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A B S T R A C T

Treatment of coronary heart disease by percutaneous coronary intervention (PCT) is usually limited to the high
restenosis rate after implantation of bare-metal stent. To solve the problem, the coating of PEGylated stereo-
complex poly(L-lactide) (PEG−cPLA) was utilized on the surface modification of stainless steel (SS) sheet.
Specifically, the 3-aminopropyltriethoxysilane (APTES)-modified methoxy-poly(ethylene glycol)−poly(D-lac-
tide) (mPEG−PDLA) was grafted onto the surface of hydroxylated SS sheet through coupling reaction, and poly
(L-lactide)−poly(ethylene glycol)−poly(L-lactide) (PLLA−PEG−PLLA) was coated onto the surface through
stereocomplex interaction between DLA and LLA units. The increase of contact angle firstly confirmed the
changes of surface composition and hydrophilicity for the PEG−scPLA-modified SS sheet. The decreased fi-
brinogen adsorption, down-regulated platelet activation, and improved adhesion of human umbilical vein en-
dothelial cells (HUVECs) indicated the excellent biocompatibility of PEG−scPLA-modified SS sheet. In addition,
the drug loading capability of SS sheet was greatly upregulated through the formation of scPLA coating on the
surface, where fluorescein (FLU) was chosen as a model molecule. Overall, the surface modification of SS sheet
with PEG−scPLA could enhance the comprehensive performances, such as biocompatibility and drug loading
capability, demonstrating that PEG−scPLA is a promising coating of coronary stent for PCT.

1. Introduction

Nowadays, coronary atherosclerosis heart disease is one of the most
serious causes of human death. Intracoronary stenting has already been
demonstrated as a main choice to treat this kind of disease and thus
improve the life quality of patients significantly [1]. Specifically, the
number of cardiac interventional surgery all over the world has reached
almost 16 million by 2017, and 86% of patients chose the intracoronary
stenting, especially the drug-eluting stent implantation [2,3]. However,
there are several issues affecting the recovery efficiency and safety of
patients during the stent application, including the chronic vascular
inflammation as well as the formation of thrombosis and restenosis [4].
Among them, restenosis is the key factor that influences the effective-
ness of stent implantation [5].

Some previous studies have already verified that the occurrence of
stent restenosis mainly includes three stages [6–8]. First, in a few
minutes after stent placement, the activation, adhesion, and aggrega-
tion of platelets will secret various cytokines and then result in the

thrombosis formation. The second stage always occurs from a few days
to a few weeks after stenting. Large numbers of white blood cells would
accumulate around the vascular endothelial injury areas and then in-
fluence the targeted tissues during the course. The third stage turns to
the chronic or permanent inflammation that generally last for several
months. Specifically, some smooth muscle cells would migrate to the
injury areas and proliferate excessively, which increases the risk of stent
restenosis. In this context, avoiding the acute or chronic thrombosis
formation, reducing the inflammation in stent, as well as restraining the
excessive proliferation of vascular smooth muscle cells are three critical
treatments for preventing the restenosis [9,10]. On the whole, it is so
important to develop an advanced stent with perfect blood bio-
compatibility.

Of note, the metal materials always have sufficient mechanical
strength to meet the biomechanical requirements of stents [11]. Con-
sidering that the interaction between implant and tissue only occurs on
the surface of stent, modifying the physical or chemical structure of
atoms on the material surface can correspondingly improve some
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physical and biological properties without changing the original sub-
strate characteristics [12,13].

Currently, improving the biocompatibility of metal materials
through decorating the metal surface has become a hot topic in the field
of medical research. Polymer coating material is one kind of organic
coating materials, which has been widely used in the biomedical field
[14–16]. Compared with some inorganic coating materials, the polymer
coating stent has exhibited better flexibility and higher extension
ability [17,18]. Furthermore, the polymer coating materials can effec-
tively prevent the occurrence of fracture and shedding during the im-
plantation process. The other significant advantage is that the polymer
coatings are not only utilized for increasing the biocompatibility of
stents, but also could become an ideal carrier for realizing the con-
trolled drug delivery to further inhibit the restenosis [19].

