Published on 08 December 2022. Downloaded on 11/10/2025 10:32:26 PM.

Biomaterials

Science

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: Biomater. Sci., 2023, 11,
916

Received 13th October 2022,
Accepted 27th November 2022

DOI: 10.1039/d2bm01673g

rsc.li/biomaterials-science

Endogenous stimulus-responsive nitric oxide
releasing bioactive liposome for a multilayered
drug-eluting balloon

Hyo Jeong Seo,? Won-Kyu Rhim, 2 2 Seung-Woon Baek,®*< Jun Yong Kim, (2 2b-<
Da-Seul Kim®® and Dong Keun Han () *2

Drug-eluting balloon (DEB) system has been widely utilized for percutaneous coronary intervention (PCl),
treating atherosclerosis to overcome the limitations of cardiovascular stents. With the anti-proliferative
drug, everolimus (EVL), nitric oxide (NO) plays a key bioregulator role to facilitate the angiogenesis of
endothelial cells (ECs) and inhibit the cell proliferation of smooth muscle cells (SMCs) in the lesions of
cardiovascular diseases. Due to the very short lifetime and limited exposure area of NO in the body, the
continuous release and efficient delivery of NO must be carefully considered. In this respect, a liposome-
containing disulfide bonding group was introduced as a delivery vehicle of EVL and NO with the continu-
ous release of NO via successive reaction cycles with GSH and SNAP in the blood vessel without the need
for exogenous stimulations. With a multilayer coating platform consisting of a polyvinylpyrrolidone (PVP)/
EVL-laden liposome with NO (EVL-NO-Lipo)/PVP, we precluded the loss of the EVL-encapsulated lipo-
some with NO release during the transition time and maximized the transfer rate from the surface of DEB
to the tissues. The sustained release of NO was monitored using a nitric oxide analyzer (NOA), and the
synergistic bioactivities of EVL and NO were proved in EC and SMC with angiogenesis and cell prolifer-
ation-related assays. From the results of hemocompatibility and ex vivo studies, the feasibility was pro-
vided for future in vivo applications of the multilayer-coated DEB system.

Introduction

Coronary artery disease (CAD) is the most common heart
disease throughout the world and is characterized by the nar-
rowing of blood vessels via cholesterol deposits or plaque
buildup in the wall of the arteries that supply oxygen, blood,
and nutrients." As a representative non-surgical treatment, per-
cutaneous coronary intervention (PCI) is an angioplasty pro-
cedure that expands the narrowed lesion using a catheter with
stents, balloons, and lasers.>” To date, various medical devices
have been developed for PCI treatments, such as bare metal
stents (BMSs), drug-eluting stents (DESs), balloons, bioresorb-
able vascular scaffolds (BVSs) and others.»® Among them, the
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method for the slow release of a proliferation inhibitor and
immunosuppressant with stents was superior to bare metal
stents in lowering the occurrence of major adverse cardiac pro-
blems. Despite the effective outcomes, DESs have critical pro-
blems, including potential risks from the fracture and defor-
mation of the stents and late vascular reendothelialization,
stent thrombosis, and restenosis from the degradation of per-
manent implanted foreign materials in the body.®® To over-
come these limitations, drug-eluting balloons (DEBs) have
been introduced and widely applied for PCI treatments.
Different from DESs, DEBs were designed to avoid insertion of
permanent foreign materials in the blood vessel. They enable
the rapid release of a high concentration of the drug, which is
sustained in the vessel wall for no longer than a week, thereby
preventing the potential risks caused by DESs.’ The cytostatic
drugs were coated onto the surface of the balloons, and the
drugs were released to the lesion directly during balloon
inflation for continuous therapeutic effects while preventing
the proliferation of smooth muscle cells (SMCs) in the lesion,
followed by removing the balloon catheter. In general, rapamy-
cin and its analogues have been utilized widely as an antiproli-
ferative and immunosuppressant drug in interventional
treatments."'® As macrolide derivatives, two types of rapamycin,
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sirolimus (SRL) and everolimus (EVL), selectively inhibit the
mammalian target of rapamycin (mTOR), regulating cell pro-
liferation, autophagy and apoptosis by participating in mul-
tiple signaling pathways.'™'? In particular, EVL, a derivative of
SRL, showed different pharmacokinetic characteristics from
SRL, such as better absorption, greater bioavailability, faster
steady-state blood concentration after administration, and
faster elimination after withdrawal.> To minimize the major
drawbacks of DEBs, including drug loss during insertion to
lesions and the low drug delivery rate to the tissue due to vig-
orous blood flow and short balloon inflation times (within
1 min), we previously suggested a multilayer-coated DEB
system composed of a hydrophilic polymer, drug-encapsulated
liposome, and hydrophilic polymer, serially.'* In brief, a bio-
compatible and biodegradable hydrophilic polymer, polyvinyl-
pyrrolidone (PVP), was coated on the 1st and 3rd layers of the
balloon catheter to facilitate drug release to the lesion in
hydrophilic environments and inhibit drug loss during the
transition time, respectively. Moreover, a hydrophobic drug
(EVL)-encapsulated biocompatible liposome was introduced to
the 2nd layer of the balloon catheter to deliver the drug
efficiently to the target region. Despite the strong therapeutic
potential and stability of the multilayer-coated DEB system,
there remain many disadvantages due to the use of a high
drug dosage, such as toxicities to endothelial cells (ECs) and
long coating time.

