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Abstract: This study describes the development of drug-loaded nanofibrous scaffolds as a
nanocoating for endovascular stents for the local and sustained delivery of rosuvastatin (Ros)
and heparin (Hep) to injured artery walls after endovascular procedures via the electrospinning
process.

Purpose: The proposed hybrid covered stents can promote re-endothelialization; improve
endothelial function; reduce inflammatory reaction; inhibit neointimal hyperplasia of the injured
artery wall, due to well-known pleiotropic actions of Ros; and prevent adverse events such as
in-stent restenosis (ISR) and stent thrombosis (ST), through the antithrombotic action of Hep.
Methods: Biodegradable nanofibers were prepared by dissolving cellulose acetate (AC) and
Ros in N,N-dimethylacetamide (DMAc) and acetone-based solvents. The polymeric solution was
electrospun (e-spun) into drug-loaded AC nanofibers onto three different commercially available
stents (Co—Cr stent, Ni—Ti stent, and stainless steel stent), resulting in nonwoven matrices of
submicron-sized fibers. Accordingly, Hep solution was further used for fibrous coating onto the
engineered Ros-loaded stent. The functional encapsulation of Ros and Hep drugs into polymeric
scaffolds further underwent physicochemical analysis. Morphological characterization took place
via scanning electron microscopy (SEM) and atomic force microscopy (AFM) analyses, while
scaffolds’ wettability properties were obtained by contact angle (CA) measurements.
Results: The morphology of the drug-loaded AC nanofibers was smooth, with an average
diameter of 200-800 nm, and after CA measurement, we concluded to the superhydrophobic
nature of the engineered scaffolds. In vitro release rates of the pharmaceutical drugs were deter-
mined using a high-performance liquid chromatography assay, which showed that after the initial
burst, drug release was controlled slowly by the degradation of the polymeric materials.
Conclusion: These results imply that AC nanofibers encapsulated with Ros and Hep drugs have
great potential in the development of endovascular grafts with anti-thrombogenic properties that
can accelerate the re-endothelialization, reduce the neointimal hyperplasia and inflammatory
reaction, and improve the endothelial function.
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Introduction

Endovascular stents have revolutionized the field of vascular surgery and have become
one of the most important milestones in the treatment of a large number of vascular
disorders.! There are different types of endovascular stents, such as bare-metal stents
(BMS:s), drug-eluting stents (DESs), stent grafts, and covered stents (CSs), each one
with their own characteristics.>* Despite their promising clinical outcome, the compli-
cations associated with their implantation still remain as a major disadvantage to their
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widespread use in percutaneous transluminal angioplasty
(PTA).? Injury-induced neointimal hyperplasia and incom-
plete endothelialization of injured arteries can cause adverse
events such as stent thrombosis (ST) and in-stent restenosis
(ISR).5® This study describes the development of a novel
fiber-based hybrid rosuvastatin (Ros)-heparin (Hep)-loaded
scaffold as a coating for stents for the local and sustained
delivery of Ros and Hep to injured artery walls.

Statins are a class of drugs that reduce cholesterol levels
by inhibiting the enzyme 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) reductase, which plays a crucial
role in the production of cholesterol.”!! Statins also exhibit
non-cholesterol-dependent pleiotropic properties, inhibiting
the proliferation of vascular smooth muscle cells (VSMCs)
and platelet activation, improving endothelial function, and
reducing inflammation.'>'* Local delivery of statins to the
diseased site via stents has the advantage of delivering high
drug concentrations to the site of vascular injury, thus mini-
mizing the possible side effects.

Hep has long been known to inhibit the proliferation
of VSMCs, both in vivo and in vitro.'>!'¢ Several models
of antiproliferative effect of Hep have been suggested,
including inhibition of immediate-early genes, inhibition of
production of matrix-degrading proteases, and inhibition of
mitogen-activated protein kinase.'”" The local delivery
of Hep to the site of vascular injury could be used to prevent
the myeloproliferative response and acute thrombus forma-
tion, avoiding the problems of systemic drug delivery.? Hep
encapsulation in nanofibers appears to possess the unique
advantage of sustainable release, which has the benefit of
sustained anticoagulation.?!