However, not all polymers can be employed as the stent coatings. It
was concluded that five kinds of solely polymer coating materials, such
as poly(lactic-co-glycolic acid) (PLGA), poly(ε-caprolactone) (PCL),
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), poly-
oxyethylene (POE), and poly(ethylene glycol)/polybutylene ter-
ephthalate copolymer (PEG/PBTP) have not shown obvious inhibitory
effect on vascular endothelia cell proliferation. Instead, the polymers
had the possibility to induce the severe inflammatory reaction after
implantation because of an immune response to non-reacted monomer
compounds and degradation products, and then might cause the for-
mation of restenosis [20,21].

316L stainless steel (SS) sheet is the main implant material due to a
favorable combination of stable mechanical properties, acceptable
biocompatibility, and low cost. PEG is a kind of polymer with good
biocompatibility, non-toxic, and no sensitization effect [22,23]. In the
previous studies, poly(ethylene glycol)methacrylate (PEGMA) graft-
polymerized SS sheet has been reported to effectively prevent the
protein absorption by creating a large hydrodynamic volume, but the
coating cannot be employed as the functional drug reservoir at the same
time to further improve the therapy efficiency [14,24]. Poly(D-lactide)
(PDLA) and poly(L-lactide) (PLLA) are the most commonly used bio-
degradable stent materials with different conformations [25]. Com-
bining these two materials together can form a layer of membrane
through the strong stereocomplex interaction between the chains with
complementary structures of DLA and LLA, which is ideal for packing
medicine [26]. It was once reported that the bioresorbable hydrogel
obtained from stereocomplexation occurring between PDLA and PLLA
blocks exhibited great interests as substrates for effective storage and
sustained delivery of bioactive molecules, in particular, the high molar
mass proteins or other biopolymers [27,28].

On the basis of above-mentioned considerations, the current study
reported an advanced SS stent that modified by the coating of
PEGylated stereocomplex poly(L-lactide) (PEG−scPLA). The dimin-
ished fibrinogen adsorption, decreased platelet activation, upregulated
adhesion of human umbilical vein endothelial cells (HUVECs), as well
as the increased drug-loading efficiency (DLE) fully demonstrated that
PEG−scPLA was a promising coating and drug reservoir for coronary
stent, which can relieve the stent stimulation of blood vessel lining and
reduce the risk of thrombosis or restenosis for future clinical applica-
tion.

2. Experimental procedures

2.1. Materials

316L SS sheets of AISI type with the size of
10 mm× 10 mm× 2 mm were bought from Shanghai Chenghao
Mental Materials Co. (Shanghai, PR China). All the sheets were polished
with metallographic sandpaper (No. 2000), and then cleaned by ul-
trasonication in acetone, ethanol, and Milli-Q water, followed by im-
mersing in 15 vol% hydrogen chloride solution overnight and ultra-
sonication in deionized water.

Other materials, such as stannous (II) 2-ethylhexanoate [Sn(Oct)2]
(Sigma-Aldrich, Shanghai, PR China), poly(L-lactide)−poly(ethylene gly-
col)−poly(L-lactide) (PLLA−PEG−PLLA; Changchun SinoBiomaterials Co.,
Ltd., Changchun, PR China), 3-aminopropyltriethoxysilane (APTES; 99%;
J&K Scientific Ltd., Beijing, PR China), bicinchoninic acid (BCA) protein
assay kit (Beyotime Institute of Biotechnology, Shanghai, PR China), glu-
taraldehyde (TCI, Shanghai, PR China), fibrinogen from bovine plasma
(Beijing Huamaike Biotechnology Company, Beijing, PR China), methoxy
poly(ethylene glycol) (mPEG; number-average molecular weight (Mn)
= 2000 g mol−1; Sigma-Aldrich, Shanghai, PR China), rhodamine B (RhB;
Aladdin Industrial Co., Shanghai, PR China), 1,1‑carbonyldiimidazole (CDI;
Adamas-beta Inc., Shanghai, PR China), 1,1′-dioc-tadecyl-3,3,3′,3′-tetra-
methylindocarbocyanine perchlorate (DiI; KeyGen Biotech. Co., Ltd.,
Nanjing, PR China), tetrahydrofuran (THF; purified over phosphorus pent-
oxide), and Annexin V-fluorescein isothiocyanate/propidium iodide (FITC/
PI) apoptosis detection kit (Aladdin Industrial Co., Shanghai, PR China)
were also used. All chemicals reached analytical grades and were used di-
rectly.