To reduce the drug amount while maintaining therapeutic
effects in the multilayer-coated DEB system, nitric oxide (NO)
is herein additionally considered owing to its synergistic
effects with the drug.'> NO is a soluble gas that participates in
many regulatory functions from the cardiovascular system to
neuronal functions.'® In general, NO is synthesized in the vas-
cular endothelium from r-arginine as a substrate in a catalyzed
reaction with three types of nitric oxide synthase (NOS): neuro-
nal NOS (nNOS), inducible NOS (iNOS), and endothelial NOS
(eNOS)."” In detail, NO is produced by the conversion of
L-arginine into r-citrulline in the presence of molecular oxygen
and various biological factors such as tetrahydrobiopterin
(BH4), flavin mononucleotide (FMN), and flavin adenine dinu-
cleotide (FAD).'® These processes are catalyzed by various
types of nitric oxide synthases (NOSs), especially eNOS in
endothelial cells.'® In the biological system, NO has different
roles depending on the concentration and environments.*® NO
facilitates cell proliferation in endothelial cells, whereas it
downregulates cell proliferation in smooth muscle cells.*"*?
Although diverse functionalities of NO have been actively
studied in vitro, it has limited therapeutic effects for systems
in vivo due to their limitation of exposure area, and short half-
lives derived from rapid thermal and photochemical
degradation.>*** To overcome these obstacles, various types of
NO donors, including diazeniumdiolates, s-nitrosothiols,
n-nitrosamines, and organic nitrates, have been reported over
decades. However, there is still difficulty in controlling the
long term release of NO in biological systems.?”

Inspired by the continuous flow of the glutathione (GSH)
and NO donor, s-nitroso-N-acetylpenicillamine (SNAP), in the
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blood vessel, we introduced a system in this study in which NO
can be consecutively released by reacting with GSH and
SNAP.”® As shown in Fig. 1, a lipid containing the disulfide
bonding group, 1,2-distearoyl-sn-glycero-3-phosphoethanola-
mine-N-[PDP (polyethylene glycol)-2000] (DSPE-PEG (2000)
PDP), was utilized as a material that enabled NO release laden
with hydrophobic EVL. The disulfide bonding groups react
with GSH to form RSSG, which generates NO by reacting with
SNAP in the blood vessel.”” Continuously, the remaining RSSR
compound can be transferred to RSSG by reacting with GSH.
The repeated reaction cycle by GSH and SNAP results in the
continuous release of NO in the presence of disulfide bonding
groups (Fig. 1).

Herein, we propose a novel DEB system in a multilayer
coating strategy that enables synergistic therapeutic effects
with NO, while reducing the amount of cytostatic drug (EVL).
The multilayer-coated DEB system, containing hydrophilic
PVP, continuous NO releasing liposome with EVL, and hydro-
philic PVP, was optimized. The synergistic properties of EVL
and NO were investigated using various cell-based assays in
human coronary artery endothelial cells (HCAECs) and human
coronary artery smooth muscle cell (HCASMCs). The biocom-
patibility of the multilayer-coated DEB system was verified by
hemocompatibility test, and the ex vivo study for the possi-
bility of efficient drug transfer was simulated using a universal
testing machine (UTM) in the condition for similar pressure of
the vascular tissue for DEB treatments.

Results and discussion

Characterization of the EVL-laden liposome with nitric oxide
(NO) release

To comparatively analyze the synergistic properties of EVL and
NO, two types of liposomes, EVL-encapsulated liposome
(EVL-Lipo) and EVL-laden liposome with NO release
(EVL-NO-Lipo), were synthesized using an optimum ratio of
lipid and drug to maximize the encapsulation efficiency
(Fig. 2A). The high drug encapsulation efficiencies of EVL-Lipo
(71.7%) and EVL-NO-Lipo (76.0%) were achieved without sur-
factants via simple mixing during the thin-film hydration
process for liposome formation (Fig. 2B). With the addition of
the NO releasing lipid composition, the size and zeta potential
are not significantly different from EVL-Lipo (Fig. 2C and D).
In particular, a negative charge of around —30 mV indicated
that the liposome maintained stability.”® Furthermore, TEM
images showed a liposome structure with spherical types at a
size range of around 100 nm (Fig. 2E). Next, the NO releasing
property of EVL-NO-Lipo with the disulfide bonding group was
monitored using a fluorescence-based DAF-FM assay. DAF-FM
is a highly sensitive, photostable fluorescence probe to quan-
tify NO release.”® With only GSH and SNAP, a small amount of
fluorescence signal was shown due to the natural decompo-
sition of the NO donor, SNAP. Conversely, GSH and SNAP with
EVL-NO-Lipo displayed a significantly enhanced fluorescence
signal (Fig. 2F), which demonstrated the release of NO from
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(Inhibiting EVL-NO-Lipo loss during delivery to lesions)

Fig. 1 Schematic illustration for multilayer coated drug-eluting balloon system with PVP/EVL encapsulated liposome with NO release

(EVL-NO-Lipo)/PVP.

the disulfide bonding group of EVL-NO-Lipo, as described in
Fig. 1. Moreover, the continuous releasing profile of NO by the
disulfide bonding group with the addition of 10 uM GSH and
SNAP was demonstrated using a nitric oxide analyzer (NOA)
for 60 min under the condition that excludes the naturally
decomposed SNAP-derived NO release with ethylenediaminete-
traacetic acid (EDTA) as a stabilizer (Fig. 2G), as compared to
only GSH and SNAP treatment as a control.>® Ten uM GSH and
SNAP were utilized to simulate the blood vessel conditions.*"*>
Different from other NO releasing platforms with exogenous
stimulations, the sustained release of NO was achieved with
successive cycles of NO release from the disulfide bonding
group reacting with GSH and SNAP, which are naturally
present in the blood vessel.**>*

Surface analysis of the multilayer-coated balloon system

As an alternative for the balloon catheter, the Nylon 12 tube
was used in this study to simulate the properties of the multi-
layer-coated balloon system. After multilayer coating of the
Nylon 12 tube, the properties and morphology of the layers
were analyzed with various methodologies, such as fluo-
rescence microscopy, scanning electron microscopy (SEM),
attenuated total reflectance-Fourier transform infrared spec-
troscopy (ATR-FTIR), and X-ray photoelectron spectroscopy

