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ABSTRACT
Purpose To develop rapamycin-eluting electrospun polyure-
thane (PU) vascular grafts that could effectively suppress local
smooth muscle cell (SMC) proliferation.
Methods Rapamycin (RM) was incorporated in PU fibers by
blend electrospinning using three distinct blending methods.
The drug release profiles and the bioavailability of RM-
containing PU fibers in the form of fibrous mats and vascular
grafts were evaluated up to 77 days in vitro.
Results RM-contained PU fibers generated by the three dis-
tinct blending methods exhibited significantly different fiber di-
ameters (200–500 nm) and distinct RM release kinetics. Young’s
moduli of the electrospun fibrous mats increased with higher
RM contents and decreased with larger fiber diameters. For all
blending methods, RM release kinetics was characteristic of a
Fickian diffusion for at least 77 days in vitro. RM-PU fibers
generated via powder blending showed the highest encapsula-
tion efficiency. The RM in grafts made of these fibers remained
bioactive and was still able to inhibit smooth muscle cell prolif-
eration after 77 days of continual in vitro release.
Conclusions Electrospun RM-containing PU fibers can serve as
effective drug carriers for the local suppression of SMC prolifera-
tion and could be used as RM-eluting scaffolds for vascular grafts.

KEY WORDS drug release . electrospinning . rapamycin .
restenosis . smooth muscle cell

ABBREVIATIONS
AB almarBlue
BSA bovine serum albumin
DMEM Dulbecco’s Modified of Eagle’s Medium
FBS fetal bovine serum
HFP-1 1, 1, 3, 3, 3-Hexafluoro-2-Propanol
HPLC high performance liquid chromatography
NS-IP normal saline-isopropyl alcohol solution
PANi polyaniline
PBS phosphate buffered saline
PGE PLGA-gelatin-elastin
PLGA poly(lactic-co-glycolic acid)
PTCA percutaneous transluminal coronary angioplasty
PU polyurethane
RM rapamycin
SMC smooth muscle cell
SPU segmented polyurethane
TCP tissue culture polystyrene

INTRODUCTION

Restenosis remains the major limitation of stent/graft implan-
tation for coronary artery diseases and occurs in 15–60% of
patients with coronary lesions (1,2). Upon vascular injury, the
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endothelial lining is damaged, exposing the sub-intimal matrix
that in turn stimulates the adhesion/activation of platelets and
leads to the release of various mitogenic and chemotactic
growth factors. These growth factors stimulate vascular
smooth muscle cells (SMCs) in the vessel media to proliferate
and to migrate into the intima resulting in intimal hyperplasia
at the site of injury (1–3). To date, one of the most promising
techniques to address this problem is the local delivery of
antiproliferative agents (2–8). Higher concentrations of locally
deployed drugs can effectively and safely inhibit intimal hy-
perplasia with minimal systemic effects (4–8). As a natural
immunosuppressant, rapamycin (RM, sirolimus) can effective-
ly inhibit the proliferation and migration of SMCs and thus
avoid intimal hyperplasia (4–7,9).

Electrospinning is an established versatile platform tech-
nology in tissue engineering that can also be used to encap-
sulate compounds in fibrous scaffolds (10). Various model
proteins, such as bovine serum albumin (BSA) (11) and
peptide growth factors (12,13), have been incorporated into
electrospun fibers. These studies also demonstrated con-
trolled release from the fibrous constructs and retention of
the bioactivity of the encapsulated compounds. To date,
only few studies reported the incorporation and preserva-
tion of rapamycin into electrospun structures. For example,
Kim et al. (14) introduced rapamycin into a poly(l-lactide-
co-caprolactone-co-glycolide)/phospholipid solution via
blend electrospinning, yet the therapeutic efficacy of these
fibers has not been evaluated. Some recent studies showed
that the rate of drug release was dependent on the
electrospun fiber diameter: the thinner the fibers, the faster
the drug release kinetics (15–17). Electrospinning specific
polymer blends can yield fibers with diameters that are
smaller than the fibers obtained by spinning the individual
solutions (8,18,19). For instance, in one of our previous
studies, electrospinning of a PLGA-gelatin-elastin (PGE)
blend produced fibers (380±79 nm) that were significantly
smaller than pure PLGA fibers (778±202 nm) made under
identical conditions (19).

We previously described a hybrid polyurethane (PU)
vascular graft prepared via a combination of spincasting
and electrospinning techniques (20). This compliant hybrid
graft composed of a luminal layer with aligned micro-
grooves and an outer layer made of an electrospun mesh,
promoted the longitudinal alignment and elongation of the
luminal endothelial monolayer (20). The Young’s moduli in
the longitudinal direction were similar to those of the native
aorta, and the grafts were able to withstand uniaxial strain
of up to 300% (20). Other synthetic polymers, such as poly
(D, L-lactide-co-glycolide) that are more rigid than natural
arteries, inhibit elastin incorporation into the extracellular
matrix of engineered vascular grafts, a naturally occurring
process during arterial development (21), resulting in graft
failure due to compliance mismatch.