HUVECs were provided by the Central Lab of the Second Hospital of
Jilin University, Changchun, PR China.

2.2. Synthesis of silanized mPEG−PDLA

The method of coupling mPEG−PDLA with APTES via CDI was used
to synthesize the silanized mPEG−PDLA [29]. In a flame-dried and
argon-purged flask, 50.0 g of mPEG, 30.0 g of L-lactide, 150.0 mL of
toluene, and a catalytic amount of Sn(Oct)2 were added under dry ni-
trogen (N2) at 110 °C for 24 h. The polymer was recovered by dissolving
in dichloromethane (CH2Cl2) and precipitation in cold diethyl ether.
The precipitate was filtered and dried in vacuum. After drying out
under the reduced pressure at 110 °C for 2 h, 2.0 g of mPEG−PDLA was
dissolved in 50.0 mL of CH2Cl2 in a flask with dry N2. 0.532 mmol CDI
was added into the solution of mPEG−PDLA. The mixture was stirred
for 1 h in dry N2 condition, and then the excess CDI was removed by
washing with water thrice. The solution was dried by adding anhydrous
magnesium sulfate (MgSO4) and placed overnight. Afterwards the solid
was removed by filtering. 0.40 mmol APTES was added to the solution
that was stirred for 24 h, and then the resultant solution was filtered
and precipitated by dropping into cold diethyl ether. Finally, the sila-
nized mPEG−PDLA was completely dried in vacuum for 24 h. It can be
characterized by proton nuclear magnetic resonance (1H NMR) on a
400 MHz Bruker AV-400 NMR spectrometer (Bruker, Ettlingen, Ger-
many).

2.3. Modifications of SS sheets

The chemical reaction between surface hydroxyl group and the si-
lanized mPEG−PDLA was performed to modify SS sheet. Moreover, the
silanized mPEG−PDLA and PLLAPEG−PLLA with equimolar units of
DLA and LLA were further used to modify SS sheet through sequential
silylation reaction and stereocomplex interaction.

In order to realize the exposure of hydroxyl group, SS sheet was first
immersed in piranha solution (PS) that consisted by sulfuric acid
(H2SO4) and hydrogen peroxide (H2O2) at the volume ratio of 3:1 [30].
Afterwards, SS sheet was cleaned up by Milli-Q water and blown by N2,
followed by immersing in the solution of silanized mPEG−PDLA for
3 h. For preparing the solution, 1.0 mL of 95 vol% dimethyl sulfoxide
(DMSO) was used to dissolve 25.0 mg of silanized mPEG−PDLA by
constantly stirring for 24 h at a low pH of 4.5 that adjusted by acetic
acid. Distilled water and DMSO were used to rinse the grafted samples
before curing at 110 °C for 1 h. DMSO was further employed to wash
samples in an ultrasonic bath for removing the physically adsorbed
silanized mPEG−PDLA, and then dried out with N2 for future use.

For preparation of PEG−scPLA-modified SS sheet, 14.0 mg of
PLLA−PEG−PLLA was combined with 25.0 mg of silanized
mPEG−PDLA based on the physical interconnection effect by mixing
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them in DMSO solution under room temperature and constant stirring
for 24 h at pH 4.5. The coated sample was first rinsed by distilled water
and DMSO, afterwards it was put inside the oven at 110 °C for 1 h.
DMSO was further used to remove the physically adsorbed silanized
mPEG−PDLA and PLLA−PEG−PLLA by washing in an ultrasonic
bath. Finally, the PEG−scPLA-modified SS sheet was dried out with N2

for future use.
Four groups of samples, including SS sheet, PS-treated SS sheet (PS-

SS), mPEG−PDLA-modified SS sheet (PEG−PLA-SS), and silanized
mPEG−PDLA/PLLA−PEG−PLLA-modified SS sheet (PEG−scPLA-SS)
were fabricated for testing their physiochemical and biological prop-
erties. Scheme 1 shows the syntheses of silanized mPEG−PDLA and
surface modification procedure PEG−scPLA-SS sheet.

2.4. Surface characterizations of modified SS sheets

Contact angle was used to measure the hydrophilicity of modified
surface of SS sheet through the sessile drop of distilled water. Six sheets
with three different points from each group were utilized for taking
photos of the droplets and then calculated the contact angle in average.

