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ABSTRACT
Cardiovascular disease (CVD) is regarded as the leading cause of morbidity and mortality worldwide within recent decades. 
Stent intervention is one of the main methods for treating CVD due to its advantages of minimal trauma, fast recovery and fewer 
complications. However, the main function of existing drug‐eluting stents is anti‐hyperplasia, and their re‐endothelialisation 
function is still insufficient and needs to be strengthened. In this study, a novel coating containing traditional Chinese medi
cine ingredient, Ophiopogon Saponin D (OPH), is designed to enhance the re‐endothelialisation function of stents: firstly, the 
dopamine (DA) and hexanediamine (HD) were co‐polymerised to the bare metal stent, endowing rich‐amino surface (PDA/HD) 
for conjugating functional molecules by chemical reaction; thereafter hyaluronic acid (HA) containing OPH were conjugated to 
the PDA/HD. Our data suggested that the OPH coating promoted surface re‐endothelialisation not only by directly enhancing 
proliferation/migration and inhibiting apoptosis of endothelial cells, but also by regulating macrophages to M2 phenotype and 
smooth muscle cells to contractile phenotype. Our study may provide inspiration for designing more novel biomaterial coatings 
using traditional Chinese medicine ingredient.

1 | Introduction

Cardiovascular diseases (CVD) persist as the leading cause of 
mortality globally driven by increasing atherosclerosis and 
vascular occlusions linked to the ‘four high’ risk factors: hy
pertension, hyperlipidaemia, hyperglycemia and hyperuricemia. 
This underscores the urgent need for effective preventive and 
therapeutic strategies to address these underlying factors [1]. 
Severe blood vessel blockages are commonly addressed through 
stent intervention, which is widely regarded as an effective 
method for reopening vessels, restoring blood flow and treating 

CVD [2]. However, currently the main drug eluting stents used 
in clinical practice are loaded with rapamycin and its de
rivatives, which not only inhibit hyperplasia but also delay the 
process of endothelialisation potentially leading to late‐stage 
hyperplasia and thrombus formation [3]. Therefore, surface 
endothelialisation is crucial for the long‐term efficacy of 
vascular stents with factors such as inflammation and hyper
plasia potentially delaying this vital process [4]. In previous 
studies, it was often believed that endothelial cells (ECs) adhe
sion, proliferation and migration as well as endothelial pro
genitor cells (EPCs) capture are important factors promoting 
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surface endothelialisation [5, 6]. However, macrophages and 
smooth muscle cells (SMCs) reach the stent surface much 
earlier than ECs [7]. Recent studies have found that specific 
subtypes of macrophages (M2 type) and SMCs (contractile type) 
also contribute to surface endothelialisation [8, 9]. Our previous 
research also found that regulating the transition of macro
phages to M2 type and SMCs to contractile type can construct 
ordered endothelial structures of macrophages‐SMCs‐ECs from 
near to far on the surface of implanted materials under physi
ological conditions [10, 11]. Therefore, controlling the pheno
typic changes of macrophages and SMCs becomes an additional 
important means of accelerating endothelialisation.

Designing stent coatings is a key strategy to enhance the 
physicochemical properties and biocompatibility of stents, 
thereby improving their overall performance [12]. The 
commonly used technique for endowing stents with ‘double‐ 
sided adhesive’ function is to utilise the chelating effect of 
dopamine and copolymerise it with hexamethylene diamine 
(HD) on the surface to prepare polydopamine (PDA)/HD (PDA/ 
HD) thin films to increase surface amine density [13]. 
Furthermore, a range of functional molecules, such as heparin, 
hyaluronic acid (HA) and chondroitin sulphate, can be grafted 
onto the stent surface using methods such as electrostatic in
teractions, hydrogen bonding, physical adsorption and chemical 
reactions to enhance its functionality [14–16]. These composite 
coatings significantly improved the anti‐coagulation, anti‐ 
inflammation, anti‐hyperplasia and pro‐endothelialisation 
functions. Our previous study also reported an astaxanthin 
loaded HA coating, which was conjugated on the PDA depos
ited magnesium alloy surface and demonstrated stronger pro‐ 
endothlialisation and anti‐hyperplasia functions compared 
with the rapamycin coated magnesium alloy [17]. The reason 
why HA is widely used in the field of vascular stent coating 
design is due to its good nonimmunogenicity and drug loading 
performance [18]. In recent years, we have been trying to load 
the active ingredients of traditional Chinese medicine into HA 
for stent coating design, because the 5000‐year history of 
traditional Chinese medicine has endowed humanity with too 
many mysterious miracles.

