissue, and it is physiologically important to assess 
their growth behavior on the surface of stent materials.38 For example, incomplete EC healing or impaired function after 
vascular stent implantation increases the risk of thrombosis and restenosis.39 In this work, the proliferation and 
functionalization of ECs on different coatings after 4 h and 3 days were investigated by immunofluorescence staining 
(for CD31 (green) and DAPI (blue)) and cell viability tests, respectively. Compared with the PLLA group, the PLLA/ 
PDA and PLLA/PDA-BSA groups significantly promoted the adhesion and proliferation of ECs (Figure 3A and B). 
CD31 is a specific marker for vascular ECs and plays an important role in maintaining the normal function of ECs and 
homeostasis of the vascular microenvironment. Upregulation or downregulation of CD31 expression indicates an 
increase or a decrease in EC function, respectively.37 In the present study, we analyzed CD31 expression by measuring 
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Figure 2 Surface characterization analysis. ATR-FTIR spectra (A) and XPS spectra (B) and 2D and 3D AFM images (C) and SEM images (D) of the PLLA, PLLA/PDA and 
PLLA/PDA-BSA samples. (E) EDS mapping images of C, N, O, and S elements on the PLLA/PDA-BSA surface. (F) Water contact angle of the samples (mean ± SD, n = 3).

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S462691                                                                                                                                                                                                                       

DovePress                                                                                                                       
5163

Dovepress                                                                                                                                                               Du et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


fluorescence intensity, and the CD31 expression levels in ECs on PLLA/PDA and PLLA/PDA-BSA surfaces were 
significantly greater than those in the PLLA group (Figure 3C), indicating that EC function was improved. Recent 
research suggests that the poor affinity of PLLA materials for ECs is closely related to their surface hydrophobicity and 
lack of reactive energy groups.40 PDA and PDA-BSA coating modifications significantly increased the surface hydro
philicity of PLLA (Figure 2F) and introduced many reactive groups (eg, phenol hydroxyl, primary amino, and quinone 
groups) on its surface.41,42 Thus, the PDA-BSA coating improved the affinity of PLLA for ECs, possibly because the 
hydrophilicity and reactive groups on the surface are more favorable for ECs adhesion and growth.

In vitro and in vivo Inflammatory Responses
Early inflammatory responses that occur after biomaterials are implanted are important factors that lead to immune 
rejection. The inflammatory response begins with the adhesion and activation of macrophages on the implant surface.34 

As reported in previous studies, morphological changes are a direct and feasible way to assess the degree of macrophage 
activation.43,44 Specifically, unactivated macrophages are round or oval in shape, whereas activated macrophages have 
extended pseudopods and exhibit an amoeba-like irregular shape or an elongated spindle shape.45 These activated 
macrophages tend to secrete large amounts of pro-inflammatory factors, which exacerbates this pathological 
process.46,47 As shown in Figure 4A, many more macrophages adhered to the PLLA samples than the PLLA/PDA and 
PLLA/PDA-BSA samples. In addition, the macrophages extended pseudopods and frontal cytoplasmic fringe or showed 
irregular shapes on the PLLA surfaces, whereas fewer pseudopods extended or rounded shape emerged for macrophages 
on the PLLA/PDA and PLLA/PDA-BSA surfaces. Enzyme-linked immunosorbent assay (ELISA) analysis (Figure 4B) 
showed that macrophages secreted significantly less inflammatory factor TNF-α in the PLLA/PDA and PLLA/PDA-BSA 

Figure 3 CD31 and DAPI fluorescence staining images (A) and relative fluorescence intensities indicating cell viability (B) and CD31 expression (C) in ECs after 4 h and 3 
days on PLLA, PLLA/PDA and PLLA/PDA-BSA samples (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001).
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groups than in the PLLA group. These results suggest that the PDA and PDA-BSA coatings have potential antiadhesion 
effects on macrophages in vitro.