918 | Biomater. Sci, 2023, 11, 916-930

(XPS). 5(6)-Carboxyfluorescein-labeled PVP and Nile red-
stained lipid were visualized with serial coating processes
(Fig. 3A). With the accumulation of PVP by the additional
coating processes, a significant green fluorescence signal was
visualized after the coating of the 3rd layer compared to the
coating of the 1st layer. Furthermore, a red fluorescence signal
emerged after the coating of the 2nd layer with EVL-NO-Lipo.
The differences in the surface roughness observed from SEM
proved the multilayer coating of Nylon 12 tubes (Fig. 3B). With
the coating of the 2nd layer with EVL-NO-Lipo, relatively rough
surfaces appeared, which were covered by the coating of the
3rd layer with PVP. Additionally, changes in molecular inter-
action depending on the coating layers were analyzed using
ATR-FTIR with the shift of peak broadness in the transmit-
tance spectra (Fig. 3C). Upon coating the 1st PVP layers onto
the tubes, the spectra of the HO bond (3352-3404 cm™'), C-H
asymmetric stretching vibration (2955 and 1661 cm™"), C=0
amide stretching vibration, and CH, bending vibration (1424
and 1291 cm™') were detected.>® After coating the 2nd layer
with EVL-NO-Lipo, liposome-related peaks involving the C=0
ester bond (1736 cm™) and the PO antisymmetric stretch
(1232 cm™") appeared. These liposome-related peaks decreased
upon the coating of the 3rd layer with PVP with a clear appear-
ance of the C=0 amide stretch (1657 cm™).’>® Additionally,

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Characterization of EVL-Lipo and EVL-NO-Lipo. (A) Two types of EVL-laden liposomes with and without the disulfide bonding group. (B) EVL
encapsulation efficiency, (C) Size, and (D) Zeta potential for EVL-Lipo and EVL-NO-Lipo. (E) TEM images of EVL-Lipo and EVL-NO-Lipo (scale bars

equal to 100 nm). (F) DAF-FM assays for NO releasing of EVL-NO-Lipo in

the presence of GSH and SNAP, and quantitative analysis for fluorescence

intensity from the DAF-FM assays. (G) NOA profile to prove continuous NO release (Values are presented as mean + SD (n = 3)).

the changes of the atomic elements and chemical compo-
sitions demonstrated the clear coating of each layer. As listed
in Table 1, the differences in the atomic percentages of carbon
(C), oxygen (O), nitrogen (N), and phosphorus (P) were evalu-
ated depending on the serial coating with PVP, EVL-NO-Lipo,

This journal is © The Royal Society of Chemistry 2023

and PVP onto the Nylon 12 tubes. After the coating of the 2nd
layer with EVL-NO-Lipo, the lipid-associated P,, value was
newly detected with diminishing N4 value due to the complete
covering of the 1st PVP layer. Moreover, the S2p value was eval-
uated due to the disulfide bonding group of DSPE-PEG (2000)

Biomater. Sci., 2023, 1, 916-930 | 919
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Fig. 3 Characterization of PVP, PVP/EVL-NO-Lipo, and PVP/EVL-NO-Lipo/PVP coated surfaces of Nylon 12 tubes. (A) Fluorescence images of the

coated surfaces using FOBI. Green: 5(6)-Carboxyfluorescein-stained PVP,

Red: Nile red-labeled liposome. (B) SEM images of the coated surfaces

(Scale bars equal to 500 pm). (C) ATR-FTIR spectra for surfaces of Nylon 12 tube coated with PVP, PVP/EVL-No-Lipo and PVP/EVL-NO-Lipo/
PVP. a. Bare Nylon 12 tube, b. PVP coated Nylon 12 tube, c. EVL-NO-Lipo only, d. PVP/EVL-NO-Lipo coated Nylon 12 tube, and e. PVP/

EVL-NO-Lipo/PVP coated Nylon 12 tube.

Table 1 XPS atomic concentration and water contact angle (WCA) for
the serial coating of Nylon 12 tube

XPS atomic concentration(%)

Water contact

Sample Cls 01s Nis P2p S2p angle(°)
Nylon 12 7431 15.5 1019 — —  83.47+0.97
PVP 81.02 13.26 5.72 — —  47.22+0.04

PVP/EVL-NO-Lipo 81.12 15.37 1.93 1.27 0.32 23.02 £ 0.57
PVP/EVL-NO-Lipo/PVP 79.52 17.57 2.03 0.61 0.27 38.14 £+ 0.51

PDP, which decreased with the overall coating with PVP in the
3rd layer. The relatively low intensity of S2p was derived from
the low ratio of DSPE-PEG (2000) PDP in the liposome compo-
sitions (HSPC : Chol : DSPE-PEG (2000) PDP = 5.5:4.0:0.5).
The water contact angle (WCA) indirectly proves the changes of
the coating layer through the differences in hydrophilicity
according to the coating materials.>” PVP and liposome com-
ponents decreased the contact angle, indicating their strong
interaction with water molecules, which made the materials
biocompatible by inhibiting the nonspecific interaction with
proteins in the body.*® Specifically, the relatively higher hydro-
philicity of the liposome made the contact angle smaller in the
2nd layer than in the 1st and 3rd layers with PVP (Table 1). As
EVL-NO-Lipo was coated, the changes of WCA showed a
similar tendency to that of coating EVL-Lipo."*