Electrospinning is a simple and versatile method of pro-
ducing ultrafine polymeric fibers with controlled surface mor-
phology at the micro- to nanometer scale.?? Various polymers
that include synthetic, natural, and hybrid materials have been
successfully electrospun (e-spun) into ultrafine fibers. The
inherently high surface-to-volume ratio of fibers can enhance
cell attachment, drug loading, and mass transfer properties.?
Drugs ranging from antibiotics to anticancer agents, proteins,
living cells, and various growth factors have been incorpo-
rated into e-spun fibers.”> Among the various potential appli-
cations, the most promising is the drug delivery ability.*’ High
loading capacity, high encapsulation efficiency, simultaneous
delivery of diverse therapies, simplicity of operation, and
cost-effectiveness are excellent features of electrospinning
used in drug delivery.* The use of fibers as drug carriers is
very promising in biomedical applications.?*?’ In this study,
nonwoven fiber mats or nanoscaled cellulose acetate (AC)

fibers, containing two different types of model drugs, Ros and
Hep, were successfully developed and loaded on three different
types of endovascular stents by the electrospinning technique.

Materials and methods

Materials

AC (M=30,000 Da) was purchased from Sigma-Aldrich Co.
(Steinheim, Germany), Ros from AstraZeneca Hellas (Athens,
Greece), and Hep sodium from LEO Pharmaceutical Hellas
SA (Athens, Greece). The empirical formula for Ros
calcium is (C,,H,,FN,OS) Ca, and the molecular weight is
1,001.14 Da. Tablets for oral administration contain 5, 10,
20, or 40 mg of Ros and the following inactive ingredients:
microcrystalline cellulose national formulary (NF), lactose
monohydrate NF, tribasic calcium phosphate NF, crospovi-
done NF, magnesium stearate NF, hypromellose NF, triacetin
NF, titanium dioxide United States Pharmacopeia (USP),
yellow ferric oxide, and red ferric oxide NF.

Hep sodium injection USP is a sterile, nonpyrogenic
solution of Hep sodium in water for injection. Each container
contains 25,000 USP Hep units; 40 or 80 mg sodium chloride
added to render isotonic. The solution has pH 6.0 (5.0-7.5)
and contains non-bacteriostatic, antimicrobial agent or added
buffer. Hep sodium is a heterogeneous group of straight-chain
anionic mucopolysaccharides called glycosaminoglycans.
It is strongly acidic because of its content of covalently linked
sulfate and carboxylic acid groups.

Regarding the solvents used in this study, acetone was pur-
chased from Sigma-Aldrich Co. and N,N-dimethylacetamide
(DMACc) from Chem-Lab NV (Zedelgem, Belgium), which
were of analytical reagent grade and used without further
purification. Phosphate-buffered saline (PBS), used in drug
release kinetics studies, was also purchased by Sigma-
Aldrich Co., in neutral pH. Some of the important informa-
tion (ie, molecular mass, melting temperature, solubility
parameter, and pK ) of AC and the model drugs are sum-
marized in Table 1. All the materials and reagents were used
without further purification.

Table | Molecular mass, melting temperature, water solubility,
and pK_for AC and the model drugs

Material Molecular Melting Water pK,
mass temperature  solubility
(g:mol™') (°C) (mg/mL)

AC 30.000 227-230 - -

Ros 500.57 122 7.8 4.6

Hep sodium 12.000-15.000 <0 100.0 NA

Abbreviations: pK, negative base-10 logarithm of the acid dissociation constant of
a solution; AC, cellulose acetate; Ros, rosuvastatin; Hep, heparin; NA, not available.
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Solvent selection

In the electrospinning system, there are a number of
parameters affecting fiber morphology and diameter, such as
polymer concentration and viscosity, applied voltage, needle
diameter, and the delivery rate of polymer solution.? Addi-
tionally, the solvent used to dissolve the polymer has a sig-
nificant effect on the spinnability of the polymer solution and
fiber morphology. In this study, DMAc and acetone (acetone/
DMAc, w/v 2:1) were found as appropriate solvents for the
electrospinning process and fabrication of the AC—Ros-
loaded nanofibers. DMAc and acetone are organic solvents
that allow full extension of the polymer, and they evaporate
completely after the fiber formation process without leaving
any residue on the formed fibers. The surface morphology
and microstructure of the resulting composite nanofibers were
characterized through scanning electron microscopy (SEM)
and atomic force microscopy (AFM). The findings indicated
that the diameters of the e-spun nanofibers were influenced
by the concentration of AC solution, and the proper solution
was found to be an important parameter affecting fiber mor-
phology. In the nonoptimal conditions, we found that, when
using different molecular weights of AC, eg, ~50,000 Da,
in the electrospinning process, white deposition appeared at
the bottom of the spinneret, and the electrospinning process
could not be carried through. Conversely, when we used
AC of M=30,000 Da, the Taylor cone at the bottom of the
spinneret was clear and did not have any impurity or deposi-
tion. Therefore, AC of M=30,000 Da was selected as a proper
polymer solution for electrospinning.

