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In the search for improving the performance of drug eluting stent (DES) various developments are in progress
worldwide including use of carrier free DES, use of biodegradable polymers, biodegradable stents etc. In this work,
carrier free-rapamycin (RM) coated DES has been prepared, and evaluated by in vitro and in vivo procedures neces-
sary for clinical development. In vitro drug release from the developed stents was carried in different releasemedia,
normal saline–isopropanol (NS-IP), phosphate buffer (PB), phosphate buffer saline (PBS) and in human plasma. Si-
multaneously, drug released at site of implantation and biocompatibility of developed stents was determined after
subcutaneous implantation in the SD rats. Developed stent coating method enables fabrication of controllable and
homogeneous crystalline RM coatings on stent scaffolds. Continuous release of RMwas observed in different release
conditionswith different release rate,maximum inNS-IP and least in PB. Similarly, after subcutaneous implantation
of these stents, RMwas found in surrounding tissues and in implanted stent up to 28 days. Biocompatibility studies
showed no evidence for presence of necrosis, foreign body giant cell reaction or any type of increased severity of in-
flammatory reaction, proving potential of developed stents for further clinical development.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Bare metal stents (BMS) were introduced in 1994, but long-term
results have been shattered by the dual problems of in-stent resteno-
sis (ISR) and stent thrombosis associated with BMS. Intense work on
stent development has led to the introduction of drug eluting stents
(DES) in 2002. Local delivery of drugs using DES provides both biolog-
ical and mechanical solution and has emerged as a very promising ap-
proach effective in management of ISR [1]. Rapamycin (RM), is a
macrocyclic antibiotic with potent immunosuppressive properties as
also a strong inhibitor of inflammation without cellular toxicity in
low doses [2,3]. It binds to specific cytosolic proteins (FK-506 binding
protein-12), which blocks the cell proliferation. RM also inhibits
several phases of the restenosis cascade, such as inflammation,
neointimal hyperplasia formation, total protein and collagen synthe-
sis and migration of smooth muscle cells [1,4].

Manufacturing methodologies of DES are based mainly on mechan-
ical processes such as spray and dip coating which tend to generate
coatings with poor stability and fast drug release with some long-term
safety concerns [5]. In marketed DES, coated therapeutic agent is ap-
plied along with a carrier [6,7]. Recently, FDA along with a variety of
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other studies reported safety and clinical issues,with regard to available
DES. Thus, for improving the performance of available DES various de-
velopments and clinical studies are ongoing [8–11].

DES coating defects including cracking, flaking and delaminating
in variety of commercially available stents paw path for further devel-
opments [12,13]. First, DES must be capable of being stretched with-
out flaking or delaminating. The insufflation of the balloon during
implantation leads to a cracking of the polymer coating party with de-
lamination especially for first generation DES [14]. Secondly, the poly-
mer needs to be able to deliver the drug at a sustained, controlled and
predictable rate [15], also, surface modification alters the properties
of surfaces that are exposed to tissues [5]. Thus, key requirements
for polymers used in the DES, including suitable physical properties,
stability, compatibility with drugs, biocompatibility with vascular tis-
sue and control of drug release [16].

It is difficult to have all desired properties altogether in one polymer,
and thus mixture of polymers are used, but with their own limitations.
Research in this area is currently centered on the development and eval-
uation of new improved DESwhichmaintain the impressive clinical ben-
efits while eradicating long-term safety concerns and thus dozens of
companies are involved in the development of new DES. New technolo-
gies developed/under development includemainly use of polymer/carrier
free DES and use of biodegradable polymers or biodegradable stents etc.
[17]. The use of polymer-free stents may have a potential long term ben-
efit over traditional polymeric coated DES. Local delivery of Biolimus A9,
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from a polymer-free BioFreedom stents were associated with reduced
neointimal proliferation as compared to polymer coated sirolimus-
eluting Cypher stent [18]. VESTAsync-eluting stent combines a stainless
steel platformwith a nanothin-microporous hydroxyapatite surface coat-
ing impregnated with a polymer-free low dose of sirolimus. The novel
VESTAsync-eluting stent was effective in reducing lumen loss and
neointimal hyperplasia at 4 and 9 months, with no evidence of late
catch-up by quantitative coronary angiography or intravascular ultra-
sound [19]. There are ample data showing increased efficacy of the
newest stents in interventional cardiology, but still more developments
required [20].