920 | Biomater. Sci., 2023, 11, 916-930

EVL and NO release from the multilayer-coated system

To achieve the synergistic effects of EVL and NO while
decreasing the drug amount by one-half, two types of multi-
layer-coated Nylon 12 tubes were manufactured with 760 pg
EVL-encapsulated liposome and NO releasing liposome
laden with 380 pg EVL, respectively. Both liposome formu-
lations were lyophilized and rehydrated with 20% ethanol
solutions to concentrate for efficient coating processes.
Hydration using 20% ethanol does not affect the structure
and stability of the liposome.?® The repeated coating with an
ultrasonic spray coating instrument set the final concen-
trations of EVL at about 760 pg for EVL-Lipo and 380 pg for
EVL-NO-Lipo, respectively (Fig. 4A). The drug releasing
profile was monitored for 7 days to verify the role of multi-
layer coating on the DEB system. The large amounts of EVL
were initially burst released due to efficient separation of the
1st PVP layer in the hydrophilic condition (Fig. 4B). Finally,
about 80% of EVL was released from the coated surface. The
NO release was also monitored using a fluorescence-based
DAF-FM assay from the multilayer-coated Nylon 12 tubes
(Fig. 4C). In the presence of only GSH and NO donor, a
weak fluorescence signal was observed due to the natural
decomposition of the NO donor, SNAP. With the coating of
EVL-NO-Lipo, a relatively intense signal was generated
because NO was released through the continuous reaction

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Characterization for EVL and NO release on Nylon 12 tube.
EVL-NO-Lipo. (B) EVL releasing profile of EVL-NO-Lipo coated Nylon 1
release of PVP/EVL-NO-Lipo coated Nylon 12 tube in the presence of

40 60
Time (min)

(A) Accumulated loading amount of EVL on PVP/EVL-Lipo and PVP/
2 tube in the presence of PVP as the 1st layer. (C) DAF-FM assays for NO
GSH and SNAP, and quantitative analysis for fluorescence intensity from

DAF-FM assays. (D) NOA profile to prove continuous NO release of the PVP/EVL-NO-Lipo coated Nylon 12 tube (Values are presented as mean + SD

(n=3)).

cycle by the disulfide bonding group in the liposome with
GSH and SNAP. The continuous releasing profile of NO by
the EVL-NO-Lipo coated Nylon 12 tube with the addition of
10 pM GSH and SNAP can be verified using a NOA over
60 min under the condition that inhibits the naturally orig-
inating SNAP-derived NO release using EDTA. After 40 min,
the constant amounts of NO start to be released, because it
needed time for EVL-NO-Lipo to be completely separated
from the Nylon 12 tube (Fig. 4D). It revealed the sustained
release of NO from the liposome containing the disulfide
bonding group after coating onto Nylon 12 tube. The cumu-
lative release amount of NO after 60 min was calculated
through the integral value of the real time No release profile,
and was estimated to be 222.6 uM.

This journal is © The Royal Society of Chemistry 2023

In vitro biological activities of NO released from NO-Lipo

The angiogenesis-related tube formation assay was conducted
using human coronary artery endothelial cells (HCAECS) to
demonstrate the strong angiogenic property of NO released
from NO-Lipo containing disulfide bonding group. NO is an
endothelial survival factor, inhibiting apoptosis and accelerat-
ing proliferation of EC,*>*" with an increase in the expression
of vascular endothelial growth factor (VEGF) and fibroblast
growth factors (FGF) by upregulating the expression of nitric
oxide synthase (NOS) in the body."**> Taken together, the
exogenous disulfide bonding group is expected to facilitate the
continuous NO release reaction with GSH and SNAP in the
blood vessel. The results showed that the tube formation

Biomater. Sci, 2023, 11, 916-930 | 921
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ability was significantly accelerated in the NO-Lipo in the pres-
ence of GSH (G) and SNAP (S) compared to the presence of
only naturally decomposed NO donors (GS) (Fig. 5A).
Moreover, various angiogenic-related parameters such as the
total length, total branching length, number of nodes, and
number of junctions, were quantified to verify the effects of
NO derived from the disulfide bonding group of liposomes for
tube formation at the indicated time in many ways (Fig. 5B).
All parameters of tube formation exhibited the gradual
increase with the introduction of NO-Lipo with GSH and SNAP.
NO generally stabilizes hypoxia-inducible factor (HIF) 1a,
which upregulates protein kinase G (PKG) signaling to stimu-
late secretion of VEGF and other angiogenesis-related growth
factors.**** To prove this angiogenesis-related pathway by NO,
the gene expression level of NO inducible angiogenic factors
were comparatively analyzed depending on the use of disulfide
bonding group with GSH and SNAP. As an exogenous NO
donor, the disulfide bonding group-derived NO could activate
HIF 1a, which resulted in the serial upregulation of PKG,
VEGF, HGF, and CD31 (Fig. 5C). In general, both proliferation
and migration of vascular smooth muscle cells (SMCs) contrib-
ute toward inducing lesion formation.*>*® Competitiveness
between the migration of ECs and SMCs from the native vessel
is also important for the successful treatment of vascular dis-
eases.” Different from the condition in EC, NO has been
known to reversibly inhibit SMC migration independent of
proliferation and cytotoxicity.*® After being cultured for 1 day,
NO-Lipo with GSH and SNAP strongly inhibited the migration
of HCASMC compared with the condition without GSH and
SNAP (Fig. 5D).