2.5. Fibrinogen adsorption

BCA assays and scanning electron microscope (SEM, Inspect-F, FEI,

Finland) images were adopted to assess the protein adsorption ability of
modified and unmodified SS sheets. 50.0 mmol L−1 phosphate-buffered
saline (PBS; pH 7.4) was used to dissolve the bovine fibrinogen and thus
form a final solution with a concentration of 0.5 mg mL−1. PS-SS,
PEG−PLA-SS, and PEG−scPLA-SS sheets were then immersed in such
fibrinogen solution and shaken at 37 °C for 2 h. A BCA protein kit was
used to quantify the amount of the unabsorbed fibrinogen in the solu-
tion [31]. The sheets were rinsed with PBS first for 10 times in order to
thoroughly remove some non-adsorbed proteins, followed by Milli-Q
water for cleaning up the left buffer salts. Finally, these samples were
dried out overnight in vacuum and sputtered a thin layer of gold for
imaging via SEM. An absorbance microplate reader (BioTeK ELX808)
was employed for the quantitative analysis of fibrinogen adsorption
ability.

2.6. Blood platelet adhesion and activation

Thrombosis resistant properties of SS sheets before and after their
surface modification were evaluated by blood platelet adhesion test.
Typically, 2.7 mL of whole blood from New Zealand white rabbit was
collected into an Eppendorf tube with 0.3 mL of trisodium citrate
(0.109 mol L−1). The rabbit was purchased from the Laboratory Animal
Center of Jinlin University, Changchun, PR China. In order to get rid of
platelet-rich plasma (PRP), the anticoagulated blood was centrifuged at

Scheme 1. Modifications of SS sheets. (A) Chemical formula
for synthesis of silanized mPEG − PDLA. (B) Surface mod-
ification procedures of SS, PS-SS, PEG − PLA-SS, and
PEG − scPLA-SS sheets.
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a speed of 1000 rpm for 15 min. 1.5 mL of PRP was added into the 24-
well cell culture plate with modified and unmodified SS sheets, and
then incubated at 37 °C with continuous rocking for 2 h. After rinsing
with PBS thrice, these sheets were then soaked in 2.5 wt% glutar-
aldehyde solution at 4 °C for 2 h. Different concentrations of ethanol
(50%, 60%, 70%, 80%, 90%, and 100%) were subsequently used to
dehydrate the samples. It was lasted 15 min for each solution and fi-
nally the samples were freeze-dried overnight. Five different points
were randomly selected on each sheet and then observed via SEM.

2.7. Fluorescein (FLU) loading efficiency

FLU was chosen as a model molecule. 2.0 mL of mixed solvent of
95.0 vol% DMSO and 5.0 vol% water at pH 4.5 that adjusted by acetic
acid was mixed with 50.0 mg mL−1 silanized mPEG−PDLA or
25.0 mg mL−1 silanized mPEG−PDLA and 14.0 mg mL−1

PLLA−PEG−PLLA by stirring at 25 °C for 12 h, and then 3.79 μg mL−1

of FLU was added into the solution by stirring at 25 °C for 3 h. After
incubation at 110 °C for 1 h, the incubated SS sheets were ultra-
sonicated in DMSO for 10 min in order to remove the physically ad-
sorbed FLU. An upright fluorescence microscope (Olympus BX51,
Olympus Optical Co., Ltd., Shinjuku-ku, Tokyo, Japan) was used to test
the loaded FLU on the surfaces of SS sheets. The sheets were extracted
by washing with DMSO thrice, and then the solution was collected for
testing. The FLU loading contents of SS sheets were quantitatively de-
termined by measuring the fluorescence intensity with excitation/
emission wavelength at 480/512 nm through a microplate reader
(Model 550, Hercules, CA, USA), which was then divided by the initial
solution concentration to obtain the FLU loading efficiency.

2.8. Cytocompatibility

HUVECs cultured in Dulbecco's modified Eagle's medium (DMEM)
with 1.0 vol% of penicillin/streptomycin and 10.0 vol% of fetal bovine
serum (FBS) were adopted to investigate the cytocompatibility of PS-SS,
PEG−PLA-SS, and PEG−scPLA-SS sheets. HUVECs were first collected
by 1.0 vol% trypsin digestion after incubation for several generations,
afterwards the cells were seeded onto the autoclaved sheets in 6-well
plates at a density of 1.0 × 106 cell mL−1 and cultured in the condition
of 100% humidity containing 5% carbon dioxide (CO2) at 37 °C. Five
random areas from each sample were observed on day 1, 4, and 7,
where the proliferation abilities of HUVECs were studied using the
upright fluorescence microscope [32].