Solution preparation

A weighed amount of AC powder was dissolved in a mixed
solution of acetone/DMAc (w/v 2:1) in order to obtain an AC
solution at a concentration of 18% w/v. After that, a model
drug Ros was individually added into the base AC solution
under constant stirring for 24 h prior to electrospinning.
The initial loading of the drugs was 100 mg, based on the
weight of AC powder (2,700 mg/100 mg, w/w). Depending
on the required weight to obtain the specific concentration
of AC solution, different Ros tablets of 5, 10, 20, or 40 mg
were powdered and added into the AC solution. Hep sodium
solution was added in the original formulation with Hep of
5,000 IU/mL in solution.

Electrospinning

In this investigation, the process of the fabrication of hybrid
Ros—Hep-loaded stent included two steps. In the first
step, the Ros-loaded e-spun AC nanofibers were prepared

by the conventional electrospinning setup via emulsion
electrospinning. In the second step, the Hep solution of
5,000 ITU/mL was e-spun directly onto Ros-loaded AC
nanofibers with the development of Hep nanofibrous coating
layer of Ros-loaded stent. In the first step, AC and Ros
(2,700 mg/100 mg, w/w) in a preset weight ratio were first
dissolved into 10 mL of acetone and 5 mL of DMAc, and the
solution was stirred at room temperature for 24 h to obtain
a uniform electrospinning solution. Three different types of
commercially available stents were used: Assurant cobalt chro-
mium stent (Medtronic Hellas, Athens, Greece), complete SE
vascular nitinol stent (Medtronic Hellas), and Visi-Pro stainless
steel stent system (Bard PV Hellas, Athens, Greece). All types
of stents used in this experiment were in a fully expended shape
during the electrospinning process. The experimental electro-
spinning setup contained a 5-mL standard syringe attached to
a stainless steel needle with an internal diameter of 0.723 mm
(21 G). The needle and the metallic pin were connected to the
high-voltage supply, which produced positive direct current
voltages and currents of up to 25 kV and 4.16 mA, respectively.
An electric field was applied to the end of a capillary contain-
ing the polymer solution, inducing a charge on the surface of
the liquid. When the voltage reached a critical value where
the charge overcame the surface tension of the polymer drop-
let at the tip of the capillary, a jet was ejected. Acceleration
through the electric field caused elongation, thinning of the
polymer jet, and evaporation of the solvent to produce fibers
that could be collected onto a ground plate. The solution was
then e-spun using a syringe pump with a volumetric flow rate
of 10.0 uL/min for 15 min to yield nanofibers on the metallic
stent placed on the electrically grounded piece of aluminum
foil substrate. The distance between the needle tip and the
ground electrode was ~200 mm. Electrospinning process
was conducted under ambient conditions. A hybrid Ros
drug-loaded nanofibrous coating onto stent was formed. All
manufactured stents were placed in a vacuum oven at 40°C
for 72 h to evaporate the solvents. In the second step, the
experimental electrospinning setup contained a S-mL standard
syringe attached to a stainless steel needle with an internal
diameter of 0.405 mm (26 gage). In all, I mL of Hep sodium
solution was added in the original formulation with Hep of
5,000 IU/mL solution. During electrospinning, 25 kV was
applied at the tip of the syringe needle. The electrospinning
solution flow rate was maintained at 10.0 uL/min for 15 min.
E-spun nanofibers were collected on a hybrid Ros-loaded stent
placed in an electrically grounded piece of aluminum foil
substrate located ~150 mm below the tip of the needle. The
electrospinning process was conducted at room temperature.
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Morphological evaluation by SEM

Information about the surface topography and composition of
samples was obtained using SEM technique (JSM-6390LV;
JEOL, USA). Samples were performed using standard stabili-
zation protocol with glutaraldehyde and ethanol, with drying
of the samples at the end. Drying of the samples was made in
three cycles with the addition of aqueous solutions of ethanol
concentration 70%, 90% and 100% v/v sequentially. Each
solution was left at samples for ~30 min. After removing the
last ethanol solution, samples were allowed to dry at room
conditions in a laminar flow cabinet at air atmosphere. The
diameter range of the fabricated nanofibers was measured via
SEM images using the image visualization software ImageJ
1.34s (National Institutes of Health, AZ, USA). Average
diameter and diameter distribution were determined by mea-
suring 100 random nanofibers from the SEM images.