Ophiopogon japonicus is a traditional authentic Chinese 
medicinal herb, first found in the ‘Shennong Bencao Jing’ and 
classified as a top‐grade (non‐toxic) herb. It was one of the 
earliest drugs used in ancient China to treat cardiovascular 
diseases. Modern research has found that the main compo
nent of traditional Chinese medicine Ophiopogon japonicus, 
Ophiopogon Saponin D (OPH), is crucial in the management 
of cardiovascular diseases [19]. Our previous study also 
discovered that OPH promoted ECs growth and inhibited 
ECs apoptosis [20]. However, The OPH as an element of 
vascular stent multifunctional coating has not been explored 
systematically.

In this study, we incorporated OPH into HA solutions at varying 
concentrations (2, 4 and 8 mg/mL) and subsequently conjugated 
the OPH‐loaded HA onto a polydopamine/hydroxyapatite 
(PDA/HD) coated 316L stainless steel (316L SS) substrate. We 
comprehensively evaluate the coating's effects on platelet 
adhesion, ex vivo hemocompatibility, macrophage phenotype 

transformation, endothelial cell (EC) adhesion, proliferation, 
migration and apoptosis. Additionally, we explore the in vivo 
interactions between the coatings and various cell types. We 
posit that this HA coating, which incorporates traditional Chi
nese medicine ingredients, has potential applications beyond 
the surface modification of cardiovascular stents extending to a 
wider range of biomaterials and device‐related fields.

2 | Materials and Methods

2.1 | Preparation of the PDA/HD‐HA/OPH 
Coatings

The poly‐dopamine/hexamethylenediamine (PDA/HD) coating 
was applied to 316LSS substrates (Φ10 mm, sourced from Baoji, 
China) using a previously described method [21]. The reaction 
solution was prepared by dissolving dopamine hydrochloride 
(1 mg/mL) and hexamethylenediamine (HD, 2.44 mg/mL) in a 
Tris buffer at pH 8.5. Following a 48‐h deposition period, the 
samples were rinsed with deionised water. The as‐deposited 
coatings were then tempered at 120°C for 1 h under a vacuum 
of 5 × 10−4 Pa. Traditional Chinese medicine ingredient, 
Ophiopogon Saponin D (OPH), was dissolved in 2 mg/mL of 
hyaluronic acid (HA, 1 × 105 Da, Bloom Biotechnology Ltd., 
China) with gradient concentration of 2, 4 and 8 mg/mL, 
respectively. The HA solutions, both with and without OPH, 
were preactivated for 15 min. This activating solution comprised 
1 mg/mL N‐(3‐dimethylaminopropyl)‐N′‐ethylcarbodiimide, 
0.24 mg/mL N‐hydroxysuccinimide, and 9.76 mg/mL 2‐(N‐ 
morpholino)ethanesulfonic acid hydrate [22]. All three compo
nents have a purity of ≥ 97.0% and were purchased from Sigma‐ 
Aldrich. Subsequently, the PDA/HD‐coated 316L SS samples 
were immersed in the previously prepared HA and HA/OPH 
solutions. After a 12‐h reaction period, the specimens were 
thoroughly washed with PBS (three times, 5 min each) followed 
by deionised water (three times, 5 min each) [17]. The samples 
were termed as OPH‐0 (0 mg/mL OPH), OPH‐2 (2 mg/mL 
OPH), OPH‐4 (4 mg/mL OPH) and OPH‐8 (8 mg/mL OPH), 
respectively. The preparation process of the PDA/HD‐HA/OPH 
coatings was presented in Figure 1.