2.9. Statistical analyses

All data were reported as mean ± standard deviation (SD). SPSS
13.0 for Windows (SPSS Inc., Chicago, IL, USA) was used to analyze the
data using one-way analysis of variance with Tukey's post hoc test. A
probability value of less than 0.05 was considered significantly dif-
ferent, and a probability value below 0.01 or 0.001 was considered
highly significantly different.

3. Results and discussion

3.1. Surface characterization

The structure characterizations of synthesized mPEG−PDLA, sila-
nized mPEG−DLA, and PLLA−PEG−PLLA were confirmed by 1H
NMR, as shown in Fig. 1. Identical to the literatures [33], methine
proton (−CH(CH3)−) at 5.2 ppm and methyl proton (−CH3) at
1.6 ppm belong to the LA unit, while the signal of methylene proton
(−CH2CH2O−) at 3.6 ppm represents the segment of PEG. Appearance
of these three resonance peaks demonstrated the successful syntheses of
mPEG−PDLA and PLLA−PEG−PLLA. Besides, two characteristic
peaks at around 0.6 and 1.3 ppm proved the efficient silanization of

copolymer mPEG−PDLA, which was the crucial prerequisite for the
grafting of PEG−scPLA. The DPs of LA in copolymers mPEG−PDLA
and PLLA−PEG−PLLA were calculated to be 32 and 43 from the in-
tergral area ratios between the signals at 5.2 and 3.6 ppm by 1H NMR.

The contact angle measurement was employed for evaluating the
hydrophilicity of surface-modified SS sheets. As shown in Fig. 2, the
contact angle of pristine SS sheet was as high as 72.0° and obviously
higher compared with that of PS-SS, PEG−PLA-SS, and PEG−scPLA-SS
sheets. After treatment with PS, the relatively hydrophobic surface
became highly hydrophilic with a contact angle of 29.3° due to the
exposed hydroxyl groups on the surface of SS sheet [34,35]. The sila-
nization reaction was possible to be accomplished after immersing the
SS sheet in PS. After the introduction of mPEG−PDLA through silani-
zation, the contact angle of PEG−PLA-SS sheet was shown to increase
obviously from 29.3° to 39.1°. Consistent with the previous studies,
migration of the hydrophilic PEG chains to the surface of stereocomplex
film was suppressed by the formation of stereocomplex crystallite,
which lead to a continuously increased contact angle of 61.0° for
PEG−scPLA-SS sheet [36]. Based on the variation of contact angle, it
was reasonable to make a conclusion that PEG−scPLA was successfully
grafted onto the surface of SS sheet, and the surface hydrophilicity
could be readily controlled by choosing different kinds of polymer
coatings.

Distribution of PEG−scPLA on the surface of SS sheet was quali-
tatively analyzed by RhB conjugation, which provided another evi-
dence for the surface modification reaction. As shown in Fig. 3, the
PEG−scPLA-SS sheet showed strong fluorescence intensity because of
the terminal hydroxyl group that reacted with RhB. Furthermore, the
fluorescence intensity of the polymer-grafted SS sheet was uniformly
distributed over the whole scanning area, suggesting that the polymer
chains was immobilized homogeneously on the surface of SS sheet and
the polymer grafting was not affected by the surface roughness [37].

3.2. Quantification of adsorbed fibrinogen

Protein adsorption on the surfaces of biomaterials usually occurs in
a mixture of solutions containing many different biomacromolecules.
Once the plasma proteins coagulated onto the biomaterial surface, they
would result in the formation of thrombosis by inducing the activation
and adhesion of platelets. It is extremely difficult to handle different
kinds of mixed biological solutions and then do a precise analysis for all
the individual interactions among them. Therefore, fibrinogen was
chose as a representative model for the protein adsorption assay on the
surface-modified SS sheets in the current study. Fibrinogen is a bio-
chemical marker in some biological cascades like thrombosis, which
can also be utilized as a standard to evaluate the biocompatibility of the
biological devices occasionally [38].