Topographical evaluation by AFM

The study of topological properties of samples’ surface
in this experiment was performed with AFM (NTEGRA;
NT-MDT, Eindhoven, the Netherlands). The software used
to estimate the values of the average roughness and peak to
valley was the AFM model NTEGRA and SPM (NT-MDT).
Surface properties of the nanofibers were examined using a
nanoscope AFM in the tapping mode and expressed as height
and phase images.

Wetting behavior of samples by contact
angle (CA)

Determination of hydrophilicity and hydrophobicity of AC
Ros—Hep-loaded nanofibers was performed by CA. In order
to measure the CAs, the mats were cut into 1 cm? squares
and placed on a testing plate. The drop of water used for
CA measurement had a volume of 5 mL, and the free
surface energy of water was equal to 72.8 mN/m. The CA
measurement of the samples was static and performed with
a goniometer (CAM200; KSV Instruments Ltd., Helsinki,
Finland). Determination of the free surface energy with the
drop of deionized water was performed with the help of the
Solid Free Surface Energy Calculation program. The CA
measurements were made by testing the following solutions:
deionized water and PBS. These solutions were used to study
the behavior of materials in the various solutions that were in
contact. The CA between the water droplet and the nanofibers
mat was measured at various time intervals at three different
locations on the sample. The average value and standard
deviation (£SD) were recorded for each sample.

Biodegradation study

The biodegradability of AC drug-loaded nanofibers was
studied by initial weight measures of the samples and their
weight loss after specific time periods. First, the samples
were cut as much as possible in the same size and placed in
a 24-well plate. After that, each sample was weighed three
times with an analytical balance (ABT 120-5DM; KERN &
Sohn GmbH SEALED, Balingen, Germany), and then the
recording of the results took place. Furthermore, 1 mL of
PBS was added to each one of the samples and placed in an
incubator (Galaxy 170S; New Brunswick, an Eppendorf com-
pany) at 37°C. The samples of AC drug-loaded nanofibers
(4x4 cm) were weighed at 0, 3, 7, 14, 30, 45, and 60 days, and
the weight loss was calculated by weight loss equation and
diagrams. SEM images were taken for optical examination
of the samples. The weight loss diagrams and SEM images
of nanofibers were used for understanding the duration and
extend of biodegradation. Finally, they were reweighed in
order to see how the weight of the samples was diversified,
and how the scaffolds were degraded as the days passed
according to the following equation:

Initial weight (W, ) — Final weight (W,)

Weight loss (%) =
ght loss (%) Initial weight ()

Here, W, is the original weight of each sample before
degradation, and W, is the residual weight after degradation
of the same samples after their complete drying.

Evaluation of drug release pharmacokinetics
The in vitro release behavior of the pharmaceuticals was
determined using an elution method and a high-performance
liquid chromatography assay. The scaffolds were cut into
small pieces with the same shape and diameter. The pieces
were then immersed in 2 mL of pre-warmed PBS, incubated
at 37°C, and protected from light over a 16-day period. There-
after, the release medium was refilled to 1.5 mL, and a sample
volume of 500 pL was taken at the time points until 16 days,
with replenishment of the release medium to 1.5 mL each
time a sample was taken out. Time points were =0, 2, 4, 8,
24,96, 192, and 360 h. At each time point, 100 mL of PBS
release medium was removed for sampling and replaced with
fresh PBS. For each group, the assay samples were taken in
triplicate (n=3) at each time interval. The amount of the drugs
in the withdrawn solutions was determined using the GloMax
UV luminometer from Promega Corporation (Fitchburg,
WI, USA), a unique multidetection system, whereas the
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absorption of the drugs was evaluated at an optical density
(OD) of 240 nm wavelength for Ros and an OD of 540 nm
wavelength for Hep, critical points where the drugs absorb
via in vitro real-time measurements. The calibration curve
for each model drug was carried out in the concentration
range of 0.0025-0.05 mg/mL, in which a linear relationship
between the UV absorbance and the drug concentration was
realized. These data were carefully calculated to determine
the cumulative amount of the drugs released from the samples
at each specified immersion period. The experiments were
carried out in triplicate to avoid any numerical mistake.