In vitro biological activities of EVL-Lipo and synergistic effects
of EVL-NO-Lipo

For many years, the FDA has approved the use of rapamycin
and its derivates as immunosuppressants to inhibit organ
transplant rejections. Especially, the anti-proliferative pro-
perties of EVL prompted the development of anti-cancer thera-
peutics.*® With similar bioactivities, the proliferation of SMC
is reduced by inhibiting mTOR, which plays a critical role in
regulating cell metabolism, proliferation, and survival in
response to environmental stimulations using EVL.”° Serially,
the inhibition of mTOR attenuates the phosphorylation of
S6K1, resulting in significant downregulation of cell prolifer-
ation.”* To prove the occurrence of these processes, the gene
expression levels of mTOR and S6K1 were compared in the
SMC after incubation with EVL-Lipo and EVL-NO-Lipo.
Attenuation of both factors was observed in the group with the
EVL-containing group, whereas no suppression was shown by
NO (Fig. 6A). These results demonstrated that the EVL-
mediated anti-proliferation of HCASMC was induced mainly
via inhibition of the mTOR and S6Ki-related pathway.
Furthermore, synergistic bioactivities of EVL and NO can be
verified by showing the inhibitory effects of HCASMC prolifer-
ation.”> CCK-8 and live/dead assays were performed to investi-
gate the proliferation inhibitory effects of EVL and NO to
HCASMC after 24 h incubation. The group treated with only
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GSH and SNAP showed similar cell viability as the control
group, which supported the weak and limited NO effects from
decomposition of NO donors.>® However, the cell viability was
reduced to about 60% by NO-Lipo (without EVL). Interestingly,
only 30% HCASMC was viable after incubating with 380 pg
EVL laden NO-Lipo (EVL-NO-Lipo), which indicated similar
inhibitory effects as the group treated with 760 pg EVL encap-
sulated liposome (EVL-Lipo) (Fig. 6B). The similar trends are
displayed in the fluorescence-based live/dead assay (Fig. 6C).
These results were in good agreement with the excellent bioac-
tivity in inhibiting HCASMC proliferation through continuous
NO release, while reducing the amount of EVL that adversely
affected endothelial cell activities using the liposome-contain-
ing disulfide bonding group. As shown in Fig. 6D, the pro-
duction of pro-inflammatory cytokines, IL-6 and IL-8 was sig-
nificantly reduced in the treatment with EVL and NO. A great
anti-inflammatory effect was demonstrated via synergistic
effects of EVL and NO due to the powerful anti-inflammatory
and anti-proliferation effects of EVL and NO in SMC.>*

Hemocompatibility study

In a PCI process to treat vascular diseases, protein adsorption
has been known as the first obstacle to induce blood clots due
to complex interactions between the blood and the surfaces of
the catheter.”® In general, the coating surfaces with high
hydrophobicity and roughness induce protein adsorption in
the blood vessel. Along with albumin, the level of fibrinogen,
as a major protein component of blood plasma, is an impor-
tant factor to decide the compatibility for further applications
of coating materials because fibrinogen accelerates platelet
adhesion by transfer to fibrin with thrombin, which results in
clot formation.’® Thus, the in vitro hemocompatibility of the
coating materials was comparatively analyzed by evaluating the
adsorption of albumin and fibrinogen onto multilayer-coated
Nylon 12 tubes to prove the feasibility of a multilayer coating
strategy for the DEB system. The BCA results showed the
adsorption of both proteins did not increase with all coating
materials (Fig. 7A). In addition, platelet adhesion was deceler-
ated on the surface with PVP/EVL-NO-Lipo compared to only
Nylon 12 tubes, which meant good hemocompatibilities of
PVP and liposome as coating materials as indicated in SEM
(Fig. 7B). The differences in platelet adhesion depending on
the coating materials were additionally evaluated with lactate
dehydrogenase (LDH) assay. Platelet adhesion onto the coated
surfaces can be indirectly expected by the level of LDH because
the LDH level increases with platelet activation.’””® Compared
to the bare Nylon 12 tube with hydrophobic surfaces, the level
of platelet activation tended to gradually decrease on the sur-
faces coated with hydrophilic PVP and EVL-NO-Lipo (Fig. 7C)
in agreement with the SEM images for platelet adhesion.

Ex vivo study for drug transfer on the tissue

To demonstrate the feasibility of future applications for the
multilayer coating system, the drug transfer on the tissue from
the multilayer-coated balloon system was simulated ex vivo
using a UTM system customized from our lab."* On the oppo-

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2bm01673g

Published on 08 December 2022. Downloaded on 11/10/2025 10:32:26 PM.

View Article Online

Biomaterials Science Paper

Ctrl NO-Lipo (w/o GS) NO-Lipo (w/ GS)

=T 4 (

(B)

E
2500 . =
= e

T 2000 5 1000 [
S
2 n ns 2 ns 3 -]
£ 1500 S o ns ° S
) £ 2 5
S 4000 S s S S
= g z

2 500 2

8

0 2 o
& & PN S & 2 2
@ o N N © &
4 X N A & 3
=¥ o e Sy o &
x KR M x R M
B > O’ X ™ O
& ‘\0 = 0‘.} eo -

0.5

0.0

HIF-1c mRNA level
(fold change)

o o 4 a4 N 0N
o CJ o o o L.
S
@

2

H
H
PKG mRNA level
(fold change)
- - »
o o o
>
@
:
wT
VEGF mRNA level
(Fold change)

e o = = b »
© @& o & o o
2
@

G
2
G

& & 2 2 & & 2 2 & S 2 o
S N RO
Ng o Ng o K S oF
2 & o 2 & N K & )
S v ’ D 4 (o QX O’
e Y ~ 2 Y ~ . &P Y ~
2.0
. 15 .
?’ - ° ns
E 8 1.5 ns % - ns
< £ ns <2 10
Z 5
s v
T
5 o > 3 0.5
2 05 g
0.0 0.0
2 N N
& P 2 & < & KN
N © \ W & &
‘\vg & o@ 2a o &
2 & o N °>>° o
RS ey & $ IS
o =

ctrl GSH + SNAP (GS)