In this work, well defined process for preparing ~100 μg crystal-
lized RM loaded; carrier free stents has been shown and in vitro
drug release from these stents in different release media and in
human plasma was conducted. Simultaneously, drug released at site
of implantation and biocompatibility of developed stents after subcu-
taneous implantation in the SD rats was intensively studied.

2. Materials and methods

2.1. Materials

Rapamycin and bare metal stents (CoCr smooth stents, 15 mm
length) and were provided from Alvimedica, Turkey. Shrinkable tube
(PVLF05J) was obtained from Shrink Sleeve Ltd, UK. n-Hexane (AR),
acetonitrile (HPLC grade), ethyl acetate (AR), 10% neutral buffered For-
malin (4% formaldehyde)was purchased fromBiolab Ltd, Israel. Sodium
hydrogen phosphate, sodium phosphate monobasic, and methanol
(HPLC grade) were purchased from J.T. Baker, Holland. Sodium azide,
t-butyl methyl ether and isopropanol were purchased from MERCK,
Darmstadt F. R. Germany. Normal saline, 0.9% sodium chloride, was sup-
plied by TEVA Medical (lot: XP1F125). β-Estradiol-3-methyl ether was
purchased from Sigma-Aldrich, Israel.

2.2. Methods

2.2.1. Preparation of crystallized RM coated stents
Process is composed of two steps (seeding and crystallization). For

seeding, 50 mg of RM was weighted, grinded for 3 min and 1.6 mg of
grinded RM was transferred into 5 ml glass vial. 4 ml of n-Hexane
was added to this vial and sonicated (amplitude 60 for 15 min and
then for 2–5 min at amplitude 100) until homogeneous dispersion of
RM in hexane was formed. After sonication, stents were mounted on
shrinkable tube placed on needle and needle loaded with stent was
placed at the center of the vial containing the dispersed RM in hexane
(one stent per vial). These vials were then placed in the ultrasonic bath
for 10 min at 30 °C to form seeding layer. Stents were gently taken out
of the vial and allowed to dry at room temperature. These dried and
seeded stents were preceded to the next crystallization step.

For crystallization, 50 mg of RM was weighed and dissolved in
3 ml of ethyl acetate. This solution was transferred to 100 ml glass
tube and this tube was filled drop wise with 65 ml n-Hexane to
form homogeneous solution. Stents were placed in this solution at
25 °C for 5 min for crystallization of RM on seeding layer to form
crystals carpet formation, and then dried overnight.

2.2.2. In vitro RM release from stents
In vitro release was carried out in 3 different media normal

saline–isopropyl alcohol (NS-IP, 10%) mixture, phosphate buffer
(PB, pH 7.4), phosphate buffered saline (PBS, pH 7.4). Release was
carried out in a glass vial in 2 ml medium (with 0.02% of sodium
azide) at 37 °C (n=3). Sampling was carried out by replacement of
1.5 ml of release medium with fresh medium at regular interval,
maintaining sink condition. Sampling point was 6 h, 1 day, 3 days,
5 days, 10 days and then weekly up to 75 days. RM concentration in
samples was measured by reverse phase HPLC on C-18 column with a
mobile phase consisting of water–methanol (10:90% v/v). An isocratic
mode was set at a flow rate of 1 ml/min and a wave-length of 277 nm
and 20 μl of samples was injected into an HPLC system (Waters,
LC-Module-I). Calibration curves were prepared in concentration range
of 0.05–10 μl/ml. Using calibration curve; RM concentration in different
release samples was calculated. During in vitro release, on 25th day and
75th day stents were studied by SEM and drug remaining on stent after
in vitro release was analyzed. SEM study was carried out to show
presence of drug crystals on stents during and after in vitro release.