Concentration of the unabsorbed bovine fibrinogen in the solution is
shown in Fig. 4. The solution treated by PEG−scPLA-SS sheet showed
the highest concentration of unabsorbed fibrinogen through BCA assay,
which was as much as 40% higher than that treated with the pristine
sample.

The representative SEM images and the corresponding quantitative
analyses of fibrinogen absorbed onto the surfaces of SS sheets are
presented in Fig. 5. It could be observed that the PEG−scPLA grafting
considerably reduced the fibrinogen adsorption on the surface of SS
sheet. The amount of absorbed fibrinogen on the PEG−scPLA-SS sheet
was 88.6% and 50.0% lower as compared to that located on PS-SS and
PEG−PLA-SS, respectively. This result was presumably ascribed to the
configurational entropy repulsion of the grafted stereocomplex [34].
Specifically, PEG−scPLA is a kind of flexible polymer that composed by
some simple linear chains. The compression and penetration of protein
into such flexible stereocomplex structure would lead to the entropy
penalty, and thus enhanced the protein-resistant property of
PEG−scPLA-SS sheet by preventing the approach of protein onto the
surface of sample [39].
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Hydrophilicity is well-known to be another factor that is closely
associated with the fibrinogen adsorption [34]. It was once reported
that the existence of water molecules located between the proteins and
the biomaterial surface played an important role in reducing the protein
adsorption efficiency of substrate, especially for the stability and
thickness of the interfacial water layers [40]. Modification of SS sheet
by grafting mPEG−scPLA was able to create a water layer that after-
wards produced a large excluded volume, so as to inhibit the protein
adsorption on the surface of stent [41]. In summary, the modification of
SS sheet by PEG−scPLA coating could improve the hemocompatibility
effectively through reducing the fibrinogen adsorption.

Fig. 1. Chemical structure confirmation. 1H NMR spectra of (A) mPEG113−PDLA32, (B) silanized mPEG113PDLA32, and (C) PLLA43−PEG104−PLLA43.

Fig. 2. Hydrophilicity change. Contact angle images of SS, PS-SS, PEG−PLA-SS, and
PEG−scPLA-SS.

Fig. 3. Surface modification. Fluorescence intensity and distribution of RhB-conjugated
PLLA−PEG−PLLA on SS sheet surface.

Fig. 4. Quantitative fibrinogen absorption. Fibrinogen concentrations of solutions treated
with SS, PS-SS, PEG−PLA-SS, and PEG−scPLA-SS for 2 h at 37 °C. Results are presented
as mean ± SD (n = 3; *P < 0.05, **P < 0.01).
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3.3. Quantification of platelet activation and adhesion

The platelet adhesion and activation on the surfaces of biomaterials
are not only the key elements determining the formation of thrombosis,
but also the most essential factors to evaluate the hemocompatibility of
stents [42]. The SEM morphologies and the corresponding quantitative
analyses of the platelets adhered on SS sheet surfaces are shown in
Fig. 6, where the specimens were contacted with the citrated PRP and
incubated for 2 h before test. The mPEG−scPLA-SS sheet exhibited the
lowest level of platelet activation (4.4 × 105 number cm−2), even

significantly lower than that contacted with the mPEG−PLA-SS sheet
(7.2 × 105 number cm−2).

Additionally, the platelets on the surface of PS-SS sheet were highly
aggregated with pseudopodia linked to each other, and most of the platelets
were spreading in dendritic shape with a larger occupied area. In clear
contrast, the platelets adhered on the surface of mPEG−scPLA-SS sheet
were in early pseudopodial shape and some of them even exhibited the
discoid morphology [43]. In agreement with the previous studies, scPLA
had a unique non-adhesive property for blood components, due to its ex-
cluded volume effect and the dynamic motion of fully hydrated flexible

Fig. 5. Qualitative and semiquantitative fibrinogen adsorption. SEM images of fibrinogen aggregated on (A) PS-SS, (B) PEG−PLA-SS, and (C) PEG−scPLA-SS. (D) Semiquantitative
analysis of absorbed fibrinogen on different kinds of SS sheets. Results are presented as mean ± SD (n = 3; *P < 0.05, **P < 0.01).