Results

Nanofiber morphology and structure
Nonwoven mats of submicron-sized AC fibers (M=30,000 Da)
were successfully prepared by electrospinning different
concentrations (16%—20%) of AC solutions w/v in 2:1 v/v
acetone/DMACc as the mixed solvent system (Table 2). The
encapsulation of the functional drugs of Ros and Hep onto
the fiber-based scaffolds resulted in well-formed scaffolds as
shown in Figure 1, along with the mixed solvent system that
was used. This mixture allowed the resulting AC solutions to
be e-spun into submicron-sized cellulose fibers (200800 nm
in diameter) with pore diameters from 6 to 16 um (Figures 2
and 3). The most red blood cells (RBCs) had diameters in
the range of 68 um. This indicates that the pores in the
nonwoven nanofiber mats were sufficiently large to support
the pass-through of RBCs in microcirculation, to provide
sufficient oxygen exchange for body tissues and organs.

The solution of AC loaded with Ros and Hep drugs was
e-spun into nanofibers and was mounted onto commer-
cially available three different types of endovascular stents,
Assurant cobalt stent, complete SE vascular nitinol stent, and
Visi-Pro stainless steel stent system, as shown in Figure 4
for all stent materials, respectively.

Topographical evaluation by AFM

The analysis via AFM topography and morphology of the
engineered scaffolds was measured in the center of each
sample (tapping mode for scan sizes of 5 and 5 um), and the
images are shown in 2D in Figure 5, respectively. As we can
observe from the height mode, as well as from phase AFM
analysis, fiber-based structures are well formed with average
roughness approaching 190 nm. Through topography charac-
teristics, the roughness of each sample was mainly calculated
from 5x5 um images, and the results are shown in Table 3.
More precisely, stents of Co—Cr with fiber scaffold deposited
onto their surface exhibited an excellent distribution of the
polymeric matrices, forming roughness of these structures
at ~191 nm and root mean square values at 1,256.7 nm.
Concerning stainless steel stents with the parallel formation of
polymeric scaffolds, the roughness values slightly decreases
at 186.4 nm. These results come in agreement with the other
findings and lead to the conclusion that in all three samples
of expertise, the topography, morphology, and roughness
modifications were quite similar, in order to provide useful
information for further analysis of surface parameters.

Wetting behavior of the nanofibers by CA
Hydrophilicity is an important factor in the overall per-
formance of e-spun nanofibers. Figure 6 shows the CA
measurement results for stable water droplets placed on the
nanofiber mats. The final CAs of 14%, 15%, 16%, 17%,
and 18% AC Ros—Hep-loaded nanofibers were 9.66+3.36,
46.9610.43, 44.11£11.27, 32.28+3.38, and 20.97£2.19,
respectively. The addition of Hep reduced the CA, and addi-
tionally, the incorporation of Ros and Hep slightly improved
the hydrophilicity of the nanofiber because of the larger num-
ber of hydrophilic proteins on or near the fiber surface.
The results are presented in Table 4. The 14% AC
drug-loaded nanofibers had the most hydrophilic surface

Table 2 Electrospinning deposition results for different concentrations of AC (M=30,000 Da)

Solvents (2:1) Concentration (%) Voltage Speed Distance Needle Syringe Pattern Fibers
Acetone/DMACc 16 25 10 200 21 G | Biospiral Fibers
Acetone/DMACc 16 25 10 200 24 G | Biospiral Fibers
Acetone/DMAc 20 25 10 200 21 G | Biospiral Fibers
Acetone/DMACc 20 25 10 200 24 G | Biospiral Fibers
Acetone/DMACc 16 25 10 200 21 G 2 Biospiral Fibers
Acetone/DMACc 16 25 10 200 24 G 2 Biospiral Fibers
Acetone/DMACc 17 25 10 200 21 G | Biospiral Fibers
Acetone/DMACc 18 25 10 200 21 G | Biospiral Fibers
Acetone/DMACc 19 25 10 200 21 G | Biospiral Fibers
Abbreviations: AC, cellulose acetate; DMAc, N,N-dimethylacetamide; G, gage.
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Figure | SEM images of (A) AC nanofibers, (B) AC nanofibers loaded with Ros, and (C) AC nanofibers loaded with Ros and Hep.

Note: Scale bar: 10 um.

Abbreviations: SEM, scanning electron microscopy; AC, cellulose acetate; Ros, rosuvastatin; Hep, heparin.

compared with other drug-loaded matrices. Generally, all
samples exhibited hydrophilic behavior, with 14% and 18%
AC Ros—Hep-loaded nanofibers having the most hydro-
philic surface. Using the CA measurements of the samples,
another significant parameter was calculated, the free surface
energy. There is an inverse relationship between CA and free
surface energy (Table 4). With the increase in CA, there is
a reduction in free surface energy and hence the ability of
the sample to interact with polar solvents. After analyzing
different parameters, we chose for our study the 18% AC
Ros—Hep-loaded nanofibers, in order to develop hybrid CS,
due to their best performance.

