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Thrombus and restenosis after stent implantation are the major complications because traditional drugs
such as rapamycin delay the process of endothelialization. Nitric oxide (NO) is mainly produced by
endothelial nitric oxide synthase (eNOS) on the membrane of endothelial cells (ECs) in the
cardiovascular system and plays an important role in vasomotor function. It strongly inhibits the
proliferation of smooth muscle cells (SMCs) and ameliorates endothelial function when ECs get hurt.
Inspired by this, introducing NO to traditional stent coating may alleviate endothelial insufficiency
caused by rapamycin. Here, we introduced SNAP as the NO donor, mimicking how NO affects in vivo,
into rapamycin coating to alleviate endothelial damage while inhibiting SMC proliferation. Through
wicking effects, SNAP was absorbed into a hierarchical coating that had an upper porous layer and a
dense polymer layer with rapamycin at the bottom. Cells were cultured on the coatings, and it was
observed that the injured ECs were restored while the growth of SMCs further diminished. Genome
analysis was conducted to further clarify possible signaling pathways: the effect of cell growth
attenuated by NO may cause by affecting cell cycle and enhancing inflammation. These findings
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Introduction

Cardiovascular diseases (CVDs) are one of the leading causes of
the high mortality worldwide." For coronary arteries with severe
stenosis, implanting drug-eluting stents has become one of the
most commonly used treatments.”> Drug-eluting stents (DESs)
used clinically are mostly loaded with rapamycin or its analo-
gues, which are released at the implantation site and have an
anti-proliferative effect on cells.>* However, this effect is non-
selective. While inhibiting the proliferation of SMCs affects ECs
as well.’ The loss of endothelialization leads to the incomplete
coverage on stent; therefore, thrombus and restenosis occur
and gradually progress, which would cause late in-stent rest-
enosis and disease recurrence.®’

Nitric oxide (NO) is a natural small molecule present in
human body; it is mainly produced by endothelial nitric oxide
synthase (eNOS) on the membrane of ECs in the cardiovascular
system.® NO plays an important role in vascular physiological
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endothelialization and further inhibits the stenosis caused by the proliferation of SMCs.

processes and endothelial function.”'® NO secreted by ECs relax
SMCs, thereby regulating vasomotion under physiological condi-
tions. When ECs are injured, the addition of exogenous NO
improves the endothelial function®'' and strongly inhibits the
proliferation of SMCs."”™* Because of the possibility NO offers to
regulate cell behavior differently, we introduced NO to the rapamy-
cin coating'>'® to alleviate the problem of incomplete endothelia-
lization and further suppress the proliferation of SMCs.

NO has a high activity and short half-life that would be
quickly oxidized to NO,  and NO,;  and inactivated under
oxygenated conditions.'” In human body, NO modifies the free
sulfhydryl groups of protein cysteine to generate S-nitro-
sothiols (SNOs), and the weak S-N bond could be broken to
release NO again.’®'® Therefore, GSNO (S-nitrosoglutathione)
containing the SNO group is considered as the endogenous NO
donor.' We chose SNAP, which has the same SNO group,*® as
the NO donor to simulate the transportation and storage of NO
in human body.?"** Although numerous studies have proved
that NO has an inhibitory effect on SMCs,'>"* whether the
combination of NO further inhibits the proliferation on the
basis of rapamycin and how the signaling pathways work on
cells have not been studied.

In this study, we fabricated a double-layer structure that had
a dense polymer base layer loaded with rapamycin and an
upper porous layer,® which could load SNAP through the

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 NO load and release into rapamycin coating and regulates cell
behavior.

wicking process rapidly and conveniently before use to ensure
the activity (Scheme 1). Genome analysis was performed to
further study the effects of drugs on the signaling pathway and
molecular function.

Experimental
Materials

Rapamycin was purchased from MedChenExpress (USA).
S-Nitroso-N-acetyl-br-penicil-lamine (SNAP) and polyvinylpyrro-
lidone (PVP) were purchased from Sigma-Aldrich (USA). Poly
(p,L-lactide-co-glycolide) (PLGA, LA: GA=75:25, Mn = ~ 65 kDa)
was purchased from Jinan Daigang Biomaterial Co., Ltd. (Jinan,
China). Rabbit anti-human von Willebrand factor (anti-vWF)
monoclonal antibody (1:500) and anti-calponin (1:500) were
purchased from Invitrogen (CA, USA). A nitric oxide detection
kit was purchased from Beyotime Biotechnology (China). A Cell
Counting Kit-8 (CCK-8) was purchased from Dojindo (Tokyo,
Japan). An RNA-Quick Purification Kit was purchased from
Yishan Biotechnology (Shanghai, China). Deionized (DI) water
(>18 MQ cm) used in experiments was provided by a Milli-pore
Milli-Q water purification system. All materials were used as
received without further purification.