To prevent in-graft/stent restenosis, we now aim to incor-
porate RM into the outer layer of our hybrid PU grafts via
blend electrospinning. We hypothesize that the bi-layered
design, where the outer electrospun fibrous layer serves as a
drug reservoir for controlled release into the tunica media, while
the inner drug-free spincast layer functions as a barrier to drug
release into the tunica intima, will effectively provide sustained
drug release while preserving the drug’s bioactivity, thus lead-
ing to the inhibition of SMC proliferation with minimal, if
any, impact on endothelialization of the blood contacting
luminal surface (7,8).

In this study, we incorporated RM at various dosages into
PU fibrous mats/grafts via blend electrospinning using three
distinct blending methods. We then examined the effects of
RM loading on the fiber morphology, fiber size, the tensile
properties of fibrous mats, and the release of RM from PU
mats and grafts in vitro. The ability of RM-containing PUmats
and grafts to inhibit the proliferation of SMCs was also exam-
ined in vitro. We postulate that our RM-containing PU grafts
will serve as a drug reservoir to sustain localized drug release
over a prolonged period of time following implantation and
that these RM-eluting grafts will significantly delay the onset
of intimal hyperplasia and lead to improved graft patency.

MATERIALS AND METHODS

Materials

Biospan® segmented polyurethane (SPU) was provided by
DSM, Biomedical (Berkeley, CA, USA). Rapamycin (RM,
Sirolimus, cat no: R-5000) was purchased from LC
Laboratories (Woburn, MA, USA). 1, 1, 1, 3, 3, 3-
Hexafluoro-2-Propanol (HFP, cat no: H0424) were
obtained from TCI America (Portland, OR, USA). Alexa
Fluro® 488 phalloidin (cat no: A12379) was from Invitrogen
(Carlsbad, CA, USA). AlamarBlue® (cat no: BUF012B) was
from AbD Serotec (a division of MorphoSys, Raleigh, NC,
USA). Sodium azide was purchased from MERCK
(Darmstadt F. R., Germany). Isopropanol, methanol, and
ethanol (all in HPLC grade) were from J. T. Baker (Holland).
0.9% Normal saline was from Teva Pharmaceuticals
(Israel).

Electrospinning

Electrospinning was carried out essentially as previously de-
scribed (18,20). The RM-SPU blend solutions were prepared
via three different blending methods. In brief, SPU was
dissolved in HFP at 5% (w/v); RM powder was either
dissolved in HFP at 5% (w/v) or 2% (w/v) or directly dissolved
in the 5% SPU solution. The details of various solutions
prepared for electrospinning are listed in Tables I, II, and
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III: in order to achieve a relative ratio of RM/SPU (w/w) at 1,
5, 10, and 20%, the “5%” or “2%” RM solutions were mixed
with 5% SPU solution at various volume ratios (Tables I and
II) while in powder method (p), certain amount of RM were
added into 5% SPU solution (Table III). The prepared RM-
SPU solutions are abbreviated, according to the blending
method, as RM2, RM5, and RMp, followed by a relative
concentration of RM (w/w, %). The 5% SPU solution, with-
out RM was used as control and denoted as RM (0%). After
overnight stirring, the RM-SPU solutions were loaded into a
5 ml plastic syringe (BD Biosciences) equipped with a blunt
18-gauge needle. The solution-loaded syringes were mounted
into a syringe pump (KDS100, KD Scientific Single Syringe
Infusion Pump, Fisher), and the flow rate was set at 0.8 mL/h.
The needle was connected to the positive output of a high
voltage power supply (ES30-0.1P, Gamma High Voltage
Research, Inc.) set at 15 kV. The distance between the needle
tip and the collector was set at 12 cm.

Depending on the experimental needs, three types of fi-
brous samples were prepared: a) thin meshes (20–50 μm thick)
were electrospun on circular 12 mm glass cover slips (Fisher
Scientific Inc.) for analysis of fiber morphology and diameter;
b) mats (∼200 μm) were electrospun on a grounded rectangu-
lar aluminum plate for mechanical testing, in vitro drug release,
and the in vitro bioactivity studies; c) double-layered grafts were
fabricated as previously described (see below) on an aluminum
mandrel for in vitro drug release and bioactivity studies. For
preparations of b and c, the mats/grafts were then either
peeled off the plate or released from the mandrel. Samples
for bioactivity studies were sterilized with UV for 20 min each
on both sides in a laminar flow hood before placing them into
the cell culture medium (22).

The fabrication of the bi-layered grafts was essentially
carried out as previously described (20). A high-speed rotat-
ing drill (Dremel, Model 300) was used as a target in lieu of
the rectangular plate to collect the electrospun fibers.
Approximately 1 ml of 3% SPU solution was first spincast
on a slowly rotating mandrel (50 rpm, 4 mm in diameter,
5 cm in length) under a high-intensity halogen lamp (300 W).
Immediately following this process, 1 ml RM-SPU solution
was electrospun onto the mandrel while rotating at approxi-
mately 17,000 rpm. After hydrating in dd H2O for 5 min,
RM-SPU grafts were released from the mandrel and dried
inside a chemical hood overnight.