Biodegradation study results

In vitro degradation of nonwoven fibers of a biodegradable
AC scaffold is shown at the comparison diagrams (Figure 7).

4

OV %3,000

0699 /12 45/SE|

Figure 2 Morphology of nanofibrous membrane by SEM.

Note: Ros—Hep-loaded AC nanofibers with diameters from 200 to 800 nm and
pore diameters from ~6 to ~16 pum (scale bar: 5 um).

Abbreviations: SEM, scanning electron microscopy; Ros, rosuvastatin; Hep,
heparin; AC, cellulose acetate.

With the SEM micrographs, the changes in the molecular
weight of the polymer are better distinguished by demon-
strating how the polymer is degraded in 3, 30, and 60 days
(Figure 7). As noted via Imagel software, from day 3 to 30,
a mass raise took place due to fibers’ swelling, which led to
an increase in the diameter of fibers, and from day 30 to 60,
a decrease in the diameter of fibers, as expected, because of
melting of fibers and polymer degradation.

In vitro drug release profile of

pharmaceuticals

The daily and accumulative release curves of Ros and Hep
from the nanofibers are plotted in Figures 8—11. Diagrams
shown in Figures 8 and 10 are representative of ones from
the reference curves of Ros and Hep accordingly. The
measurements suggest that some of pharmaceuticals were
presented on the surface of the nanofibers, inducing the
initial burst of drug release (Figures 9 and 11). However,
most pharmaceuticals were dispersed in the bulk of the AC
matrix, inducing stable drug release. Following the initial
burst release, the drug release followed a controlled, solely
release by degradation of the polymeric materials (Figures 9
and 11). The hybrid DESs that were developed herein pro-
vided local and sustained delivery of high concentrations of
Ros and Hep for 4 weeks. Delivering high concentrations
of Ros and Hep to arterial wall using proposed hybrid DES
may represent a superior and novel therapeutic method for
patients who have a high risk of ST and minimize possible
systemic side effects.

Discussion
Despite the major advances in vascular stent technology, many
issues such as acute or late ST and ISR after the successful
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Figure 3 Diagrams of (A) diameter of e-spun nanofibers (nm) and (B) pore diameter (m).
Note: Ros—Hep-loaded AC nanofibers with diameters from 200 to 800 nm and pore diameters from ~6 to ~16 um.
Abbreviations: e-spun, electrospun; Ros, rosuvastatin; Hep, heparin; AC, cellulose acetate.
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Figure 4 SEM images of (Ai) Ni—Ti stent with nanofibers, (Bi) stainless steel stent with nanofibers, and (Ci) Co—Cr stent with nanofibers.
Note: (Aii—Cii) are magnified images of (Ai-Ci).
Abbreviations: SEM, scanning electron microscopy; Ni—Ti, nickel—titanium alloy stent; Co—Cr, cobalt—chromium alloy stent.
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Figure 5 AFM images of thin films (10x10 pum).
Notes: (Ai) Co—Cr, (Bi) Ni-Ti, and (Ci) stainless steel. (Ai—Ci): topography and (Aii—Cii): phase.
Abbreviations: AFM, atomic force microscopy; Co—Cr, cobalt—chromium alloy stent; Ni—Ti, nickel-titanium alloy stent.

Table 3 Topography and roughness analysis via AFM tools of the  endovascular procedures still remain unresolved.®* A healthy

stent samples endothelial layer provides homeostatic control, and the
Groups Root mean square (nm)  Peak to valley (hm)  adhesion of endothelial cells on the stent surface after the
Co-Cr 1,256.7 191.2 endovascular procedures is the key for the repair of vascular
Ni-Ti 1,232.] 17842 injury, preventing thrombosis and proliferation of smooth
Stainless steel 1,408.7 186.4 1 lls (SMCs). Ini induced mi . d

Abbreviations: AFM, atomic force microscopy; Co—Cr, cobalt—chromium alloy l‘I'luSC e celis ( S). n]'ury—ln UC§ mlgratlon fin PI‘O-
stent; Ni—Ti, nickel—titanium alloy stent. liferation of SMCs remain the major pathophysiological
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Figure 6 Determination of the wetting behavior of AC Ros—Hep-loaded nanofibers via CA measurement in concentrations of (A) 14%, (B) 15%, (C) 16%, (D) 17%, and

(E) 18%.