Construction of hierarchical coatings

A PLGA solution was sprayed onto the substrate as the base layer,
followed by the addition of a PVP/PLGA mixed solution (w/w 8/7) as
the top layer by ultrasonic spraying. PVP was leached by water to
obtain a microporous sponge-like structure. Rapamycin was dis-
solved into PLGA to prepare a drug-containing base layer with a
concentration of 10 pug ecm™ > The coating for cell experiments was
immersed in the dopamine solution for 1 h to obtain a hydrophilic
surface, and then rinsed with double-distilled water (ddH,O) several
times, blow dried, and stored for use.

Measurement of drug loading and release

Rapamycin release: the coatings loaded with rapamycin were
placed in the culture medium, and the samples were taken out
at different time periods, rinsed with ddH,0, vacuumdried,
dissolved with ethyl acetate and measured by a UV-Vis

This journal is © The Royal Society of Chemistry 2022
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spectrophotometer (UV-2550, Shimadzu, Japan). The released
amount of rapamycin is the total amount minus the remaining
content obtained from the test. SNAP loading: the samples were
placed in a 24-well plate, 20 pul 500 uM SNAP was added to each
sample wicking for 5 min, and the residual SNAP present on the
surface with ddH,O was washed away. The samples were
dissolved in ethyl acetate and measured by a UV-Vis spectro-
photometer. NO Release: the release of NO was measured by
the Nitric Oxide detection kit (Beyotime Biotechnology, China)
through Griess reagent according to its instructions.

Cell viability and cell growth

Cells were seeded in a 24-well plate with the hierarchical
coatings at a density of 4 x 10* per well and incubated for

)

4:6 (40%

8:7 (53%)

(b)

Fig. 1 Preparation of the hierarchical structure. (a) Cross-section of the
upper porous structure prepared with different ratios of PVP/PLGA, red
arrows indicate dense polymer. (b) Cross-section of the hierarchical
structure.
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24 h. The Cell Counting Kit-8 (CCK-8) (Dojindo, Tokyo, Japan)
was used to determine cell viability: 20 pL of the CCK-8 solution
was added to each well with another 180 pL of the medium and
the cells were incubated for 1-4 h at 37 °C, 5% CO, environ-
ment. The absorbances at 450 nm were measured on a spectro-
photometer. Cell viability was calculated using following the
equation:

Cell viability (%) = absorbance (treated cells)/
absorbance (control cells) x 100%.

Cells were stained for 2 h with a rabbit anti-human von
Willebrand factor (anti-vWF) monoclonal antibody (1:500) or
anti-calponin monoclonal antibody (1:500) in order to obtain
the fluorescence stained cells. The cells were isolated and
seeded into 24-well plates with coatings. Cells were observed
by a fluorescence microscope (Nikon, Japan) after 24 h.

RNA extraction and genome analysis

Total RNA of SMCs was extracted using a RNA-Quick Purifica-
tion Kit (Yishan Biotechnology, Shanghai, China), following the
manufacturer’s instructions. All the RNA samples were sent to
LC-Biotechnologies (Hangzhou, China) CO., Ltd for RNA-seq
detection and analysis via Illumina Novaseq™ sequencer. Using
DAVID bioinformatics resources (https://david.ncifcrf.gov/), we
obtained the functional annotation clustering of genomic data
through the KEGG database and GO database. Protein-protein
interaction networks were analyzed by STRING (https://
string-db.org/).
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c¢GMP analysis

c¢GMP secretion of SMCs was measured on a cGMP ELISA kit
(Enzo Life Sciences, New York, USA) according to its manufac-
turer’s instruction. Samples from “RAPA” and ‘“RAPA + SNAP”
were added into the plate provided by the kit. The conjugate
and antibody were added into the appropriate wells. After
incubation for 2 h at room temperature, the contents were
removed and washed wells for 3 times. A pNpp substrate
solution was added to each well and incubated for another
1 h at room temperature. The stop solution was added and the
absorbances were read at 405 nm immediately. A Logit-Log
paper was used to approximate the fitting curve. The concen-
trations of cGMP were determined by interpolation.

gPCR detection

A PrimeScript RT- PCR kit (Takara, Dalian, China) was used to
synthesize cDNA. qPCR detections were run with UltraSYBR
Mixture (CWBIO, Beijing, China) and specific primers. The
average threshold cycle values (C;) were normalized to 18 s
(human) to achieve a AC, value. The AC, values were normal-
ized to “RAPA” as the control set to achieve a AAC, value. The

27 *A% yalue was used for analysis.