Fig. 5 Biological activities of NO release from No-Lipo. (A) Representative images of the angiogenesis effect by tube formation assay of NO-Lipo.
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expression levels of the representative angiogenic factors from the NO-Lipo treated human coronary artery endothelial cells (HCAECs). (D)
Representative images of cell migration assays to evaluate the inhibitory effects of NO-Lipo for human coronary artery smooth muscle cells
(HCASMCs) and calculated cell migration rates of various groups. (Values are presented as mean + SD (n = 3) and statistical significance was obtained
with one-way analysis of ANOVA with Tukey's multiple comparison post-test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001)).
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Fig. 6 Biological activities of EVL, and synergistic effects of EVL and NO from an EVL-NO-Lipo coated Nylon 12 tube. (A) The gene expression levels
for the representative mTOR-related pathway of EVL. (B) Cell viability of HCASMC to prove the synergistic effects of EVL and NO. (C) Live/dead assay
to visualize the proliferation inhibitory effects of EVL and NO. (D) ELISA to compare the expression of inflammation-related cytokine. (GSH + SNAP
(GS), EVL-Lipo (760 pg EVL-encapsulated liposome), NO-Lipo (NO releasing liposome without EVL), EVL-NO-Lipo (380 pg EVL-laden liposome with
NO release). Values are presented as mean + SD (n = 3), and statistical significance was obtained with one-way analysis of ANOVA with Tukey's mul-
tiple comparison post-test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001)).

site site from the tissue of porcine aortic vessel, a multilayer-
coated Nylon 12 film consisting of PVP, EVL-NO-Lipo, and PVP
was attached. Both sites were compressed for 10 and 60 s with
0.9 bar, which is similar to the pressure on the vascular tissue
during the ballooning treatment (Fig. 8A). During the initial
10 s, a red fluorescence signal from the Nile-red labeled lipo-
some was maintained by the protection with the 3rd layer.

924 | Biomater. Sci, 2023, 1, 916-930

After 60 s, the liposome layer was separated and transferred to
the tissue (Fig. 8B). Because the catheter with DEBs was
inserted into the lesion for 10 s and ballooning was performed
for drug delivery during the additional 60 s in clinical trials,
two time points were selected for monitoring the fluorescence
changes.”® The Nile-red labeled liposome was transferred to
the surface of the tissue, and the drug transfer rate was
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measured at 61.10%, which is expected to further increase in
an environment where actual blood flow exists (Table 2).

Experimental
Materials

Nylon 12 tube and polyvinylpyrrolidone (PVP, average Mw:
3.5 kDa) were purchased from Misumi (Tokyo, Japan) and
Acros Organics (Geel, Belgium), respectively. Hydro soy phos-
phatidylcholine (HSPC), cholesterol (Chol), 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy (polyethylene
glycol)-2000] (mPEG2000-DSPE), and 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[PDP (polyethylene glycol)-2000]

This journal is © The Royal Society of Chemistry 2023

(DSPE-PEG (2000) PDP, referred as NO-Lipo) were purchased
from Avanti Polar Lipids (Alabaster, AL, USA). 4-Amino-5-
methylamino-2',7'-difluorofluorescein (DAF-FM) diacetate was
purchased from Cayman Chemical (Ann Arbor, Michigan,
USA). 5(6)-Carboxyfluorescein (5(6)-FAM), Nile red, glutathione
(GSH), and S-nitroso-N-acetyl-pi-penicillamine (SNAP) were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Everolimus (EVL) was provided by Osstem Cardiotech (Seoul,
Korea). Phosphate-buffered saline (PBS) solution and fetal
bovine serum (FBS) were purchased from Hyclone in GE Life
Sciences (Marlborough, MA, USA). Trypsin EDTA, antibiotic-
antimycotic, and Hoechst 33342 were obtained from Thermo
Fisher Scientific (Waltham, MA, USA). A cell counting kit (CCK
8) was purchased from Dongin LS (Seoul, Korea). Human cor-
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Table 2 Drug transfer rate from the PVP/EVL-NO-Lipo/PVP-coated
film to the surface of the tissue with an ex vivo study

Drug transfer =~ Remained drug  Drug loss
Condition rate(%) of film (%) (%)
PVP/EVL-NO-Lipo/PVP  61.10 20.60 18.31

onary artery endothelial cells (HCAEC), endothelial cell growth
medium-2 (EGM-2), human coronary artery smooth muscle
cells (HCASMC), and smooth muscle cell growth medium-2
(SMGM-2) were purchased from Lonza (Basel, Switzerland).
Fibrinogen from human plasma and albumin from human
serum were purchased from Sigma-Aldrich (St. Louis, MO,
USA), and an enzyme linked immunosorbent assay (ELISA) kit
for interleukin-6 (IL-6) and interleukin-8 (IL-8) was purchased
from R&D Systems Inc. (Minneapolis, MN, USA). The porcine
aorta vessel for ex vivo study was obtained from Daegu
Gyeongbuk Medical Innovation Foundation (Daegu, Korea).

Preparation of EVL-NO-Lipo

Everolimus (EVL) was loaded in the nitric oxide (NO) releasing-
liposome (NO-Lipo) by thin-film hydration method (Lipid : EVL

926 | Biomater. Sci,, 2023, 1, 916-930

= 20:1). Chloroform was used to dissolve the EVL and
NO-Lipo components (HSPC: Chol: DSPE-PEG (2000) PDP =
5.5:4.0:0.5), which were subsequently dried for 15 min at
60 °C in a rotary evaporator with a constant vacuum condition.
The thin film was resuspended in deionized water until the
lipid membrane was completely hydrated. Then, tip sonication
for 3 min and bath sonication for 15 min were serially used to
create small unilamellar vesicles (SUVs). To isolate free drugs,
liposome dispersion was centrifuged at 3000 rpm for 15 min.
Due to the hydrophobicity of EVL, the free EVL aggregated and
formed pellets. To concentrate the EVL-laden NO-Lipo
(EVL-NO-Lipo) for efficient coating processes onto Nylon 12
tubes, the supernatant containing EVL-NO-Lipo was lyophi-
lized (Laboratory floor model freeze-dryer, Ilshin FD8508,
Korea) under vacuum for 24 h at 80 °C, and the EVL-NO-Lipo
powder was rehydrated in 20% ethanol solution to adjust the
final concentration to 2 mg mL™".