Note: 14%, 15%, 16%, 17%, and 18% are different concentrations of AC drug-loaded nanofibers.
Abbreviations: AC, cellulose acetate; Ros, rosuvastatin; Hep, heparin; CA, contact angle.

causes of neointimal hyperplasia and subsequent ISR .38
The complications associated with BMSs and the first- and
second-generation DESs have led to the development of
next-generation stent systems, called CSs.3*354647 CSs obtain

Table 4 Determination of the hydrophilicity/hydrophobicity of
AC nanofibers with the technique of CA measurement in concen-
trations of 14%, 15%, 16%, 17%,and 18%

Scaffolds (%) CA (degree) Free surface energy j, (mN/m)
14 9.6613.36 5.12

15 46.96+0.43 4.97+0.04

16 44.11+11.27 8.55+5.58

17 32.28+3.38 6.86

18 20.9742.19 5.99

Note: 4%, 15%, 16%, 17%, and 18% are different concentrations of AC drug-
loaded nanofibers.
Abbreviations: AC, cellulose acetate; CA, contact angle.

a thin membrane that either covers the interior lumen or the
adluminal surface of the metallic stent scaffold or completely
covers the stent in a sandwich-like configuration. They
can act as effective drug delivery platforms for local and
sustained release of therapeutic agents and can be modified
with anticoagulants and antiproliferative and immunosup-
pressant agents. Drug incorporation and delivery is one of
the crucial characteristics for current stenting systems.
However, compared to the conventional DESs, nanocoated
CSs for the local and sustained drug delivery in athero-
sclerotic disease have received little attention. One of the
main areas of research in nanomedicine is the drug delivery
systems where the e-spun nanofibers help to encapsulate the
therapeutic agent in the fibers. Owing to the mild processing
parameters, fibers maintain the bioactivity and robustness of
the drug molecules and their localized inoculation and can
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Figure 7 SEM images and diagrams of biodegradation of (A) 14%, (B) 16%, (C) 18%, and (D) 20% AC drug-loaded nanofibers at 3, 30, and 60 days.
Note: 14%, 16%, 18%, and 20% are different concentrations of AC drug-loaded nanofibers.

Abbreviations: SEM, scanning electron microscopy; AC, cellulose acetate.

significantly reduce the systemic absorption of the drug,
thus preventing or reducing drug side effects. In addition,
the efficacy of the drug is improved due to target treatment
localization.*' Drug release pharmacokinetics is dependent
on the degradation of polymer fibers and thus can be properly

Reference curve

0 T T 1
0 2 4 6 8 10

Drug concentration (mg)
Figure 8 Reference curve of Ros drug for different concentrations along with OD

measurements.
Abbreviations: OD, optical density; Ros, rosuvastatin.

managed by controlling the process of encapsulation and the
architecture of nanofibers.?$-3%3

In this study, we used AC polymer to develop nonwoven
matrices of submicron-sized cellulose fibers to overcome
safety issues, such as inflammation induced by the durable

Ros drug release
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Figure 9 Ros release pharmacokinetics along with burst release of the drug in
the index.
Abbreviation: Ros, rosuvastatin.
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Figure 10 Reference curve of Hep drug for different concentrations along with
OD measurements.
Abbreviations: Hep, heparin; OD, optical density.

polymers and polymer hypersensitivity and toxicity due
to the good biocompatibility and biodegradability of AC
polymer. In vitro biodegradation study results showed the
degradation of nonwoven fibers of biodegradable AC scaf-
folds over 60 days. The changes in the molecular weight of
the polymers from day 3 to 30 with mass raise took place due
to fibers’ swelling, which led to an increase in the diameter
of fibers, and from day 30 to 60, a decrease in the diameter
of fibers took place, as expected, because of melting of
fibers and polymer degradation. The nanofibers protect
the encapsulated drug and prevent other molecules from
denaturing during processing.’**>* Thus, the therapeutic
agents remain invariable until they reach the site of activity.
Many compounds for therapeutic use can be encapsulated
within the nanofibers for drug delivery.?'3? The high surface
area of the nanofibers defeats the loading limitations that
come across in usual drug delivery methods. The surface
area of the nanofibers can be further increased by creating
pores on nanofibers.*>* Pores increase the surface area and

Hep drug release
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Figure |1 Hep release pharmacokinetics along with burst release of the drug in
the index.
Abbreviation: Hep, heparin.

additionally provide a larger number of binding sites for
drug loading. These pores can be created by the selective
removal of materials or by modifying the electrospinning
techniques.** Drug release pharmacokinetics can be con-
trolled by varying the electrospinning parameters such as the
mesh size and fiber diameter.*