To further evaluate the anti-inflammatory effects of the coating, we performed subcutaneous implantation in SD rats 
and analyzed the in vivo inflammatory response. It is generally accepted that the greater the degree of inflammatory cell 
infiltration around the implant, the greater the proliferation of granulation tissue, and the thicker the fibrous capsule, the 
more severe the inflammatory response of the tissue. The samples were implanted subcutaneously into the backs of 
Sprague‒Dawley (SD) rats for 28 days and then removed to perform H&E staining with the surrounding tissue 
(Figure 4C). Quantitative analysis (Figure 4D) revealed that the fibrous capsule around PLLA was 169 ± 15 μm thick 
and was reduced to 81 ± 11 μm after PDA coating modification. However, the fibrous capsule around PLLA/PDA-BSA 
was only 47 ± 4.4 μm thick and caused the lowest inflammatory response. These results suggest that the PDA-BSA 
coating significantly attenuates the inflammatory response of the tissues surrounding the PLLA implant. This effect may 
be attributed to the stealth effect of the albumin coating in resisting nonspecific protein adsorption and preventing 
recognition by inflammatory cells, 25 which ensures long-term implant performance.

Blood Compatibility Assessment
Hemocompatibility is often regarded as the most critical aspect of vascular stent biocompatibility, as adverse effects are 
not limited to the local area but also affect distant vital organs.48,49 Platelet adhesion and activation are important 
indicators for evaluating the antithrombotic properties of blood contact materials.50 Platelet morphology has been 
reported to correlate with platelet activation, and platelets adhered to the surface of a foreign body can usually be 
classified into the following shapes: round, dendritic, dendritic stretched, stretched, and fully stretched (with increasing 
activation in that order).51 SEM (Figure 5A) was used to observe the morphology and number of platelets on the sample 
surfaces, and the Lactate Dehydrogenase (LDH) Release Assay Kit was used to quantify platelet adherence to the surface 
of a foreign body by evaluating LDH in the samples; this was performed by assessing LDH activity to quantify the 
adherent platelets (Figure 5B). The results showed that many platelets adhered to the PLLA surface; However, there was 

Figure 4 Assessment of the inflammatory response. (A) Light microscopy images of macrophages adhering to PLLA, PLLA/PDA, and PLLA/PDA-BSA samples for 3 days; (B) 
ELISA analysis of 3 days TNF-α levels in macrophages from each group. (C) H&E staining of the samples 28 days after subcutaneous implantation (M represents the sample 
implantation location). (D) Thickness of the fiber capsule on the surface of subcutaneously implanted samples (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001).
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a decrease in platelet adherence on the PLLA/PDA surface, and the platelets that adhered to the PLLA and PLLA/PDA 
surfaces were significantly activated. The morphology was mainly characterized by dendritic extension and fully 
extended shapes. However, the number of platelets adhered to the PLLA/PDA-BSA surface was the lowest, and most 
of the adhered platelets were round with only a few protruding filamentous pseudopods; thus, the platelets were only in 
the early stage of activation. These results indicate that the PDA-BSA coating achieves excellent performance in 
preventing platelet adhesion and activation. The hemolysis assay detects the destruction of erythrocytes by the samples, 
and the results are shown in Figure 5C. In this figure, all samples were below and within the internationally permitted 5% 
level,52 indicating the safety of using these coatings as blood contact materials.

To further analyze the antithrombotic effects of the coatings on physiological blood flow, an in vitro blood circulation 
model was created with rabbits (Figure 6A). After 2 h of circulation, the PLLA and PLLA/PDA membranes induced 
severe thrombi, whereas a very small amount of thrombus was observed on the PLLA/PDA-BSA membranes (Figure 6B 
and C). As shown in SEM images (Figure 6D), the surfaces of the PLLA and PLLA/PDA membranes contained many 
thrombi composed of activated platelets, erythrocytes, and fibrin networks, whereas the surfaces of the PLLA/PDA-BSA 
membranes contained a small number of erythrocytes with no significant activation of platelets or fibrin networks. In 
addition, the surface of the PLLA/PDA-BSA membranes contained a small number of erythrocytes with no significant 
activation of platelets or fibrin networks, and the BSA membranes contained a small number of erythrocytes without 
significantly activated platelets or fibrin networks. To statistically analyze the anticoagulant effect of the coatings, 
quantitative analysis was performed by measuring the rate of loop occlusion, the weight of thrombi on the sample 
surface, and the loop blood flow rate. Quantitative analysis of lumen occlusion (Figure 6E) revealed that the catheter 
occlusion rates were 86.0±4.6% and 75.3%±6.4% for the curled PLLA and PLLA/PDA membranes, respectively, 
whereas the occlusion rate for the PLLA/PDA-BSA membrane was only 11.7±2.5%. The weight of thrombus on the 
surface of the samples is shown in Figure 6F, where the weight of thrombus on the surface of PLLA and PLLA/PDA 
membranes was 49.2±4.0 mg and 42.2±3.5 mg, respectively, whereas the weight of thrombus on the surface of PLLA/ 
PDA-BSA membranes was only 9.4±2.5 mg. As thrombus formation reduces the lumen flow velocity of the tubes, the 
PLLA and PLLA/PDA membranes had lumen flow velocities of 15.4±3.3% and 20.1±3.1% of the initial values, 
respectively, whereas the lumen of the PLLA/PDA-BSA membranes maintained a flow velocity of 88.0±2.9% 