2.2.3. In vitro release of RM from stents in human plasma
Release study was carried out in 1 ml of human plasma with 0.02%

sodium azide at 37 °C [21]. Sampling was carried out by complete re-
placement of 1 ml of release medium. Sampling point were 6 h, 1, 3, 5,
7, 10, 17 and 25 days and samples were analyzed by HPLC. Determina-
tion of concentration of RM in plasma involves 2 steps, first extraction
of drug from the plasma and then determining drug content in extract
by HPLC method. Extraction was carried in tubes containing 0.2 ml of
plasma, addedwith 0.2 ml of sodium carbonate (0.1 M) and 25 μl of in-
ternal standard, β-estradiol-3-methyl ether and vortexed for 1 min.
After vortexing, 10 ml of tert-butyl methyl ether was added and tubes
were again vortex-mixed for 1 min. Then tubes were kept in shaker
for 15 min, thereafter centrifuged at 2000 rpm for 3 min. Supernatant
was separated and transferred to clean tubes. Same extraction proce-
dure was repeated with remaining residue using 5 ml of t-butyl methyl
ether and supernatant was separated. Both supernatants were mixed
and dried under nitrogen. The dried residues were reconstituted in
1 ml of methanol and analyzed by reverse phase HPLC on C-18 column
with amobile phase consisting ofwater–methanol (15:85% v/v) [22,23].
An isocraticmodewas set at aflow rate of 1 ml/min and awavelength of
277 nm and40 μl of sampleswas injected into anHPLC system (Waters,
LC-Module-I). Calibration curves were prepared in concentration range
of 0.1–20 μl/ml. Using calibration curve; RM concentration in plasma re-
lease samples was calculated.

2.2.4. Biocompatibility and histopathology analysis
Biocompatibility study was carried out after subcutaneous im-

plantation of stent in SD rats, 10 rats were used for this study. The
rats were anesthetized using a mixture of Xylazine HCl and Ketamine
HCl by IP route. The implantation/insertion process was done by a
small incision of 3 mm. A subcutaneous “pocket” was made by a scis-
sor after shaving and disinfection the implantation site in rats.
“UV-sterilized stents” was implanted by using tweezers, each rat
was implanted subcutaneously with 2 stents on back one each site.
The incision was closed by metal clips. The study was done on 3
groups, Group A — control (non-implanted rats), Group B — bare
metal stent implanted and Group C — stents with the RM crystalline
coating. At 7 and 28 days post implantation, time point's group was
sacrificed and the implantation site was isolated and carefully opened
to remove the stent. One isolated stent from each group was visual-
ized by SEM, whereas, the second stent implantation site of each an-
imal was used for histopathology.

For histopathology, the excised tissue blocks containing test or con-
trol implants (with surrounding tissues) preserved in 10% neutral buff-
ered formalin solution were processed for histopathological evaluation
by embedding the intact tissue envelope with the implant in paraffin.
Sections were stained with hematoxylin and eosin (H&E), single repre-
sentative section was prepared from each sample. Each sample was eval-
uated and graded for histopathological changes. The biological response
parameters assessed were as follows: (1) extent of fibrosis/fibrous cap-
sule and inflammation, (2) degeneration as determined by changes in
tissue morphology, (3) number and distribution as a function of distance
from the material/tissue interface of the inflammatory cell types, namely
polymorphonuclear leucocytes, lymphocytes, plasma cells, eosinophils,
macrophages and multinucleated cells, (4) presence of necrosis as



Bare metal stent

Seeding layer

Crystallized Rapamycin

Fig. 1. SEM images for RM crystallized stent preparation via two steps seeding and
crystallization — 40×, 1200× and 4000× magnifications respectively.
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determined by nuclear debris and/or capillary wall breakdown and
(5) material debris, fatty infiltration and granuloma.

2.2.5. SEM evaluation for implanted stents
Seven days post implantation stent samples taken from the im-

plantation and placed on a conductive carbon tape and coated with
gold to a thickness of about 10 nm using a sputtering deposition ma-
chine (Polarone E5100). They were imaged using high resolution
SEM, Sirion (FEI company, Netherlands) at an acceleration voltage
of 30 KV. SEM evaluation was carried to determine cells proliferation
on BMS and RM coated stent.