2.2 | Characterisation of Coatings

The amine density of PDA/HA coating was detected by the Acid 
Orange II (AO II) colourimetric method [23]. Surface chemical 
bonds and elemental compositions were characterised by 
Fourier transform infrared spectroscopy (FTIR, BRUKER 
OPTIK GmbH Tensor II, Germany) and X‐ray photoelectron 
spectroscopy (XPS, Kratos AXIS Supra, Japan), respectively [24, 
25]. The morphology and roughness were determined by scan
ning electron microscopy (SEM, Thermo Scientific Helios G4 
CX, USA) and atomic force microscopy (AFM, Bruker Size 
ICON, Germany) [26, 27]. Water contact angles of the 316LSS, 
PDA/HD, OPH‐0, OPH‐2, OPH‐4 and OPH‐8 samples were 
measured to assess the hydrophilicity using a contact angle 
apparatus (DSA 100, Krüss, GmbH, Germany) [28].
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2.3 | Blood Compatibility

The blood compatibility was evaluated through platelet adhe
sion assays and ex vivo blood testing as detailed in our previous 
study [21].

2.4 | In Vitro Cytocompatibility

Human umbilical vein endothelial cells between third and fifth 
passages were utilised. The OPH‐0, OPH‐2, OPH‐4, OPH‐8, 
PDA/HD and 316LSS samples were placed in a 24‐well culture 
plate. The cells at a concentration 5 × 104 cells/mL were seeded 
onto the samples and cultured for 1 and 3 days, respectively. 
The samples were stained with Rhodamine reagent (Sigma, 
USA) and 4′,6‐diamidino‐2‐phenylindole (DAPI) and then 
examined using a fluorescence microscope (DMRX, Leica, 
Germany) to assess cellular morphology and distribution [29]. A 
Cell Counting Kit‐8 (CCK‐8) assay was employed to evaluate 
ECs attachment and proliferation [30]. The ECs apoptosis was 
evaluated by a typical AO/PI staining method, and the viability 
was also calculated [31]. To further evaluate the endotheliali
sation potential of the PDA/HD‐HA/OPH coatings, a ECs 
migration experiment was conducted. Briefly, ECs were seeded 
at a density of 1 × 105 cells/mL onto one arm of L‐shaped 
sample disks. After a 6‐h incubation period, the samples were 
repositioned to allow cell migration to the opposite arm. 
Following a 24‐h period, the cells were fixed and stained for F‐ 
actin to visualise the cytoskeletal structure. The samples were 
then examined using a fluorescence microscope [32].

To assess the anti‐inflammatory properties of PDA/HD‐HA/ 
OPH coatings, an in vitro study was conducted wherein mac
rophages were cultured and subsequently analysed for cytokine 
secretion profiles. Specifically, the macrophages were seeded 
onto each sample at a concentration of 5 × 104 cells/mL and 
incubated at 37°C for durations of 3 and 5 days, respectively. To 
investigate the macrophage phenotype on each sample, fluo
rescence staining was conducted on the attached macrophages 
using CD32 antibody, which is specific for pro‐inflammatory 
M1 macrophages, and CD206 antibody, specific for anti‐ 
inflammatory M2 macrophages. The number of cells on each 
sample was statistically counted from 15 randomly selected 

images [33]. The supernatant collected from macrophages 
cultured on the samples was used as the specimen. The release 
levels of tumour necrosis factor‐alpha (TNF‐α) and interleukin‐ 
10 (IL‐10) were quantified using the respective assay kits 
following the manufacturer's instructions [34].

2.5 | In Vivo Tissue Response Evaluation

All procedures were conducted in accordance with the ethical 
guidelines for experimental animals as stipulated by the China 
Council on Animal Care and the Zhengzhou University animal 
use protocol (ZZUIRB2021‐142).