Scanning Electron Microscopy Analysis

Samples before and at various time points after in vitro release
were sputter-coated with platinum/palladium (Pt/Pd) and
then visualized with a scanning electron microscope (SEM,
Zeiss Supra 50VP or XL-30 Environmental SEM-FEG), as
previously described (22). Average fiber diameters were mea-
sured using the SEM-internal dedicated software; average and
standard deviation were calculated from ten random mea-
surements per image and from at least three SEM images per
specimen. At least three specimens were collected from three
independent experiments per sample.

Mechanical Tensile Test

The tensile properties of electrospun RM-SPU mats
were characterized with an Instron System (Model
4442, Norwood, MA, USA) using a routine tensile
testing protocol (22). The dimensions of rectangular

Table I Concentration of Rapamycin and SPU in HFP via Method “5%”

RM/SPU mass ratio (%, w/w) Mass in 10 mL HFP (mg) Solute Concentration (%, w/v) Volume of Solutions (A total of 10 mL)

SPU RM SPU RM Total 5% SPU 5% RM

1 495 5 4.95 0.05 5.00 9.9 0.1

5 475 25 4.75 0.25 5.00 9.5 0.5

10 450 50 4.50 0.50 5.00 9.0 1.0

20 400 100 4.00 1.00 5.00 8.0 2.0

Table II Concentration of Rapamycin and SPU in HFP via Method “2%”

RM/SPU mass ratio (%, w/w) Mass in 10 mL HFP (mg) Solute Concentration (%, w/v) Volume of Solutions (A total of 10 mL)

SPU RM SPU RM Total 5% SPU 2% RM

1 487.5 5.0 4.88 0.05 4.93 9.75 0.25

5 442.0 23.2 4.42 0.23 4.65 8.84 1.16

10 391.5 43.4 3.92 0.43 4.35 7.83 2.17

20 307.5 77.0 3.08 0.77 3.85 6.15 3.85
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mats (10 mm×5 mm×20–200 μm, L×W×H) were
measured with a digital caliper (L, W) or with a SEM
(H). A 50 N load cell and strain speed of 10 mm/min
were used. All tests were designed to stop at a strain of
300%. The Young’s modulus was calculated from the
slope of the initial linear segment of the stress-strain
curve by segmental linear regression.

In Vitro Measurement of Drug Release

Todetermine the release pattern ofRM incorporated/absorbed
SPU mats/grafts, 10% normal saline-isopropyl alcohol solu-
tion (NS-IP) was used as the release medium, as previously
described (23). The release studies were carried out at 37°C
using either 0.5 ml/1 ml of NS-IP per 5 mg/10 mg mat or
1 ml of NS-IP per 10 mg graft. The concentration of
released RM was measured with high performance liquid
chromatography (HPLC) (24) and normalized to the amount
of drug release per mg mat/graft. Briefly, reverse phase
HPLC on C18 column with a mobile phase consisting of
water-methanol (13:87% v/v) was used. An isocratic mode
was set at a flow rate of 1 ml/min; UV detection was at a
wavelength of 277 nm. For each measurement, 10 μl re-
lease medium containing the released RM was collected and
injected into a HPLC system (Hewlett-Packard - HP 1100
System, Germany). Measurements were carried out at days
1, 2, 3, and 7 and further weekly up to day 77. A
calibration curve, generated in parallel in the RM con-
centration range of 0.05–16 μg/ml, was used to calcu-
late the concentration of RM in each sample. After
each sampling, the release medium was completely re-
placed with fresh medium.

Mass Balance of Drug

To determine the efficiency of RM incorporation into the
electrospun SPU fibers by different blending methods, the
unreleased drug was extracted from the mat samples and
analyzed via HPLC (16). Briefly, 150 μl of HFP was used to
dissolve each mat sample collected after in vitro release in a
15 ml tube followed by vortexing for 1 min. Then 4 ml of
absolute ethanol was added into the 15 ml tube followed by
a second round of vortexing for another 1 min to form a

white suspension. This suspension was then centrifuged for
15 min at 4,000 rpm. The supernatant was transferred to a
new 15 ml tube and evaporated till dryness at 40°C. The
extracted drug was dissolved in 1 ml HPLC-grade ethanol,
filtered through a 0.22 μm filter and injected into a HPLC
vial for quantitative analysis.