Figure 5 (A) SEM images of platelet adhesion on PLLA, PLLA/PDA and PLLA/PDA-BSA surfaces. (B) Platelet adhesion on the samples was determined by LDH assay. (C) 
Hemolysis rates of different samples (n = 3, *p < 0.05, ***p < 0.001).
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(Figure 6G). These results indicated that the PDA-BSA coating exhibited desirable antithrombotic ability and should 
meet the high anticoagulant requirements of vascular stents.

A variety of factors affect the hemocompatibility of blood contact materials, such as hydrophilicity/hydrophobicity, 
surface functional groups, and morphology.53,54 The hydrophobic surfaces of PLLA materials promote fibrinogen 
adhesion and conformational changes, which often trigger platelet adhesion. The oxidative self-polymerization of 
dopamine on the PLLA surface formed a PDA coating, which greatly enhanced the hydrophilicity; however, the increase 
in surface roughness and the large number of positively charged functional groups induced fibrinogen and platelet 
adhesion. The immobilization of BSA further enhanced the hydrophilicity of PLLA/PDA and reduced the surface 
roughness; in addition, albumin has a negative charge at physiological pH,55 which may inhibit fibrinogen adsorption 

Figure 6 (A) Schematic of the in vitro blood circulation model in rabbits. (B) Photographs showing the cross-sections of ducts containing PLLA, PLLA/PDA and PLLA/PDA- 
BSA films. (C) Photographs showing thrombus formation on the samples. (D) SEM image of a thrombus on the surface of the film. (E) Observation rate of the pipe. (F) 
Weights of thrombi on the surface of the sample. (G) Blood flow rates in different circuits at the end of extracorporeal circulation (n = 3, ***p < 0.001).
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and platelet adhesion. Thus, these factors may explain the optimal anticoagulant and blood compatibility effects exhibited 
by PDA-BSA coating stealth efficacy.

In vivo Vascular Biocompatibility Assessment: Monofilament Sample Implantation
To further investigate the biocompatibility of the PDA-BSA coatings in the vasculature, PLLA, PLLA/PDA, and PLLA/ 
PDA-BSA monofilaments were implanted into the carotid arteries of SD rats. Twenty-eight days after implantation, 
vascular patency was assessed noninvasively using MRI, and the carotid arteries were subsequently stained with H&E, anti- 
CD31, anti-α-SMA, and anti-OPN for histological analysis, as shown in Figure 7. The MRI results showed that the vessels 
implanted with PLLA and PLLA/PDA monofilaments exhibited a more severe degree of occlusion, with obvious 