Data analysis

All experiments were performed in triplicate at a minimum.
Data obtained were statistically analyzed via GraphPad with
ANOVA or Student’s ¢ test. P value < 0.05 was considered
significant.
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Fig. 2 The loading and release profile of the hierarchical coating. (a) Rapamycin release profile as a function of time. (b) The wicking action of DMEM.
(c) Loading of SNAP as a function of SNAP solution concentration. (d) SNAP release profile as a function of time. (e) Fluorescent probes of NO in cells at

different times, scale bar is 200 pm.
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Results and discussion

Bilayer coating structure

In order to load SNAP on the coating surface, we used the PLGA/PVP
mixed solution spraying on a PMMA substrate. The substrate was
then leached by water to obtain a porous coating. PVP/PLGA mixed
solutions with different ratios (3:7, 4:6, 8:7, and 6: 4) were used to
find a suitable content of PVP for fabricating the porous structure
(Fig. 1(a)). Unevenly distributed pores and dense polymer were
observed from the cross-section when the content of PVP is lower
(30%, 40%). When the content of PVP is higher (60%), collapsed
pores were observed. The contents with these ratios of PVP were not
conducive to the uniform load of drugs. When the PVP content is
53%, the pore structure is favorable with a large size and the directly
connected to each other, which were able to effectively load drugs
and enable drugs to evenly distribute in the coating. This ratio of
PVP/PLGA was used to further fabricate the double-layer coating. A
hierarchical structure consisted of an upper layer with a porous
structure and a lower layer with a dense polymer was observed, an
obvious delamination was noticed between the upper and lower
layers (Fig. 1(b)).

In order to improve the effects of traditional stents on
insufficient endothelialization and further inhibit SMCs, we
decided to add SNAP on the basis of the traditional rapamycin

(a) blank RAPA

HUVEC

(d)

HUVSMC

Q
S—

HUVEC+HUVSMC

RAPA+SNAP

- .
. ‘ blank RAPA

View Article Online

Journal of Materials Chemistry B

coating. The initial burst of rapamycin release made the naked
rapamycin coating not support the adhesion of ECs and
SMCs.** Therefore, we used the upper porous layer to separate
the base rapamycin layer and cells.

Drug adsorption and release

Rapamycin was dissolved in the PLGA solution and sprayed
directly on the substrate with a concentration of 10 pg em 2. It
was released rapidly in the first 48 h and slowly increased to
58.91 + 0.25% of the total loading content in the following two
weeks (Fig. 2(a)). In order to evaluate the wicking ability of the
sponge layer, we dripped Dulbecco’s Modified Eagle Medium
(DMEM) with phenol red as an indicator on coatings. The
liquid was quickly absorbed and gradually diffused to the
surroundings (Fig. 2(b)). Considering the loading process relies
on wicking, the concentration of the solution may have a great
impact on the loading content. As shown in Fig. 2c, we studied
the relationship between the SNAP concentration and loading
content in the porous layer and found a linear relationship
between them. It indicated that the solution concentration of
water-soluble biomolecules was able to be adjusted to achieve
an accurate control of coating load. We used the SNAP solution
with a concentration of 500 pM to load into coatings, with a
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Fig. 3 Effect of the hierarchical coatings on the proliferation of HUVECs and HUVSMCs. (a) Immunofluorescent images, (b) immunofluorescent
statistical diagrams and (c) cell viability of HUVECs on the coatings. (d) immunofluorescent images, (e) immunofluorescent statistical diagrams and (f) cell
viability of HUVSMCs on the coatings. (g) immunofluorescent images and (h) its statistical diagrams of co-culture of HUVECs and HUVSMCs. Scale bar is

200 pm.
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loading content of 131.217 + 18.557 ng cm ™2 to determine the
NO release. Fig. 2(d) shows that NO was released rapidly in
the first 40 h and gradually increased to 3.977 + 0.144 pM in
the next week. Once released into the solution, NO quickly
generated NO,” and NO;~ and got inactivated due to its
unstable property.”” NO works only when it entered into the
cells; fluorescent probes were used to detect NO in the cells
seeded on the coatings. Fig. 2(e) shows that NO quickly entered
into cells within 1 h and reached a large amount in 2 h.