In Vitro Bioactivity

Cell Culture

Bovine aortic smoothmuscle cells (SMCs, passages 6–12) were
maintained and passaged in Dulbecco’s Modified of Eagle’s
Medium (DMEM) with 4.5 g/L glucose supplemented with
10% fetal bovine serum (FBS, Hyclone, Logan, UT, USA),
0.5% PenStrep (10,000 I.U./mL penicillin, 10,000 μg/mL
streptomycin solution, Mediatech Inc., Manassas, VA, USA)
under standard culture conditions (37°C, 5% CO2), as
previously described (22). The culture medium was
changed every 3 days.

AlamarBlue Assay

To assess the bioactivity of RM-SPU fibrous mats or grafts,
the cell number/metabolic activity of SMCs was evaluated
using the alamarBlue™ (AB) assay, essentially as previously
described (22). Briefly, SMCs were seeded at 5,000
cells/cm2 onto tissue culture treated polystyrene (TCP) in
a 24 well plate or a 96 well plate, depending on the size of
the samples tested (see below). Following overnight incuba-
tion, supernatants were removed and replaced with 0.5 ml
(24 well plate) or 0.2 ml (96 well flat bottom plate) fresh
complete medium containing 5% (v/v) AB in each well.
After a 4-h incubation, triplicate (24 well plate) or duplicate
(96 well plate) 100 μl aliquots of the AB-containing medium
were removed from each well for fluorescence readings at
Ex/Em=560/590 nm using a synergy BioTek4 microplate
reader. Subsequently, 1 ml or 0.2 ml of fresh complete
DMEM was used to replace the remaining AB-containing
medium. RM-SPU samples, 10 mg (24 well plate) or 1.6 mg
(96 well plate), were UV-sterilized and transferred to each
well, floating yet completely submerged in the culture me-
dium. The tissue culture plate was then returned to the

Table III Concentration of
Rapamycin and SPU in HFP via
Method “Powder”

RM/SPU mass ratio (%, w/w) Mass in 10 mL HFP (mg) Solute Concentration (%, w/v)

SPU RM SPU RM Total

1 500 5 5.00 0.05 5.05

5 500 26 5.00 0.26 5.26

10 500 56 5.00 0.56 5.56

20 500 125 5.00 1.25 6.25
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incubator. At day 5, the AB fluorescence on the same cell
population was accessed. The fluorescence data were
corrected for AB “blank” readings of AB-containing medi-
um in the absence of cells for each time point. The AB
fluorescence readings taken after the initial overnight incu-
bation were defined as day 0. The AB readings taken at day
5 were normalized to the readings at day 0 for each sample.

Specifically, we carried out two sets of the alamarBlue
assay. In order to examine the dose dependence of RM-
eluting PU fibers in inhibiting the SMC proliferation, we first
evaluated the cell number/metabolic activity using PU sam-
ples containing different concentrations of RM (via powder

blending method), prior to in vitro drug release. In the second
set, we evaluated RM (20%, w/w) samples prepared via three
different blending methods following 77 days in vitro release, in
an effort to assess the post-release related differential inhibito-
ry capabilities of RM-eluting PU fibers. In all these experi-
ments, we examined both mat and graft samples.

Fluorescence Microscopy

At day 5, cells used for AB reading as above were fixed in 10%
buffered formalin for 30 min at room temperature and
permeabilized with 0.25% Triton-X100 (Sigma) in 1X PBS.

Fig. 1 SEM images of electrospun RM-PU fibers at a relative RM/SPU ratio (w/w) of 0, 1, 5, 10, or 20% via three different blending methods. Scale bar:
2 μm.
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The samples were then incubated for 15 min with 1 μg/mL
Hoechst 33258 (Bisbenzimide, Sigma) and 1 unit/mL Alexa
Fluor® 488 phalloidin (Invitrogen), staining nuclei and actin
microfilaments, respectively. All constructs were visualized
with an inverted Nikon TE 2000U microscope, as previously
described (25).

Statistical Analysis

All the experiments were repeated at least three times in
triplicate unless otherwise mentioned. Data are expressed as
mean±SD when applicable. Student’s t-test or ANOVA post
hoc Tukey test was used where appropriate. Data were con-
sidered to be statistically significant when p<0.05 and p<0.01.

RESULTS AND DISCUSSION

Percutaneous transluminal coronary angioplasty (PTCA) and
bypass grafting are two established therapeutic procedures for

treating coronary artery diseases (9,26,27). Through the use of
invasive medical devices, such as catheters, balloons or stents,
PTCA removes the plaque and opens the vessels, but will
inevitably cause injury to the intimal endothelial layer.
Bypass grafting, while detouring the blockage, may also lead
to endothelial denudation, platelet adherence and leukocyte
infiltration. Eventually, both therapeutic procedures result in
the over-proliferation of SMCs and subsequent failure of the
stented/grafted vessels (1,8,9). Although drug-eluting
stents/grafts have been effective in inhibiting SMC prolifera-
tion and improving the vascular patency (1,9), their long-term
safety and efficacy remains a challenge, requiring a careful
choreography of the combination of polymer, drug and the
release kinetics (2). In this study, we employed blend
electrospinning to incorporate rapamycin (RM) into
electrospun PU fibers via three blending methods for vascular
graft application. The RM-eluting PU fibrous mats and grafts
were then assessed in terms of their fiber morphology, fiber
size, mechanical properties, drug release profiles, as well as
their ability to inhibit SMC proliferation in vitro.