2.5.1 | Aortic Implantation in Sprague‐Dawley Rats

This experiment involved the implantation of bare 316L SS 
wires (Φ0.1 mm × 10 mm) and 316L SS wires coated with PDA/ 
HD, OPH‐0, OPH‐2, OPH‐4 and OPH‐8 into the lumen of the 
abdominal aorta of Sprague‐Dawley rats for a duration of 
28 days. Then, 3 specimens were collected at each time point, 
and the aortas with implanted wires were retrieved [21]. They 
were rapidly frozen in liquid nitrogen and then cryo‐sectioned 
for histological analysis. The cross sections were fixed in 
ethanol and subsequently stained with antibodies specific for 
endothelial cells (CD31, Sigma), smooth muscle cells (α‐SMA 
and osteopontin (OPN), Sigma) and macrophages (CD32 and 
CD206, Sigma). Additionally, all nuclei were stained with DAPI 
(Sigma) [21].

2.5.2 | Iliac Artery Stent Implantation in New Zealand 
White Rabbits

Stent implantation in the Iliac Artery of New Zealand white 
rabbits for 28 days was performed as described by our previous 
study [21]. The morphology of the regenerated tissues covering 
the stents was examined using SEM to evaluate its tissue 
compatibility.

FIGURE 1 | The scheme of preparing PDA/HD‐HA/OPH coatings on the 316L SS surface.

Biosurface and Biotribology, 2026 3 of 13
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2.6 | Statistical Analysis

The data were statistically analysed using ANOVA beginning 
with a test for homogeneity of variances. Subsequently, post hoc 
comparisons were conducted using the LSD method. The results 
are presented as the mean ± standard deviation (SD). A prob
ability value of p < 0.05 was considered indicative of a statisti
cally significant difference. Data analysis was conducted using 
SPSS version 11.5 (Chicago, IL).

3 | Results and Discussion

Co‐polymerisation of dopamine and hexamethylendiamine 
(HD) is generally considered to be an effective method to endow 
the surface higher amine density [35], and our results in 
Figure 2A showed PDA/HD samples presented higher amine 
density compared to bare 316L SS surface, which confirmed the 
successful deposition of the PDA/HD polymer. SEM images in 
Figure 2B showed PDA/HD, OPH‐0, OPH‐2, OPH‐4 and OPH‐8 
samples displayed rougher surfaces compared with bare 316L SS 
sample. To further distinguish the surface morphology of the 
coating samples, roughness of each sample was scanned by 
AFM (Figure 2C): 316L SS showed its roughness of 
3.23 ± 0.19 nm presenting a smooth surface that be well pol
ished; PDA/HD, OPH‐0, OPH‐2, OPH‐4 and OPH‐8 samples 
showed rougher surfaces than 316L SS, which is consistent with 
the SEM result, wherein PDA/HD showed its roughness of 
27.27 ± 4.51 nm, and OPH‐0 showed its roughness of 

47.57 ± 10.22 nm; the OPH loaded coatings (OPH‐2, OPH‐4 and 
OPH‐8) presented rougher surface than the non‐OPH surfaces, 
wherein OPH‐2 showed its roughness of 62.13 ± 5.1 nm, OPH‐4 
showed its roughness of 70.9 ± 3.92 nm and OPH‐8 showed its 
roughness of 82.8 ± 15.75 nm. As shown in Figure 2D, 316L SS 
sample possessed a hydrophilic surface with the water contact 
angle of 73.28 ± 1.88°; after PDA/HD deposition, the water 
contact angle decreased to 66.4 ± 0.34°; HA modification made 
the surface more hydrophilic (63.6 ± 1.47°), whereas OPH 
loading endowed the most hydrophilic surface, which may 
contribute to more protein adhesion and cell spreading.