So far, there are many studies on promoting NO release to
improve endothelial regeneration,””*® such as immersing
stents into an aqueous solution with dopamine and copper
ions (Cu™),?® incorporating glutathione peroxidase at the solid
interface through the co-immobilization of selenocystamine in
the framework of dopamine®” or to form an amine-bearing
hexamethylenediamine, glutathione peroxidase-like Cu™ and
adhesive catechol dopamine coating through a one-step mole-
cule/ion coassembling procedure.?® In this way, coatings con-
tinuously released NO through catalytically decomposing the
endogenous S-nitrosothiols (RSNO) from blood. A long-term
continuous NO supplement may cause the inactivation of sGC
protein in vivo.>**> The NO-sGC-cGMP pathway is the key way
for vascular SMCs to maintain normal contraction and relaxa-
tion functions. NO should keep releasing from coatings until a
layer of functional ECs formed, which spontaneously produce
NO. Such requirements just fit the releasing profiles of our
coatings. Compared with catalytic NO generating coatings, the
NO releasing rate of our coating is independent of native
donors in blood, which may vary greatly from patient to patient.
Therefore, our coating may have more stable performance.

Effect on cell proliferation

In order to verify the effect of the coatings on cell proliferation,
we evaluated the qualitative and quantitative analysis through
fluorescence staining and cell viability, respectively. The pro-
liferations of ECs and SMCs were both significantly inhibited
on RAPA coating. On RAPA-SNAP coating, the proliferation of
SMCs is further inhibited, while ECs were relieved to a certain
extent (Fig. 3(a)-(f)). When ECs and SMCs were co-cultured on
the coatings, it is observed that RAPA coating has an inhibitory
effect on both ECs and SMCs (EC/SMC = 1.0). The ratio of EC/
SMC increased (EC/SMC = 1.7) when cells was cultured on
RAPA-SNAP coatings (Fig. 3(g) and (h)). This part of cell experi-
ment indicated that RAPA-SNAP coating reduced the inhibitory
effect of ECs on the premise of ensuring SMCs suppression.

Previous studies have shown that rapamycin and its analo-
gues reduce the expression of endothelial nitric oxide synthase
(eNOS)**** and decrease the content of NO** produced by EC
through inhibiting the Akt-PI3K-mTORC pathway. Other stu-
dies had shown that the activity of mTORC1 is necessary and
sufficient for the phosphorylation of eNOS®''”’, so that rapa-
mycin may inhibit the function of eNOS by directly suppressing
the activity of mMTORC1.*>° The exogenous addition of NO may
alleviate or reverse the vascular endothelial dysfunction by
increasing the bioavailability of NO and reducing the damage
of ROS to cells.>”

2458 | J Mater. Chem. B, 2022, 10, 2454-2462
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Genome analysis

Previous studies proved that rapamycin inhibits the activity of
the cyclin-dependent kinase (CDK)/cyclin complex and
increases the expression of specific CDK inhibitor proteins
(CDKI), such as p21 and p27, to prevent the entry of cells from
the G1 Phase into S phase®®*' (DNA synthesis phase), thereby
reducing cell proliferation. Moreover, past studies have discov-
ered that the expression of p21 and p27 would be reduced after
the treatment of VSMCs with NO donors.? According to our
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experimental results above, NO further inhibited the prolifera-
tion of SMCs on the basis of the effect of rapamycin. We
extracted RNA separately from cells of “RAPA” and “RAPA +
SNAP” and used genome analysis to further explore how NO
enhanced the effect of rapamycin.

Based on the use of rapamycin, among the 60613 genes
analyzed between two cell groups treated with SNAP or not,
807 genes had significant differences, of which 602 genes
were up-regulated and 204 genes were down-regulated
(Fig. 4). The heat map and volcano plot formed after
clustering these differential genes are shown in the
Fig. 4(a) and (c).