Figure 7 Typical MRI (MSME-PD-T2 sequences) and H&E, anti-CD31 antibody, anti-α-SMA antibody, and anti-OPN antibody staining images of the carotid arteries of 
Sprague‒Dawley (SD) rats implanted with PLLA, PLLA/PDA, or PLLA/PDA-BSA monofilaments for 28 days. (White arrows in red boxes in MRI vessel wall images indicate 
proliferative tissue; red bidirectional arrows in H&E-stained images represent the thickness of the neointimal hyperplasia; red unidirectional arrows in anti-CD31 antibody- 
stained images indicate the endothelial layer of the neointimal hyperplasia; and red *Marks the location of each implanted sample.).
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hyperplastic tissue visible in the lumen; in contrast, the vessels implanted with PLLA/PDA-BSA monofilaments had the 
least severe degree of occlusion, with only fine thread-like hyperplastic tissue visible in the lumen. H&E staining revealed 
that the PLLA (175.5±8.6 μm) and PLLA/PDA (104.6±23.4 μm) groups contained thicker neointima, while the PLLA/ 
PDA-BSA (79.8±11.3μm) group contained thinner neointima. These findings are similar to the MRI results and suggest that 
the PDA/BSA coating can effectively inhibit neointimal hyperplasia and shows the potential to prevent restenosis. The EC 
layers of the vascular wall are important for maintaining the homeostasis of the vascular microenvironment; in addition, the 
layers can synthesize and secrete various bioactive substances to ensure that the blood vessels contract and relax in a normal 
manner, thus maintaining normal flow and long-term patency.56 Therefore, we evaluated the effect of the PDA-BSA coating 
on EC repair. CD31 staining revealed that PDA- and PDA-BSA-coated neointimal surfaces exhibited a better degree of EC 
coverage than that of PLLA, indicating good surface reendothelialization. The pathological transition of vascular smooth 
muscle cells (SMCs) from a contractile to a synthetic phenotype causes neointimal hyperplasia and restenosis after stent 
implantation and is detrimental to reendothelialization and maintenance of endothelial function.57 α-SMA is a specific 
marker of contracted SMCs, and OPN is a specific marker of synthesized SMCs.58 The α-SMA and OPN immunofluor
escence staining images indicated that the neointimal hyperplasia around PLLA/PDA and PLLA/PDA-BSA monofilaments 
exhibited stronger α-SMA (green) and slighter OPN (red) than that around PLLA, suggesting that SMCs are better 
regulated from a synthetic phenotype to a contractile phenotype or maintain their contractile phenotype. Taken together, 
the results suggest that PDA/BSA coating promotes the reendothelialization of the neointimal around PLLA monofilaments, 
maintains the contractile phenotype of SMCs and reduces neointimal hyperplasia, which effectively demonstrates the 
potential of this coating for the application of PLLA vascular stents.

In summary, our research has shown that the application of PDA-BSA coating significantly improves the biocompat
ibility of PLLA stent materials. However, it is also essential to consider the stability and degradability of PLLA stents as 
critical factors for their successful clinical application. Literatures reported that absorbable stents are expected to provide 
adequate radial support to diseased vessels for a minimum of 6 months post-implantation to facilitate the remodeling of 
stenotic vessels.59 It typically takes between two and three years for PLLA stents to be fully absorbed by the body.60 

Early degradation, which negatively affects their mechanical properties, is not conducive to maintaining the early 
supportive role of the stent.61,62 In our 28-day small animal model, intact PLLA monofilaments were still discernible 
during the pathological sampling process, indicating that significant degradation or stability alterations may not have 
occurred during the short implantation period. The PDA-BSA coating serves as a physical barrier on the surface of the 
PLLA, potentially slowing down the degradation of PLLA stents and maintaining early mechanical properties. Therefore, 
further research involving long-term large animal experiments is needed to comprehensively assess the in vivo biological 
performance of PDA-BSA coating-modified PLLA stents.

Conclusion
This study describes the successful construction of a biomimetic albumin (PDA-BSA) coating on the surface of PLLA materials 
using a mussel-inspired surface modification technique. This technique provides an effective pathway for the functionalization of 
surface albumin with PLLA, which lacks reactive groups. The PDA-BSA coating exhibited excellent anti-thrombogenic and 
anti-inflammatory properties, significantly attenuating the foreign body reactions caused by the PLLA materials. These results 
highlight the role of surface albumin coating in producing a stealth effect. Intravascular implantation experiments demonstrated 
favorable biocompatibility on this surface, which protected against neointimal hyperplasia, promoted endothelial repair and 
maintained the SMC contractile phenotype. These results demonstrated the great potential of the PDA-BSA coating as 
a multifunctional biointerface, which is expected to significantly improve the biocompatibility of PLLA stents. In the future, 
the properties and application potential of these coatings should be studied in a more in-depth and comprehensive manner to 
provide deeper insights and guidance for the development of medical devices related to vascular implants.
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