To verify the successful conjugation of OPH‐loaded HA onto the 
PDA/HD film, the surface chemical compositions of the PDA/ 
HD film and the coatings with varying OPH concentrations 
(OPH‐0, OPH‐2, OPH‐4, OPH‐8) were analysed using FTIR and 
XPS. FTIR results in Figure 3A showed the wide blunt peaks 
appeared at the wavelength of 3100–3200 cm−1 in all samples, 
and these characteristic peaks may be derived from hydroxyl/ 
phenolic hydroxyl (‐OH) and amino (‐NH2) groups, which may 
be derived from dopamine and HA. Two small raised acromial 
peaks appeared at 2924 and 2853 cm−1 wavelengths, which may 
be due to the presence of methylene (‐CH2‐). A small convex 
acromion appeared in the wavelength range of 700–900 cm−1, 
and the appearance of this characteristic peak proved that the 
coating contained adjacent, intermediate and para substitu
tional functional groups of benzene ring originating from 
dopamine. Consequently, the appearance of these characteristic 
peaks confirmed the successful preparation of PDA/HD. At the 
same time, OPH series samples showed a small raised acromion 

FIGURE 2 | (A) Surface amine concentration of 316LSS and PDA/HD samples (mean ± SD, N = 3); (B) SEM images (C) AFM images and 
(D) water contact angles of 316L SS, PDA/HD, OPH‐0, OPH‐2, OPH‐4 and OPH‐8 samples surfaces (mean ± SD, N = 6).
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at 2960 cm−1 wavelength, indicating that the sample may 
contain methyl (‐CH3). The emergence of a prominent peak at a 
wavelength of 1740 cm−1 indicated the presence of an amide 
bond (‐CONH‐) within the sample. This bond was formed 
through a dehydration condensation reaction between the 

amino group in PDA/HD and the carboxyl group in HA, thereby 
demonstrating the successful preparation of the OPH‐0 coating. 
In addition, OPH‐2, OPH‐4 and OPH‐8 samples showed two 
smaller bumps at 2180 and 2145 cm−1 wavelengths, indicating 
that the sample may contain terrains, which are derived from 

FIGURE 3 | (A) FTIR spectra, (B) XPS full spectrum, (C) comparison of the C1s and (D) the O 1s high‐resolution spectra of the PDA/HD, OPH‐0, 
OPH‐2, OPH‐4 and OPH‐8.
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saponins, and the presence of this functional group proves that 
OPH was successfully coated by HA and loaded onto the PDA/ 
HD coating.

As observed in the XPS full spectrum (Figure 3B), distinct ab
sorption peaks corresponding to C 1s, O 1s and N 1s were 
evident on the surface of each sample group. This finding 
confirms the presence of these three elements in all the samples. 
The high‐resolution spectral diagram of C 1s is shown in 
Figure 3C. Based on the chemical state of the element, the C 1s 
peak (calibrated to 284.8 eV) is deconvoluted into distinct car
bon peaks. For the PDA/HD samples, the C 1s peaks are cat
egorised into C‐C/C‐H peaks at 284.8 eV, C‐OH/C‐N/C=N 
peaks at 286.3 eV and C=O peaks at 288.3 eV. These charac
teristic peaks primarily originated from the phenolic hydroxyl 
and amino groups of PDA/HD as well as the dopamine quinone 
formed through oxidation during the polymerisation of dopa
mine. For the OPH series samples, the C 1s peaks were 
deconvoluted into C‐C/C‐H peaks at 284.8 eV, C‐O/C‐O‐C peaks 
at 286.2 eV and N‐C=O peaks at 288.1 eV. The C‐O/C‐O‐C peaks 
primarily originated from the ether bonds and hydroxyl groups 
present in HA. The N‐C=O peak resulted from the formation of 
an amide bond, which occurred through the dehydration and 
condensation reaction between PDA/HD and HA. The high‐ 
resolution spectra of O 1s, depicted in Figure 3D, reveal the 
distinct oxygen‐related chemical states in the samples. For the 
PDA/HD sample, the spectrum shows C‐O peaks at 532.8 eV 
and ‐OH peaks at 531.2 eV both attributed to the phenolic hy
droxyl groups of dopamine. In contrast, the OPH series samples 
exhibit not only the C‐O and ‐OH peaks but also a pronounced 
C=O peak near 531 eV. This additional peak is primarily due to 
the presence of amide bonds formed during the reaction. These 
distinct peaks of carbon and oxygen correlate with the charac
teristic absorption peaks observed in infrared spectroscopy, 
confirming the successful preparation of the OPH composite 
coatings.