We used DAVID Bioinformatics Resources’” to analyze the
differential genes.*® The enrichment analysis of GO and KEGG
were performed through DAVID. GO database®* indicates gene
ontology and divided the function of genes into three parts:
cellular component (CC), molecular function (molecular func-
tion, MF), biological process (biological process, BP) (Fig. 5(a)),
which showed adding NO may regulate cell proliferation,
inflammation and cell adhesion. The most significant influ-
ence on gene expression is “‘regulation of cell proliferation”. In
addition to the annotation of the function of the gene itself, the
KEGG database®>*® showed us the various signaling pathways
genes participated in. Analyzing signaling pathways helps to

This journal is © The Royal Society of Chemistry 2022

further explain biological function. The KEGG database is a
main public pathway related database and more well-known to
the public. The enrichment of differential genes was concen-
trated in TGF-B, NF-kB and TNF signaling pathways (Fig. 5(b)),
which provided ideas for further verification in the follow-up.

The construction of a protein-protein interaction network
(PPI network) helped us understand the role of these genes with
expression differences in biological processes. We implemen-
ted a PPI network through the STRING database,'””*® which
predicted protein-protein interactions. According to the
STRING database, highly concentrated hub node genes were
identified, including CXCL1, CXCL12, and TGF-B2 (Fig. 5(c)).
Chemokines (CXCL1, CXCL12) are a kind of cytokines or signal
proteins secreted by cells to induce the targeted chemotaxis of
nearby responding cells. The highly concentrated hub nodes
indicate that the proteins synthesized by differential genes play
an important role in the biological changes of cell inflamma-
tion and apoptosis.

The genome analysis showed that the addition of NO may
further reduce cell proliferation through inflammatory
response. The mechanism of rapamycin on cell proliferation
is by blocking the progression of the cell cycle. Therefore, we
focused on inflammation and cell cycle in subsequent RNA
verification and mechanism exploration.

J. Mater. Chem. B, 2022,10, 2454-2462 | 2459
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between SNAP and RAPA.

Exploration of mechanism

We selected the key genes of the enrichement signaling path-
ways and found the ones with significant difference by qPCR;
the downstream genes of their possible pathways were sub-
jected to further qPCR detection. SMAD2, SMAD4 and their
downstream p21 were found significantly different (Fig. 6(a)),
which were all involved in cell cycle signaling pathways. Com-
bined with the results from qPCR test, supposing NO up-
regulates the activity of SMAD4 and SMAD2/3 through the
TGF-B signaling pathway, thereby up-regulating the activity of
p21, inhibiting the synthesis of cell cycle-related proteins
arresting the progress of the G1 phase to S phase and thus
inhibiting cell proliferation. Previous studies have proved that
NO up-regulated the activity of p21 in SMCs*® but have not
clarified its pathway. Our results were consistent with previous
research and inferred on its possible pathways. Rapamycin
achieved the effect of G1 arrest by inhibiting the synthesis of
cell cycle-related proteins as well by inhibiting its target protein
RPS6KB.”*" Thus, these two drugs jointly inhibited the pro-
gress of the G1 phase through different pathways, forming a
synergistic effect (Fig. 6(d)). We noticed that the cGMP signal-
ing pathway is not listed in the enrichment pathways of
differential genes. NO-sGC-cGMP is the classic signaling path-
way for NO to act on SMCs."®>* Therefore, cGMP Elisa kit was
used for further verification and found that after adding SNAP,
the content of cGMP in SMCs significantly increased (Fig. 6(b)).
It is deduced that NO quickly entered into cells and had
completed transcription and translation when cells’ RNA was
to be extracted.

2460 | J Mater. Chem. B, 2022, 10, 2454-2462
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gPCR results showed that NO may activate the NF-kB
signaling pathway: activating IkBo kinase and forming
p50/RelA dimers, which increases the important nuclear tran-
scription factor NF-kB in cells, thereby participating in cellular
inflammatory response. We screened chemokines and inflam-
matory factors and found that CXCL1 and IL-6 significantly
increased. The inflammatory process further aggravated the
NF-kB signaling pathway, forming a positive feedback. This
participation in the inflammatory response by activating the
NF-kB pathway makes NO a further inhibitory response to cells
(Fig. 6(c)).

Conclusions

Through the coating with hierarchical structure, we have suc-
cessfully introduced NO to the traditional inhibitory drug
rapamycin. Cell experiments confirmed that the coating further
suppressed the growth of SMCs while it improved the endothe-
lial repair. Genomic analysis and further verification showed
that the addition of NO participated in the cell cycle by
regulating the TGF- signaling pathway, which has a synergistic
effect with rapamycin, and strengthen the cellular inflamma-
tory response through the NF-kB signaling pathway to further
enhance the inhibition of cells.
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