Characterization of EVL-NO-Lipo

Utilizing dynamic light scattering (DLS, Zeta sizer, Malvern
Panalytical, Malvern, UK), the size and surface charge of the
EVL-NO-Lipo formulations were measured. The drug encapsu-
lation efficiency (EE) is the ratio for the drug (EVL) encapsu-
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lated in EVL-NO-Lipo to the amount of drug used. To calculate
the amount of EVL, 0.8 mL of methanol was mixed with
0.2 mL of EVL-NO-Lipo and sonicated with a tip sonicator for
7.5 min to completely break the liposome. The quantification
of EVL was determined using high-performance liquid chrom-
atography (HPLC, LC 1100, Agilent, Waldbronn, Germany)
with an Agilent Eclipse column (5 micron, 4.6 x 150 mm C-18)
at 50 °C. The mobile phase was composed of water, aceto-
nitrile, and methanol (15 :45: 40), and flowed at a flow rate of
1.0 mL min~". The profile was observed at a wavelength of
278 nm.

Ultrasonic spray coating

The coating materials were applied to the Nylon 12 tubes
using an ultrasonic spray coating instrument (SoniCoater,
Noanix Co., Cheongju, Korea). For efficient experiments, Nylon
12 tubes with the same composition as the balloon were uti-
lized. The Nylon 12 tube was cleaned with ethanol and set on
a mandrel prior to coating processes. For the 1st layer, PVP dis-
solved in tetrahydrofuran (THF, 1 mg mL™") was sprayed in
100 cycles, and EVL-NO-Lipo dissolved in 20% ethanol (2 mg
mL™") were sequentially sprayed for the 2nd layer. To coat
380 pg of EVL for EVL-NO-Lipo, nine-repeated coating cycles
were performed, whereas eighteen-repeated coating cycles
were needed to coat 760 pg of EVL for EVL-Lipo. Finally, the
3rd layer with PVP solution in acetone (1 mg mL™') was
stacked on the EVL-NO-Lipo coated 2nd layer. All coating pro-
cesses ran at a flow rate of 0.05 mL min~" and voltage of 5 kV.

Drug and nitric oxide (NO) release

For mimicking the in vivo blood vessel environments, the sink
condition solution, containing 0.05% Tween 20 in PBS solu-
tion, was set up at 37 °C shaking with 300 rpm to observe drug
release from the multilayer-coated Nylon 12 tubes. The loading
and total amounts of EVL were measured using HPLC. The
standard curve was created in accordance with drug concen-
trations in the range of 0.5-1000 mg mL™" to calculate the
amounts of released EVL from the multilayer-coated Nylon 12
tubes. The cumulative amounts of drug were monitored for 7
days. The NO release property from EVL-NO-Lipo was observed
with DAF-FM. The fluorescence intensity was measured using
a fluorescence-labeled organism bioimaging instrument
(FOBI, Neoscience, Seoul, Korea). Fifty uM DAF-FM solution
was added to the EVL-NO-Lipo and EVL-NO-Lipo coated Nylon
12 tubes in 100 pL PBS solution containing 50 pM glutathione
(GSH) and S-nitroso-N-acetylpenicillamine (SNAP) for 2 h at
37 °C. The time-dependent NO release behavior was detected
using a nitric oxide analyzer (NOA; NOA 280i, Zysense,
Frederick, Colorado, USA). The time-dependent releasing beha-
viors of NO from the EVL-NO-Lipo and EVL-NO-Lipo coated
Nylon 12 tube were observed in PBS solution containing 10 uM
GSH and SNAP during 60 min at 37 °C.

Analysis of surface properties

To visualize the multilayer-coated surface of the Nylon 12
tubes with PVP, EVL-NO-Lipo, and PVP, 5(6)-carboxyfluorescein
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(5(6)-FAM)-stained PVP (green) and Nile red-loaded NO-Lipo
(red) were utilized. The fluorescence intensity was measured
using FOBI (Neoscience, Seoul, Korea). The morphology of the
cross-section of the coated films was observed by scanning
electron microscopy (SEM, JEOL, Tokyo, Japan). Attenuated
total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR, Spectrum two, PerkinElmer, Waltham, MA, USA)
was used to measure the IR transmittance of the coated
surface at a range of 650 to 4000 cm ™. The ratio of the surface
atomic concentration were evaluated with X-ray photoelectron
spectroscopy (XPS, PHI5000 VersaProbe, Ulvac-PHI, Chigasaki,
Japan). The hydrophilicity of the multilayer-coated surface was
evaluated based on the water contact angle (WCA) of a water
droplet with the films using optical bench-type contact angle
goniometry (Crest Technology Co., Sterling, MA, USA). A drop
of 10 pL of deionized water was put on the surface of the film
coated with PVP, EVL-NO-Lipo, and PVP, and the WCA was
confirmed within 10 s from the specimens.

Cell cultures

Human coronary artery endothelial cells (HCAECs) were cul-
tured using endothelial cells growth medium-2 (EGM-2) con-
taining 5% fetal bovine serum (FBS; GIBCO, NY, USA). Human
coronary artery smooth muscle cells (HCASMCs) were cultured
using smooth muscle cell growth medium (SmGM) with 5%
FBS. Both cells were grown at 37 °C under humidified 5% CO,
atmosphere. The medium was changed every two or three
days, and all assays were performed with HCAECs and
HCASMC s at passage 7.

Tube formation assay

HCAECs (2.0 x 10° cells per well) were grown for 16 h in
EGM-2 media containing 5% FBS on 24 well plates (Corning,
NY, USA) coated with Matrigel. NO-Lipo was added to the cells
with and without 10 pM GSH and SNAP. Calcein AM-stained
living cells were visualized to monitor tube formation using
fluorescence microscopy (CKX53, OLYMPUS, Japan). The
Image] (Wayne Rasband, NIH, USA) plugin for the angio-
genesis analyzer was employed to quantify the angiogenesis-
related properties.