After stent implantation, platelets in the circulating blood flow 
may adherent on the materials' surface and trigger serious 
coagulation, which may lead to thrombogenesis and block the 
lumen of blood vessels [36]. Thus, investigating platelet 

adhesion is an important aspect for evaluating new coatings of 
stents. Figure 4 demonstrates that the OPH‐0, OPH‐2, OPH‐4 
and OPH‐8 coatings resulted in reduced platelet adhesion 
compared to 316L SS. However, the drug‐loaded HA coatings 
did not exhibit enhanced anti‐platelet adhesion properties 
compared to the nondrug HA coatings, indicating that the HA 
itself, rather than the drug, was responsible for inhibiting 
platelet adhesion.

To further assess the hemocompatibility of each sample under 
dynamic blood flow conditions, an ex vivo experiment was 
conducted using New Zealand white rabbits. Figure 5A shows 
that OPH drug‐loaded samples produced a wider lumen 
compared to 316L SS, PDA/HD and OPH‐0 samples. This 
observation was corroborated by the evaluations of lumen loss 
rate and thrombus weight, which showed consistent results 
across these metrics (Figure 5B,C). Wherein OPH‐2 and OPH‐4 
samples presented fewer whole blood composition compared 
with the other samples, which was observed from SEM images 
(Figure 5D).

Endothelial cells, as the primary component of the inner layer of 
blood vessels, play a crucial role in achieving long‐term anti‐ 
coagulation, anti‐hyperplasia and anti‐inflammatory effects on 
stent surfaces through rapid endothelialisation [37]. Figure 6
demonstrated that all coating samples enhanced ECs adhesion 
and proliferation compared to the bare 316L SS with OPH‐4 
showing the highest ECs presence. Consistent with these find
ings, the ECs migration experiment revealed that the OPH‐4 
sample facilitated greater ECs migration distances than other 
samples (Figure 7A). Further investigation into ECs apoptosis 
prevention, as shown in the living/dead staining images in 
Figure 7B and the survival rate calculations from 15 random 
images (Figure 7C), indicated that OPH‐0, OPH‐2 and OPH‐4 
exhibited superior ECs apoptosis prevention capabilities. All 
the results above indicated the OPH coatings possessed strong 
functions to promote surface endothelialisation.

After stent implantation, macrophages are the earliest batch of 
cells to reach the surface and play a major role in the inflamma
tory response [38]. It is worth noting that the surface of materials 

FIGURE 4 | (A) Fluorescence images of adherent platelets stained with rhodamine on the 316L SS, PDA/HD film, OPH‐0, OPH‐2, OPH‐4 and 
OPH‐8; (B) platelets numbers of the 16L SS, PDA/HD film, OPH‐0, OPH‐2, OPH‐4 and OPH‐8 samples (*p < 0.05, compared with 316L SS, 
mean ± SD, n = 15).
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can be regulated by designing coatings to regulate the phenotype 
of macrophages, and the phenotype of adhered macrophages 
further determines whether the surface delays or promotes 
endothelialisation [39]. The previous study proved that the pro‐ 
inflammatory M1 macrophages interference and delay surface 
endothelialisation whereas anti‐inflammatory M2 macrophages 
promote endothelialisation [40]. CD32 and CD206 are typically 
used as specific markers for M1 and M2 macrophages, respec
tively [21, 41]. In our data (Figure 8A), the adherent macrophages 
on the composite coatings composed of HA presented higher 
CD206 expression (green colour) and lower CD32 expression (red 
colour), suggesting pro‐M2 effect of the HA, which is consistent 
with the previous report [21]. The OPH loaded coatings showed 