Fig. 6. Platelet adhesion. SEM images of platelets adhered on (A) PS-SS, (B) PEG−PLA-SS, and (C) PEG−scPLA-SS. (D) Semiquantitative analysis of platelets adhered on different kinds of
SS sheets. Results are presented as mean ± SD (n = 3; *P < 0.05, **P < 0.01, ***P < 0.001).
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chain [44]. As a result, the decreasing platelet amount and the varying
morphologies demonstrated that the activation and adhesion of the platelets
induced by PS-SS and PEG−PLA-SS were much severer, which can be re-
strained efficiently by grafting PEG−scPLA onto the surface of SS sheet.

3.4. Drug loading efficiency

As mentioned before, PDLA and PLLA is a pair of biopolymers with
complementary conformation structures. The combination of these two

Fig. 7. Drug loading capability. Microscope images of FLU loaded on the surfaces of (A) PS-SS, (B) PEG−PLA-SS, and (C) PEG−scPLA-SS. (D) DLE of FLU by different kinds of SS sheets.
Results are presented as mean ± SD (n= 3; ***P < 0.001).

Fig. 8. Cytocompatibility. Fluorescence images of HUVEC proliferation on surfaces of (A, D, G) PS-SS, (B, E, H) PEG−PLA-SS, and (C, F, I) PEG−scPLA-SS (A − C) on day 1, (D − F) day
4, and (G− I) day 7.
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materials will lead to the formation of single-layer membrane on the
surface of SS sheet due to the strong stereocomplex interaction between
the units of DLA and LLA, so as to enhance the drug loading efficiency
(DLE) as the biomacromolecule carriers.

In the present study, FLU was chose as a model molecule to compare
the drug package capability of various SS sheets with different mod-
ifications. As shown in Fig. 7, few FLU molecules could be observed on
the surfaces of PS-SS and PEG−PLA-SS, meanwhile their FLU loading
efficiencies, 16.81% ± 0.33% and 20.19% ± 0.27%, respectively,
were lower compared with that of the PEG−scPLA-SS sheet
(34.51% ± 0.28%). It was because that after successfully grafting
PEG−PDLA onto the surface of SS sheet, PLLA was subsequently added
into the system by physical mixing. The generation of such stable
polymer membrane increased the FLU content and intensity sig-
nificantly, indicating a strengthened drug carrying ability of SS sheet
due to the formation of scPLA [45]. Above results proved that the
PEG−scPLA-SS sheet was a promising candidate for being utilized as
the matrix of coronary stent, because the decorated sheet was not only
good at preventing the blood clots, but also could accelerate the repair
process via carrying various drugs.

3.5. Cytocompatibility

A 7-day cell culture test based on the live−dead analysis was
conducted to check the cytotoxicity of PS-SS, PEG−PLA-SS, and
PEG−scPLA-SS. As shown in Fig. 8, the surface of SS sheet treated with
PS exhibited a prominently increased cell density during the duration
time, but there was a pity that a number of dead cells with red color
were also captured within each snapshot on day 7. On the contrary,
HUVECs could adhere and proliferate well on the surface of
PEG−scPLA-SS sheet with a constant increase in live cell number.
Therefore, it was reasonable to make a conclusion that the modification
of SS sheet with PEG−scPLA was able to enhance the cell viabilities of
HUVECs because of the good biocompatibility, which was an important
prerequisite parameter for the tissue engineering application.

4. Conclusions

In the current study, the surface modification of SS sheet was suc-
cessfully achieved by PS treatment, silanization, and grafting of
PEG−scPLA. The PS treatment was used for exposing more hydroxyl
groups on the surface of SS sheet, and the silanization procedure pro-
vided more effective reaction sites for the following polymer grafting.
The successful surface modification of PEG−scPLA was responsible for
the acquisition of the stable polymer film on the surface of SS sheet by
forming scPLA. By conducting some systematic analyses, such as pro-
tein adsorption level, platelet activation rate, drug loading capability,
as well as proliferation abilities of HUVECs for various modified sur-
faces, it could be concluded that the PEG−scPLA-modified SS sheet
possessed the best comprehensive performances of enhanced bio-
compatibility, upregulated DLE, and diminished stent thrombosis,
which paved a way for the treatment of coronary heart disease in the
near future. More interestingly, the multifunctional scPLA scaffolds
with high drug encapsulation capacities may be utilized as a promising
platform for a wide range of biomedical applications, including tissue
engineering, drug delivery, as well as antimicrobial therapy.
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