2.2.6. Determination of RM in surrounded subcutaneous tissues
Determination of concentration of RM in tissues surrounding im-

planted stent involves 4 steps, first isolation of surrounding tissues, sec-
ond homogenization of tissues, third extraction of drug from the tissue
and lastly determining drug content in extract by HPLC. On 7 and
28 days post implantation, the groups of animals were sacrificed and
2 cm2 of stent surrounding tissuewas taken out from the stent implanted
area. Thereafter, stents were removed from surrounding tissues and tis-
sues were further processed. In homogenization of tissues, tissue sur-
rounding stent are separated cut in small pieces and then homogenized
in 2 ml normal saline using high speed homogenizer (15,000 rpm for
5 min). This facilitates easy extraction of RM from cells and tissues. Ex-
traction was carried in tubes containing 0.2 ml of homogenized tissue,
0.2 ml of sodium carbonate (0.1 M) and 25 μl of internal standard
(β-estradiol-3-methyl ether) and vortexed for 1 min. After vortexing,
10 ml of tert-butyl methyl ether was added. The tubes were again
vortex-mixed for 1 min, and kept in shaker for 15 min, thereafter
centrifuged at 4000 rpm for 3 min. Supernatantwas separated and trans-
ferred to clean tubes. Same extraction procedure was repeated with
remaining residue using 5 ml of tert-butyl methyl ether and supernatant
was obtained. Both supernatant were mixed and dried under nitrogen.
The dried extracts were reconstituted in 1 ml of methanol and analyzed
[22,23]. RM concentration was measured by reverse phase HPLC on
C-18 column with a mobile phase consisting of water–methanol
(17:83% v/v). An isocratic mode was set at a flow rate of 0.8 ml/min
and a wave-length of 277 nm and 100 μl of samples was injected into
an HPLC system. Three point calibration curveswere prepared in concen-
tration range of 0.5–5 μl/ml. Using calibration curve RM concentration in
tissue samples was calculated.

2.2.7. Necropsy
At 7 and 28 days post implantation, animals were necropsies and

organs: heart, spleen, kidneys, lungs and liver were separated and
weighed using analytical balance as also visualized for color and swelling.

3. Result and discussion

DES is considered better in the treatment of symptomatic coronary
artery disease. Following widespread clinical use of these DES, multi-
ple safety issues have been identified in late follow-up that have
prompted efforts toward development of bioresorbable polymers,
polymer-free metal platforms, as well as completely resorbable DES
platforms [1]. The ultimate goal of these efforts is to provide safe and
durable coronary patency. Currently, newer DES has being developed.
These new technologies developed/under development includes
mainly use of polymer free DES and use of biodegradable polymers
and stents etc. In similar effort, carrier free RM coated DES has been
prepared in the current work.

3.1. Preparation of crystallized RM stents

Crystallized RM coated stents were prepared according to procedure
given in method Section 2.2.1. Preparation of crystallized RM stents in-
volves stent cleaning, coating of grinded RM seeds onto stent struts,
followed by crystallization of RM onto stent surface. For this, bare
metal stentswerefirst sonicated in acetonitrile for 15 min, to remove ad-
herent impurities of stent surface. Thereafter, for seeding step — stents
were again sonicated in a dispersion of RM crystal seeds in n-Hexane.
This sticks crystals seeds to the surface of stents with electrostatic inter-
action, and leads to formation of seeding layer on stent surface (Fig. 1).
These seed crystals are small piece of single crystal/polycrystal material
from which a large crystal of the same material typically to be grown.
Seeded surface serves as starting nucleation points in the crystallization
process. The crystal layer on the stent surface was grown by dipping
the seeded stent into a supersaturated solution. Formed crystalline coat-
ings have shown high adhesiveness. Once coated, stents were found sta-
ble with no cracking, flaking and delamination.