higher CD206 expression (green colour) and lower CD32 
expression compared to the single HA coating. This result indi
cated the traditional Chinese medicine ingredient, OPH, 
possessed strong function of regulating macrophages from M1 to 
M2 phenotype, which may endow the surface better ability of 
endothelialisation. The macrophage counting results indicated 
that the number of macrophages on the OPH‐loaded coatings was 
significantly lower compared to other samples (Figure 8B). 
Additionally, macrophages on the OPH‐loaded coatings released 
lower levels of the inflammatory factor TNF‐α (Figure 8C) and 
higher levels of the anti‐inflammatory factor IL‐10 (Figure 8D). 
These findings further support the anti‐inflammatory efficacy of 
the OPH‐loaded coatings. Obviously, the function of coatings in 

FIGURE 5 | Ex vivo experiment on New Zealand white rabbit: (A) cross‐sectional and surface micrographs of cavities containing 316L SS, PDA/ 
HD, OPH‐0, OPH‐2, OPH‐4 and OPH‐8 samples following experiment; (B) lumen loss rates and (C) thrombosis weight for each sample type 
(*p < 0.05, compared with 316L SS, mean ± SD, n = 3); (D) SEM images depicting the adherence of blood components on the surfaces of 316L 
SS, PDA/HD, OPH‐0, OPH‐2, OPH‐4 and OPH‐8.
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regulating macrophage factor release is correlated with the 
loading amount of OPH, and the more OPH loaded, the stronger 
the regulatory function.

As shown in Figure 9, the 316L SS wire coated with OPH‐0, OPH‐ 
2, OPH‐4, OPH‐8, PDA/HD and the bare 316L SS were implanted 
to the abdominal aorta of Sprague‐Dawley rats. After 28 days, the 
treated samples were stained with specific antibodies to observe 
their pro‐endothelialisation, anti‐inflammation and anti‐ 
hyperplasia properties. The in vivo data showed that OPH‐2, 
OPH‐4 and OPH‐8 (Samples loaded with traditional Chinese 
medicine) presented better pro‐endothelialisation properties: The 
green thin line stained by CD31 antibody indicated the 

endothelial layer, which distributed around the outermost layer 
of newly formed tissue located near the blood flow. Wherein, the 
endothelial layer of OPH‐8 sample was too thick, which will 
further affect its function, for the reason that single layer endo
thelium has better function. Compared to OPH‐4, the green lines 
in OPH‐2 are too fragmented obviously due to incomplete 
coverage of endothelial cells. Therefore, OPH‐4 has the best 
endothelialisation function in the drug loaded coating. In addi
tion, in vivo results also showed that, unlike the results observed 
in endothelial cell culture in vitro [42] in the complex microen
vironment of blood vessels, endothelial cells do not directly grow 
on implanted wires but on contractile SMCs (α‐SMA positive 
expression), which presented red colour and located closely to the 

FIGURE 6 | (A) Fluorescence images of ECs culture on the 316L SS, PDA/HD, OPH‐0, OPH‐2, OPH‐4 and OPH‐8 surfaces for 1 and 3 days, 
respectively (Green colour: rhodamine; blue colour: DAPI); (B) amount of ECs on the 316L SS, PDA/HD, OPH‐0, OPH‐2, OPH‐4 and OPH‐8 
surfaces after culture for 1 and 3 days, respectively (*p < 0.05, compared with all the other samples, mean ± SD, n = 3).
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single green line. In the OPH‐4 group, the newly regenerated 
tissues exhibited higher expression of CD206 (a specific marker 
for M2 macrophages) and lower expression of CD32 (a specific 
marker for M1 macrophages) and OPN (a specific marker for 
synthetic smooth muscle cells, SMCs). These findings suggest that 
OPH‐4 possesses enhanced anti‐inflammatory and anti‐ 
hyperplasia properties. Furthermore, they imply that M2 mac
rophages and contractile SMCs actively and orderly contribute to 
the endothelialisation process playing a crucial role prior to the 
arrival of endothelial cells.