Fig. 2 (a) Fiber diameter of electrospun RM-PU fibers plotted against the relative concentration of rapamycin (w/w); (b) correlation of fiber diameter with
the total solute concentration (w/v) of solutions. Data in (a) are represented as mean±SD (n=90). **: p<0.01, by one way ANOVA followed by post hoc
Tukey test with all pairwise comparisons. Data in (b) represented the mean.

Fig. 3 (a) Young’s modulus of electrospun fibrous mats plotted against the relative concentration of rapamycin (w/w); (b) correlation of Young’s modulus of
fibrous mats at a relative RM/SPU ratio (w/w) at 10 or 20% with fiber diameter. Data in (a) are represented as mean±SD (n=6). Data in (b) represented
the mean.
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Fiber Morphology, Size, and Mechanical Properties

As a strong organic solvent with high polarity (22), HFP
completely dissolved both SPU and RM without precipita-
tion after overnight stirring at room temperature. SPU
fibers were electrospun from SPU HFP solutions with and
without rapamycin, essentially as reported in our previous
studies (20,22). As shown in Fig. 1 and detailed in Tables I,
II, and III, under the conditions described in Materials and
Methods, we were able to electrospin bead-free and uniform
electrospun fibers from the various RM-SPU solutions.
Little difference in fiber morphology but large variance in
the fiber diameter was observed among fibers electrospun
from the various solutions (Fig. 1).

By blending RM with SPU via three different methods
(Tables I, II, and III), we were able to keep the relative ratio
of RM and SPU constant while changing the total solute
concentration. For example, at a RM relative weight ratio of
20%, the total solute concentration of solutions prepared via
2%, 5%, and powder blending method were 3.85, 5.00, and
6.25%, respectively. When increasing the RM relative ratio
(w/w) from 0, 1, 5, 10 to 20%, the fiber diameters of ensuing
fiber prepared via 2% blending method were dramatically
decreased: all fibers prepared via 5% blending method were

almost identical, and those via powder method were consid-
erably increased (Fig. 2a) with increasing RM contents.
Specifically, at 10 and 20% RM (w/w), the RM-SPU blend
solutions prepared via 2%, 5%, and powder method pro-
duced fibers in significantly different size. For example, at
20% RM, where their total solute concentrations are 3.85,
5.00, and 6.25%, the fiber diameters were 233 nm, 331 nm,
and 486 nm, respectively (Fig. 2a). Previous studies have
reported that the size of electrospun fiber was influenced by
various factors, such as solute concentration/solution viscosity
(28–30), solution conductivity (29,30), delivery rate of polymer
solution (29), and electric field (28,29). The solution conduc-
tivity is in general changed by the addition of ionic salts and
drugs (29). With the presence of highly charged ions or mol-
ecules, the charge density on the surface of ejecting polymer
jet is increased, imposing greater thinning and elongation
force on the polymer jet therefore resulting in smaller fiber
diameters (29). In support of this notion, in one of our previous
studies, the addition of a conductive polymer, polyaniline
(PANi, 5% w/w) reduced the ensuing PANi-gelatin fiber di-
ameters from 800 nm to 60 nm (18). Similar results have also
been reported by others, using other binary and tertiary
polymer blends (31,32). However, in this study, rapamycin
lacks an ionizable group in the pH range of 1–10 (33); its

Fig. 4 SEM images of cross-section (a) and topical view (b) of electrospun mats made of RMp (20%) fibers; cross-section (c), luminal layer (d), and outer
layer (e) of bi-layered grafts made of RMp (20%) fibers. Scale bar: 20 μm.
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addition to the SPU solution will not affect the blend conduc-
tivity. We surmise that our change in the size of the fibers was
caused by the altered total solute concentration. To test our
assumption, we plotted the diameters of all fibers against their
respective total solute concentration. As shown in Fig. 2b,
linear positive correlations (R2>0.94) were found for samples
electrospun via both 2% and powdermethods, the solutions of
which had varied total solute concentrations. Our observation
is consistent with the results reported in the literature, i.e. that
the size/diameter of electrospun fibers increases with in-
creased total solute concentration (28–30).