3.2. In vitro RM release

To optimize any formulation/device, a thorough consideration on
the in vitro release profile of drug from that system is mandatory.
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Fig. 2. % Cumulative RM release from stents in 3 different media: (A) phosphate buff-
ered saline (PBS, pH 7.4), (B) phosphate buffer (PB, pH 7.4), (C) normal saline–isopro-
pyl alcohol (NS-IP, 10%) mixture, and (D) comparative RM release in all media at 37 °C
(n=3).
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PBS (pH 7.4) at 37 °C is employed as a most used medium to perform
in vitro release for drug eluting stents. But in case of RM eluting stent,
this medium is less suitable since RM hydrolyses in this medium to
form newer compounds with opened lactam ring. The hydrolysis
rate depends on the pH of the medium and the concentration of the
buffer salts [24]. Not only this, the solubility of RM in aqueous solu-
tion is very low [25]. Therefore, in some study residual release meth-
od, by measuring the amount of residual drug in the polymer was
adopted [26], but this method requires large number stents for a sin-
gle in vitro study which is not possible during development phase.
Considering all above facts, to get exact overview of in vitro release,
present study was carried out in 3 different release medium, and %
cumulative release was determined. Continuous release of RM was
observed in all three release conditions up to 75 days (Fig. 2), both
degraded and undegraded RM was determined. Release rate was
found to be different and maximum in NS-IP (10%) and least in PB
(pH 7.4). On 25th day release study of one stent from each group
and on 75th day release study for remaining stents was terminated
and stents were studied by SEM for presence of RM crystals on stents.
SEM images showed presence of crystalline RM after 25 and 75 days
of in vitro release (Fig. 3). After completion of in vitro release drug
amounts remaining in the coatings was determined from one stent
of each group and total mass balance of released drug and drug
present on stent was found to be 75–90% after 25th and 75th day.
Best part is the drug remaining on stent was present in undegraded
form.
After 25 days release

After 75 days release

Fig. 3. SEM images showing presence of crystalline RM after 25th and 75th days of in
vitro release from stent in PB (pH 7.4).
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3.3. In vitro release of RM from stents in human plasma

RM release profile from stentswas determined for 25 days (Fig. 4). It
was observed that RM release was continuous in plasma for up to 7–
10 days. Thereafter, release was slow but constant, this slow release is
probably due to instability of RM in plasma and the drug is mostly de-
graded after 10 days in body fluids. It was also reported in literature
that RM was unstable in plasma and RM degradation half-life was
7.2 h in human plasma [27].

3.4. Biocompatibility of implanted stents

For biocompatibility evaluation, both BMS and developed stents
with crystalline coating were implanted subcutaneous in SD rats. 7
and 28 days post implantation rats was scarified and SEM analysis
for implanted stent and histology study of tissues surrounding stents
was performed. It was observed that, efforts were needed to remove
the stent from the tissues of the implant location in the case of
Group B (BMS) because the stent is highly adhered to surrounding
tissues (described in details in the SEM analysis). In Group C (crystal-
line RM coated stents) removal of stent from implanted site was rel-
atively easy. In this the stent was surrounded by pocket of loose
tissues not adhered to stents. This proves the controlled RM release
from stents for days and showing antiproliferative effect i.e. reducing
growth of surrounding tissue on the stents.

SEM analysis of stents isolated from tissues showed that stents iso-
lated from Group B showed tissues surrounding the stents from all
Fig. 5. SEM images of implanted stents subcutaneous in SD rats, 7 days post implantation
for groups B and C (baremetal and RM crystallized stent). Images were taken in low (30×
and 40×) and high (300× and 120×) magnifications.



Table 1
RM amount 7 and 28 days post implantation in surrounding tissues and unreleased RM
onto stent struts for implanted stents with RM coating (Group C).