To further evaluate the effect of the optimised coating on the 
endothelialisation function of 316L SS stents, OPH‐4 coated and 
bare 316L SS stents were implanted into the iliac artery of New 
Zealand white rabbits. SEM images in Figure 10 showed that the 
new regenerated tissue on bare 316L SS was incomplete and 
didn't completely cover the stent. In contrast, the endothelial 

tissue completely covered the OPH‐4 coated stents indicating a 
superior pro‐endothelialisation function.

4 | Conclusions

In this study, we incorporated the Traditional Chinese Medicine 
ingredient Ophiopogon Saponin D into hyaluronic acid at 
gradient concentrations (2, 4 and 8 mg/mL) to construct com
posite coatings on amine‐rich surfaces (PDA/HD) with the aim 
of enhancing the multifunctionality of cardiovascular stents. 
The in vitro platelet adhesion and ex vivo blood tests demon
strated that these composite coatings significantly improved the 
blood compatibility of the substrate with OPH‐2 (2 mg/mL) and 
OPH‐4 (4 mg/mL) exhibiting superior performance. The 
HUVECs culture experiment demonstrated that all composite 

FIGURE 7 | (A) The migrated ECs on 316L SS, PDA/HD, OPH‐0, OPH‐2, OPH‐4 and OPH‐8 surfaces; (B) fluorescence staining of the ECs on 316L 
SS, PDA/HD, OPH‐0, OPH‐2, OPH‐4 and OPH‐8 surfaces after 1 and 3 days, respectively. The living ECs were stained by AO (green), and the dead or 
apoptotic ECs were stained with PI (orange); (C) statistical results of ECs survival rates on the 316L SS, PDA/HD, OPH‐0, OPH‐2, OPH‐4 and OPH‐8 
surfaces after 1 and 3 days, respectively (*p < 0.05, compared with all the other samples, mean ± SD, n = 15).
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coatings significantly inhibited endothelial cell apoptosis. 
Among them, the OPH‐4 coating exhibited superior capabilities 
in promoting endothelial cell proliferation and migration. The 
in vitro macrophage phenotype‐change assay indicated that all 
composite coatings significantly suppressed inflammation by 
reducing macrophage adhesion and cytokine release (TNF‐α). 
Additionally, they facilitated the transition of adherent macro
phages from the M1 to the M2 phenotype with the OPH‐loaded 
coating demonstrating a particularly enhanced effect. Moreover, 

the in vivo wires and stents implantation experiments displayed 
that OPH‐4 coatings had better abilities of anti‐inflammation, 
anti‐hyperplasia and improving surface endothelialisation. The 
endothelialisation process not only concluded endothelial cells 
adhesion/proliferation but also involved the phenotype regula
tion of macrophages (To M2) and SMCs (To contractile type). 
The endothelial cells didn't grow on the implants' surface 
directly but on the contractile SMCs tissue. These findings un
derscore the viability of utilising Traditional Chinese Medicine 

FIGURE 8 | (A) Immunofluorescence staining of macrophages on the 316L SS, PDA/HD, OPH‐0, OPH‐2, OPH‐4 and OPH‐8 surfaces for 3 and 
5 days respectively (Green colour: cells expressed CD206; red colour: cells expressed CD32; blue colour: DAPI); (B) macrophages numbers of the 316L 
SS, PDA/HD, OPH‐0, OPH‐2, OPH‐4 and OPH‐8 surfaces, respectively (*p < 0.05, compared with all the other samples, mean ± SD, n = 15); (C) TNF‐ 
α and (D) IL‐10 release from the macrophages (*p < 0.05, compared with all the other samples, mean ± SD, n = 3).

FIGURE 9 | Immunofluorescence staining for artery tissues around OPH‐0, OPH‐2, OPH‐4, OPH‐8, PDA/HD and 316L SS implants after 28 days (* 
indicates the location of each sample implanted).
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ingredient‐loaded coatings for the surface modification of car
diovascular biomaterials presenting a gentler yet more effica
cious alternative for potential applications.
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