In contrast to the varied effects on fiber diameter, the
Young’s moduli of the fibrous mats were generally increased
with higher relative RM concentration, regardless of the
blending methods, indicating that in general, incorporation
of RM strengthens the resulting blend fibers (Fig. 3a). This
finding is similar to our previous report for PANi-contained
gelatin fibers, where the ensuing blend fibrous mats were
strengthened with addition of more PANi into the gelatin
matrix (18). Interestingly, at a fixed relative RM concentra-
tion (10 or 20%, w/w), the increase in the total solute

concentration (via blending method 2%, 5%, and powder)
yielded a decrease in the average Young’s moduli of ensuing
fibrous mats (see Fig. 3a, b). Since the relative RM concen-
trations of these fibers remained constant and their diame-
ters were different (e.g. the fibers of RM2 (20%), RM5
(20%), and RMp (20%)), we surmise that the size of fiber
may adversely affect the Young’s modulus of ensuing fibrous
mats, i.e., fibers with larger diameters, become more elastic.
In this context, Tan et al. (34) reported that with decreasing
diameter, single/individual polycaprolactone fibers were
stiffer and less ductile. Our observation on the macroscopic
tensile modulus of RM-SPU fibrous mats confirmed and
extended these results. By plotting the Young’s modulus of
fibrous mats against the diameter of corresponding compos-
ing fibers (Fig. 3b), we confirmed a negative correlation for
samples at a relative RM/SPU ratio of both 10% and 20%.
Importantly, the average Young’s moduli of RM-SPU fi-
brous mats at 20% RM (w/w) generated by the different
blending methods (2%, 5%, and powder) were 4.44 MPa,
4.01 MPa, and 3.48 MPa, respectively, which were compa-
rable to that of natural arteries (Fig. 3) (20).

Fig. 5 In vitro drug release profiles of electrospun RMp (1%), RMp (5%), RMp (10%), and RMp (20%) fibrous mats (a) and grafts (b), and representative SEM
images of RMp (20%) fibrous mats before (c, d) and after (e, f) release (49 days). Each data point represents mean±SD of three samples. Scale bar: 2 μm.
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In order to restrict RM-incorporated SPU fibers to the
outer layer of our bi-layered vascular grafts, we first spincast
the luminal layer using SPU solutions free of RM and then
electrospun blend SPU solutions containing RM to prepare
the outer fibrous layer. This specific design was confirmed
with SEM: the single-layered electrospun fibrous mat
showed a fibrous luminal surface (Fig. 4a, b); in contrast,
the bi-layered vascular grafts exhibited a fiber-free, film-like
spincast inner layer (Fig. 4c, d) whereas their outer layer
showed a fibrous surface (Fig. 4e).

In Vitro Drug Release and Bioactivity of RM-SPU
Fibers at Various RM Concentrations

Rapamycin is a hydrophobic, temperature-, pH-, and light-
sensitive macrolide antibiotic, and has a relatively long half-
life (135 h) in whole human blood (35). The in vitro release
profile of RM was reported to be largely dependent on the
release medium selected (23). In the past, phosphate buff-
ered saline (PBS, with pH 7.4 at 37°C) was employed as a

medium to determine in vitro release kinetics. However,
although the solubility of RM in aqueous solutions is very
low, RM is relatively unstable in the buffer solution such as
PBS at pH 7.4, because it hydrolyses, forming new com-
pounds with an opened lactam ring (23,36). In the chro-
matographic analysis, the new compounds elutes at a lower
retention time than RM, leading to the erroneous assess-
ment of the released drug. According to Naseerali et al. (23),
a mixture of normal saline-isopropyl alcohol (10%, v/v, NS-
IP) is the most suitable medium for accessing the in vitro
release kinetics of RM. Therefore, in the present study, we
used NS-IP (10%, v/v) at 37°C as the aqueous buffer to
assess the release kinetics from RM incorporated SPU fi-
brous mats and grafts.

The RM release study from electrospun RM-SPU
mats/grafts prepared via the powder method and with differ-
ent RM contents was initially carried out over a period of
49 days. All samples exhibited a small initial burst release
(<10%of the theoretical total drug loading) within the first 3 days
followed by an extended slow release till day 49 (Fig. 5a, b).

Fig. 6 (a) AlamarBlue fluorescence of bovine smooth muscle cells (SMCs) cultured in medium containing electrospun fibrous mats or grafts made of RMp
fibers at 0, 1, 5, 10, and 20%; (b) Immunostaining images of SMCs cultured in medium containing fibrous grafts manufactured of RMp fibers at 0, 1, 5, 10,
20% at day 5. Staining for nuclei-hoechst (blue) and actin cytoskeleton-phalloidin (green). Scale bar: 100 μm. Note: *: p<0.05, **: p<0.01, by Student’s t-
test. Data are represented as mean±SD from three independent experiments in triplicates.
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The amount of RM released at each time point was generally
dependent on the amount of RM loading, but the release kinetics
was not affected by the amount of RM. For mats and grafts
comprising fibers containing 20% RM released the maximum
drug over the entire period examined. By day 49, these
mats/grafts had released approximately 50 μg or 20 μg RM
per mg sample, i.e., 25% or <20% of the theoretical total drug
loading, respectively. Notably, the amount of release at each
time point was very similar between samples containing RM at
5% and 10%.We surmise that this similarity may be due to our
limited initial study period for 49 days and the variances in the
encapsulation efficiency (16). Fibers containing 20% RM, occa-
sionally exhibited particle clusters on the surface prior to release
(Fig. 5c, d, arrow). After 49-days in vitro release, these large
particles had mostly disappeared and were replaced with indi-
vidual particles of significant smaller size (Fig. 5e, f, arrow). The
morphology of the fibers after 49 days release was not different

from those before release (Fig. 5c–f). This suggests that RM
localized on/near the fiber surfaces accounted for the main
sources of drug release within 49 days.