Type of stent Time
point

Animals RM in
surrounding
tissue (μg)

Drug remaining
on stent (μg)

Rapamycin crystallized
stent (Group C)

7 days C1 3.04 9.17
C2 5.98 24.74

28 days C3 0.64 15.28
C4 1.41 7.78
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directions, but for stents isolated fromGroup C, presence of crystals car-
pets of the RM succeeded in preventing tissue proliferation onto stent
surface (Fig. 5). At some specific areas tissue covering was observed, it
is could be because of the phenomena that the surrounding tissue
could penetrate through the space between the stent sections and get
concentrated in nuclease point for tissue proliferation. Seven days
post implantation, detailed necropsy was performed. Weighing of the
heart, spleen, kidneys, lungs and liver was performed using analytical
A

C

E

Fig. 6. A–F: Representative photos from the histopathologic evaluation for tissue biocomp
detected. ×100. B: Group B (BMS): Subcutaneous implantation site 7 days post implantation
istically, the capsule (arrows) consists mostly of fibroblastic proliferation associated with c
and D: Group C (RM crystallized stents): Subcutaneous implantation site 7 days post implan
acteristically, the capsule (thick arrows) consists mostly of fibroblastic proliferation associate
irregular layer of amorphous eosinophilic material, but no active inflammatory reaction or n
implantation site 28 days post implantation. Relatively minor capsule formation was still pre
(arrow) consists mostly of fibroblastic proliferation associated with collagen deposition, but
eosinophilic amorphous layer identified after 7 days from implantation was not present aft
balance, and no difference in organ weight or any gross abnormality
was noted, thus suggesting that the developed RM crystallized coating
lacked toxic effects.
3.5. Determination of RM in surrounded subcutaneous tissues and onto
stents

Determination of RM amount in surrounding tissues was done by
HPLC method. It was observed that variable amount of drug was present
in surrounding tissues and on the stents (Table 1). Reason for this could
be that in stent separation process, some stents struts were partially cov-
ered by surrounding tissues and it is very difficult to separate nearby tis-
sues from stent for exact determination of remaining drug on the stent
and in surrounding tissues. However, these results clearly showed RM
was released in a sustained manner for days and not released instantly
after implantation preventing toxic systemic effects of drug. As expected,
the RM amount found in surrounding tissue and onto stents struts were
less on 28 days compared to 7 days post implantation.
B

D

F

atibility. A: Group A (un-implanted): Subcutaneous implantation site. No abnormality
. Capsule formation surrounding the cavity where the implant was located. Character-

ollagen deposition, but no active inflammatory reaction or necrosis is present. ×100. C
tation. Capsule formation surrounding the cavity where the implant was located. Char-
d with collagen deposition. At the interface between the capsule and the cavity, there is
ecrosis is present (thin arrow) C: ×100, and D: ×200. E and F: Group C: Subcutaneous
sent surrounding the site where the implant was located. Characteristically, the capsule
no active inflammatory reaction or necrosis is present E: ×100, and F: ×200. The inner
er 28 days from the implantation.
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3.6. Histopathology evaluation for biocompatibility

Histopathologic evaluation of the surrounding tissues from 7 days
implanted samples indicated that addition of RM crystalline coating to
stents (Group C) was associated with the presence of relatively thin ir-
regular layer of amorphous eosinophilicmaterial. However, the presence
of this amorphous layer did not adversely affect the development and
the composition of the capsule formation, when comparing the capsule
seen in Group B (BMS). The addition of RM (Group C) was associated
with the presence of only singular histiocytes within the inner surface
of the capsule (seen only in two samples). The inner eosinophilic amor-
phous layer identified after 7 days from implantation was not present
after 28 days from the implantation. The capsule reaction consisted of
relatively maturing collagen, generally without any evidence of inflam-
matory reaction. In particular, no evidence for presence of necrosis, for-
eign body giant cell reaction or any type of increased severity of
inflammatory reaction was noted. Fig. 6A–F, shows histopathology im-
ages and assessment for 7 and 28 days samples post implantation.

4. Conclusions

The studied RMsurface crystallized stents carrier freemethod enables
fabricationof controllable andhomogeneous therapeutic crystalline coat-
ings onto stent surface, allowing the RM release for several months. Sim-
ilarly, RMwas not released instantly after implantation in vivo preventing
toxic systemic effects of drug. Histopathological analysis of RM crystal-
lized stent implants did not raise any safety concerns, whereas, biocom-
patibility studies proves suitability of the developed stents. Hence,
developed stents with crystalline RM carpet demonstrated controlled re-
lease of RM with no observable toxicity or biocompatibility concern in
delivering RM and exhibit potential for further clinical developments.
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