The therapeutic compounds can be encapsulated in nano-
fibers using two different techniques. The simplest technique
is by blending, whereby the drug molecules are mixed with
the polymer and e-spun together to form nanofibers. The
fibers with a larger diameter showed zero-order kinetics in
drug release, which means that the rate of drug release is
constant.* In this technique, the molecules are located on the
surface of the fibers and the process is easy to perform. The
second technique used to create encapsulated drug delivery
systems is the core—shell structure using the coaxial spinneret;
the drug is released with an initial burst and then stabilizes
to a constant release rate.* In addition, the therapeutic com-
pounds can be coated on the surface of the fibers. In this
method, the drug molecules can be adsorbed or cross-linked
to the fibers via physical and chemical bonds.*’

As described in the aforementioned experiments, we
successfully developed a hybrid Ros—Hep-loaded fibrous-
based nanocoating stent via a two-step process.’>? In the
first step, the Ros-loaded AC nanofibers were prepared by the
conventional electrospinning setup via emulsion electrospin-
ning. In the second step, the Hep solution of 5,000 IU/mL
was e-spun directly onto Ros-loaded AC nanofibers with the
development of Hep nanofibrous coating layer of Ros-loaded
stent. Delivering high concentrations of Ros and Hep to
arterial walls using the hybrid DES may constitute an ideal
therapeutic method for patients who have a high risk of ST
and ISR and minimize possible side effects.” Numerous
non-lipid modifiable effects of statins designate as pleiotro-
pic effects could be beneficial for the treatment of various
severe disorders. Over the past 15 years, several clinical
trials indicated that the benefits of statins extend beyond
their effects on cholesterol and suggested the involvement
of mechanisms other than lipid-lowering activity.*** Besides
the many others, the most important pleiotropic effects of
statins are anti-inflammatory, antiproliferative, antioxidant,
immunomodulatory, neuroprotective, and antithrombotic
effects; improved endothelial dysfunction; and impaired
vascular remodeling.*® The retrospective studies that assess
the effect of statin therapy on restenosis after percutaneous
transluminal coronary angioplasty (PTCA) show that statin
therapy was associated with a remarkably improved survival
free of myocardial infarction (MI) and with a significant
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reduction in repeat target vessel revascularization (TVR)
during 6-month follow-up. Minimal lumen diameter was
significantly larger, late lumen loss and restenosis rates were
significantly lower, and clear benefit in patients receiving
statin therapy was significantly increased compared with the
no-statin group.’! An intravascular study clearly described
that aggressive lipid-lowering therapy with atorvastatin for
1 year inhibited plaque growth of minor lesions. Other mul-
tivariate analysis identified that statin therapy was associated
with a remarkable reduction in acute or late ST, ISR, and TVR
after the successful endovascular procedures.’' Our results
imply that e-spun AC nanofibers containing Ros and Hep
have great potential in the development of vascular grafts
with anti-thrombogenic properties, which can accelerate the
re-endothelialization, reduce the neointimal hyperplasia and
inflammatory reaction, and improve the endothelial func-
tion. The pleiotropic effects of statins are under continuous
investigation to entirely establish their role in the prevention
of vascular and cardiovascular events. The results of several
ongoing clinical trials aimed more specifically at pleiotropic
effects of statins and their relative clinical relevance and
importance.® In addition, Hep has long been known to inhibit
the proliferation of VSMCs both in vivo and in vitro.!>!¢
Several models of antiproliferative effect of Hep have been
suggested, including inhibition of immediate-early genes,
inhibition of production of matrix-degrading proteases, and
inhibition of mitogen-activated protein kinase.!”!* The local
delivery of Hep to the site of vascular injury could be used
to inhibit the proliferation of VSMCs and acute thrombus
formation, avoiding systemic drug delivery problems.?’ Hep
encapsulated in the nanofibers could be released sustainably,
with the benefit of sustained anticoagulation.?!

Conclusion

Surface properties of endovascular stents materials play
an important role in determining adhesion behaviors of
endothelial cells and blood platelets. Owing to the complex
mechanism of ISR, sole surface modification of endovascular
devices is hard to completely prevent ISR or ST. However,
combined with other techniques, such as drug delivery or cell
seeding and related adjuvant therapy, it could inhibit deter-
mining factors of ISR, including inflammation, prolifera-
tion of SMCs, and thrombosis, and eventually prevent ISR.
To investigate the appropriate choice of loading method, drug
dosage and release kinetics, drug biodistribution, possible
side effects, and metabolism of the carrier polymers, further
in vivo studies are needed in order to provide the base for
their commercialization and future clinical usage.
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