The bioactivity of RM after electrospinning was assessed in
vitro, based on the effective inhibition of the proliferation of
cultured bovine aortic smooth muscle cells (SMCs). For these
studies, RM-contained SPU fibrous mats or grafts at different
RM concentration (1, 5, 10, 20%, w/w) were added to culture
wells containing actively growing SMCs. Cell metabolic
activity/growth was evaluated biochemically (alamarBlue)
and by fluorescence microscopy. Electrospun SPU mats
containing fibers with 20% RM were the most effective ones
to significantly reduce the number/metabolic activity of SMCs
over a 5 day incubation period and thus abrogate their prolif-
eration (Fig. 6a, mats). Similar to electrospun constructs
containing 0% RM, mats containing 1% RM showed little
inhibitory effect on SMC growth, while those with 5% stalled

Fig. 7 In vitro drug release profiles of mats (a) and grafts (b) with fibers RM2 (20%), RM5 (20%), or RMp (20%) over 77 days period; data are represented
as mean±SD from triplicates. Cumulative RM release plotted against the square root of time for all fibrous mats (c) and grafts (d); data represented the
mean from triplicates.

Table IV Mass Balance of RM20-SPU Mats

Time Point Sample Theoretical Loading
(μg/mg mat)

Released
RM (μg)

Unreleased
RM (μg)

Total Mass
Balance (μg)

Released
RM %

Mass
Balance %

Week 7 RM2 (20%) 200 81.096 90.489 171.585 47.26 85.79

RM5 (20%) 200 56.481 63.180 119.661 47.20 59.83

RMp (20%) 200 55.646 133.136 188.781 29.48 94.39

Week 11 RM2 (20%) 200 96.334 76.237 172.570 55.82 86.29

RM5 (20%) 200 65.672 56.825 122.498 53.61 61.25

RMp (20%) 200 79.447 116.612 196.059 40.52 98.03
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cell proliferation leaving the cell numbers at the level found on
day 0. Mats containing >10% RM actually “killed” the cells,
reducing their numbers to levels below those found at day
0 (Fig. 6a, mats). In contrast, only grafts containing 20% RM
significantly inhibited the growth of SMC while those with
lower RM concentrations showed no (1%, 5%) or relatively
little (10%) inhibitory effect (Fig. 6a, grafts). Immunostaining of
cultured SMCs confirmed a reduction in cell number with

increasing RM concentrations similar to that found by
alamarBlue (Fig. 6b). In terms of cell morphology, all cells
exhibited typical SMC morphology. Specifically, at 10% RM,
with more room, the cells exhibited typical SMC spreading;
whereas at 20% RM, few if any cells were found remaining in
the wells (Fig. 6b). Taken together, the biochemical and micro-
scopic data confirm that grafts containing fibers with 20% RM
(w/w) can effectively inhibit the proliferation of SMCs during a

Fig. 8 SEM images of electrospun mats (a, c, e, g) or grafts (b, d, f, h) made of RMp (20%) (a, b), RM5 (20%) (c, d), RM2 (20%) (e, f) or RM (0%) (g, h)
fibers after 77 days in vitro release. Scale bar: 20 μm.
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5-day initial in vitro release and our electrospinning process
retained at least in part the bioactivity of RM.

In Vitro Drug Release and Bioactivity of RM20-SPU
Fibers via Different Blending Methods

To extend our previous observations for longer periods of
time, we prepared electrospun RM-SPU fibrous mats and
grafts containing 20% RM with different fiber diameters via
the three blending methods as described above, and exam-
ined RM release profiles in vitro for up to 77 days. All
samples exhibited a burst release for the first week followed
by a sustained release till day 77. Similar release kinetics was
found for all fibers irrespective of the presentation as mats or
grafts (Fig. 7a, b). However, the amount of RM release at
each time point was different: fibers produced by the 2%
method released the highest amount of RM while those
manufactured by the 5% method released the lowest. To
evaluate the release mechanism, we plotted the cumulative
drug release against the square root of time (Fig. 7c, d): the
plots for all fibers containing 20% RM were linear (R2>0.97
for the mats, R2>0.99 for the grafts). This suggested the
release of RM from all samples till day 77 was controlled by
Fickian diffusion, a kinetics that has been widely reported
for drug-laden electrospun fibers (8,37–39).