SMC migration

HCASMCs were cultured until confluent with a monolayer at
the starting density of 3.0 x 10> cells per well in 6 well plates. A
sterilized 1 ml pipette tip was used to scratch the cells on the
center of the wells, followed by the treatment with NO-Lipo
with and without GHS and SNAP after rinsing with PBS solu-
tions. A microscope was used to visualize the migration of
SMC after 24 h incubation. The Image] (Wayne Rasband, NIH,
USA) plugin for the wound healing tool was utilized to assess
the percentage of open area.

RT-qPCR for angiogenesis and mTOR-related factors

RNA was extracted from NO-Lipo treated HCAEC (3.0 x 10°
cells per well) and EVL-Lipo treated HCASMC (1 x 10° cells per
well) using the universal RNA extraction kit (Accuprep®

Biomater. Sci, 2023, 11, 916-930 | 927
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Universal RNA Extraction Kit, Daejeon, K-3141, Bioneer) and
TRIzol reagent (15596018, Thermo Fisher Scientific) following
the manufacturer’s instructions. A spectrophotometer
(ND-1000; Thermo Fisher Scientific) was used to determine the
RNA concentration. Using a PrimeScript RT Reagent Kit, RNA
from each sample was reverse transcribed to complementary
DNA. RT-qPCR was performed with a QuantStudio 3 real-time
PCR (Applied Biosystems, Waltham, Massachusetts, United
States) instrument and Power SYBR Green PCR Master Mix.

Enzyme-linked immunosorbent assay (ELISA)

The protein expression level of inflammation-related factors in
HCASMC incubated with coating materials were analyzed
using the Quantikine™ ELISA kit (R&D Systems, Minneapolis,
MN, USA). The level of IL-6 and IL-8 was measured from cell
conditioned media using ELISA after 2 h incubation of coating
materials in the condition with and without GSH and SNAP to
verify the synergistic effects of EVL and NO. ELISA was per-
formed in accordance with the manufacturer’s instructions.

Hemocompatibility test

The protein adsorption on the coated films was evaluated
using standard curves of human serum albumin and human
plasma fibrinogen. The coated Nylon 12 film was hydrated
with PBS solution for 1 h at 37 °C, and then incubated with
albumin solution (3.0 mg mL™") and fibrinogen solution
(0.2 mg mL™") for 1 min. Following the manufacturer’s instruc-
tions, the sample was washed with PBS solution and the
amounts of protein were evaluated using a micro-BCA kit. For
a platelet adhesion study, all coating materials were hydrated
in 1 mL of PBS solution at 37 °C for 1 h, and then incubated
with the concentrated platelet (5.0 x 10* platelets per pL,
Nambu Blood Institute, Seoul, Korea). To immobilize the
adhered platelet on specimens, 2.5% glutaraldehyde solutions
were immersed and serial dehydration was performed with 50,
60, 70, 80, 90 and 100% ethanol. Afterward, platelet adhesion
was visualized using field emission-scanning electron
microscopy (FE-SEM; SIGMA, Carl Zeiss, Jena, Germany). In
addition, the lactate dehydrogenase (LDH) assay was carried
out to measure platelet adhesion to the coating materials
(LDH cytotoxicity detection kit, TAKARA, Tokyo, Japan).

Ex vivo drug transfer study

Using a universal testing machine (UTM, TO-101, Test one,
Busan, Korea), the ex vivo drug transfer rate was evaluated with
porcine aortic arteries. In brief, a multilayer-coated film was
attached to the surface of the test mold and the porcine aortic
vessel was put on the opposite site. Then, two molds were com-
pressed for 10 and 60 s with 0.9 bar pressure. After detach-
ment from the mold, the tissue was immersed in chloroform
and the multilayer-coated film was immersed in methanol to
quantify the amount of EVL. The Nile red-labeled liposome
was used to visualize the EVL-Lipo transfer onto tissues using
FOBI.
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Statistical analysis

Values are presented as mean + SD (n = 3). GraphPad Prism 7
(GraphPad Software, San Diego, CA, USA) was performed all
statistical analyses. One-way analysis of variance (ANOVA) and
Tukey’s multiple comparison post-test were used to compare
group differences, and p values bellow 0.05 were regarded as
statistically significant (*p < 0.05; **p < 0.01; ***p < 0.001;
*xx%p) < 0.0001).

Conclusions

In a previous study, we developed the multilayer-coated DEB
system, containing PVP/EVL encapsulated liposome/PVP for
efficient protection and transfer of drugs during DEB treat-
ments. To overcome limitations derived from the high dosage of
cytotoxic drugs, a strategy to reduce the drug amounts was
suggested herein in a multilayer-coated DEB system.
Continuous NO release, achieved by introducing liposome con-
taining the disulfide bonding group in the presence of GSH and
SNAP, was expected to show synergistic bioactivities with low
amounts of drug. Moreover, the liposome was utilized to load
hydrophobic EVL without crystallization in a hydrophilic con-
dition. With bioactivities of NO, such as facilitating angio-
genesis of EC and inhibiting migration of SMC in the lesions,
biological effects on EC and SMC were demonstrated with half
amounts of EVL. Moreover, changes of angiogenic related
factors by NO and mTOR pathway associated factors by EVL
were demonstrated at the gene level. With EVL-laden liposome
releasing NO, multilayer-coated surfaces inhibited platelet
adhesion due to the hydrophilic properties of the coating
materials. Finally, the ex vivo study result with the UTM demon-
strated the feasibilities of the PVP/EVL-NO-Lipo/PVP coated DEB
system for future in vivo applications with drug protection and
transfer abilities during a PCI treatment.
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