Evaluation of the encapsulation efficiency at weeks 7 and
11, as shown in Table IV, revealed that mats prepared by
the powder method displayed the highest incorporation
efficiency (>94%), those made by the 5% method exhibited
the lowest efficiency (∼60%), and samples prepared via the
2% method showed an intermediate efficiency at ∼85%.
This large variance of incorporation efficiency resulted in
a well-informed comparison on the release percentage of
RM. At both time points of weeks 7 and 11, cumulative RM
released from the RMp mats was the lowest (29.48% at
week 7, 40.52% at week 11) while those from mats prepared
by the “2%” and “5%”method were close to each other and
both were faster than those from RMp mats (Table IV). The
negative yet nonlinear correlations between the percentage
of RM release and fiber diameter (data not shown), suggests
that our data are consistent with the reported fact that the
smaller the fiber, the faster the drug release (15–17).

After 77 days in vitro release, all SPU fibers containing
RM (20%, w/w) displayed either clustered particle (RMp
(20%) and RM2 (20%)) or particulate surfaces (RM5 (20%))
while those free of RM (RM (0%)) still maintained their
smooth fibrous morphology (Fig. 8). Of all samples tested,
RMp (20%) fibers displayed an intermediate amount of
clustered particles (Fig. 8a, b), while RM5 (20%) fibers
showed the least particles, resembling sprouts from fibrous
surfaces (Fig. 8c, d). RM2 (20%) fibers exhibited the largest
amount of clusters, which covered most of the fibrous sur-
faces, exposing only few fibers (Fig. 8e, f). It appeared that

our SEM observations correlate well with the drug release
data: the higher the amount of RM release, the more
(clustered) particles were observed. The cell culture studies
of these samples confirmed that samples of RM5 (20%) mats
or grafts of RMp (20%) and RM5 (20%) still remained
bioactive after a 77-day release and were able to inhibit
the proliferation of SMCs (Fig. 9). Of all samples, those
prepared by the methods powder and 2% showed a signif-
icant difference between mats and grafts (Fig. 9), suggesting
that this particular design of our drug-laden grafts allows for
sustained RM release and SMC growth inhibition. These
bioavailability/bioactivity data correlate generally well with
the drug release/SEM data: the higher the amount of re-
leased RM during the testing period, the more (clustered)
particles, the less bioactive the residual drug laden fibers.
Taken together, PU fibers (20% RM, w/w) prepared via the
powder method might be a suitable choice for generating
RM-eluting fibrous vascular grafts because of the favorable
combination of high drug encapsulation efficiency,
sustained RM release, and well-preserved bioactivity.

In future studies, we plan to evaluate the drug effect, tissue
reaction, and patency of our PU grafts (20% RM, w/w)
prepared via powder method in vivo. Innocente et al. (40)
applied electrospun polycaprolactone (PCL) with slow releas-
ing paclitaxel (PTX) in the abdominal aorta of 18 Sprague-
Dawley rats, and showed significant suppression/delay of
neointima formation with 100% graft patency for up to
6 months. Mechanically similar to the PCL-PTX grafts and
natural arteries (20,40), our PU grafts (RMp (20%, w/w))
showed a more sustained drug release profile (with 40% drug

Fig. 9 Analysis of alamarBlue (AB) fluorescence of bovine aortic smooth
muscle cells (BASMCs) cultured in medium containing electrospun RM-
SPU mats or grafts after 77 days in vitro release. Note: ++: p<0.01 versus
mats of RMp (20%), RM2 (20%), RM (0%), ##: p<0.01, **: p<0.01, by
two way ANOVA and post hoc Tukey test with all pairwise comparisons.
Data are normalized to the AB fluorescence at day zero and represented as
mean±SD.
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release in 11 weeks) compared to those found in the PCL-
PTX grafts (60% in 4 weeks) in vitro. In this context, we
envisage that our RM-eluting PU grafts, combined with their
unique bi-layered design, may exhibit long-term RM release
and bioavailability, resulting in extended graft patency in vivo.

CONCLUSIONS

In this work, we studied the fabrication, release kinetics, and
bioactivity of rapamycin-eluting polyurethane fibrous mats and
grafts prepared via blend electrospinning. To the best of our
knowledge, this study is the first to evaluate of RM bioactivity
following electrospinning. Our data demonstrated that
electrospining is a simple and versatile technique to incorporate
water-insoluble drugs (such as RM) into polyurethane fibers
without (significantly) compromising the morphology and the
mechanical properties of the ensuing fibers. In addition, this
process allowed continuous Fickian diffusion-controlled RM
release for at least 77 days. Electrospinning, via distinct blending
methods, yielded RM-PU fibers with different encapsulation
efficiency and bioavailability. Grafts made of 20% RM (w/w)
PU fibers via powder method showed the highest encapsulation
efficiency, and maintained bioactive even after 77 days in vitro
release. We believe that RM-eluting PU fibrous mats and grafts
can serve as effective drug reservoirs for the local inhibition of the
proliferation of SMCs. We surmise that our bi-layered RM-
eluting grafts may be promising candidates for functional vascu-
lar grafts with the prospect for long-term safety and patency.
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