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Abstract
Restenosis remains the main reason for treatment failure of arterial disease. Sirolimus (SIR) as a potent anti-proliferative 
agent is believed to prevent the phenomenon. The application of exosomes provides an extended-release delivery platform 
for SIR intramural administration. Herein, SIR was loaded into fibroblast-derived exosomes isolated by ultracentrifugation. 
Different parameters affecting drug loading were optimized, and exosome samples were characterized regarding physico-
chemical, pharmaceutical, and biological properties. Cytotoxicity, scratch wound assays, and quantitative real-time PCR 
for inflammation- and migration-associated genes were performed. Restenosis was induced by carotid injury in a rat carotid 
model and then exosomes were locally administered. After 14 days, animals were investigated by computed tomography 
(CT) angiography, morphometric, and immunohistochemical analyses. Western blotting confirmed the presence of specific 
protein markers in exosomes. Characterization of empty and SIR-loaded exosomes verified round and nanoscale structure 
of vesicles. Among prepared formulations, desired entrapment efficiency (EE) of 76% was achieved by protein:drug propor-
tion of 2:1 and simple incubation for 30 min at 37 °C. Also, the optimal formulation released about 30% of the drug content 
during the first 24 h, followed by a prolonged release for several days. In vitro studies revealed the uptake and functional 
efficacy of the optimized formulation. In vivo studies revealed that %restenosis was in the following order: saline > empty 
exosomes > SIR-loaded exosomes. Furthermore, Ki67, alpha smooth muscle actin (α-SMA), and matrix metalloproteinase 
(MMP) markers were less expressed in the SIR-exosomes-treated arteries. These findings confirmed that exosomal SIR 
could be a hopeful strategy for the prevention of restenosis.
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Introduction

Cardiovascular disease is a major cause of mortality glob-
ally. The atherosclerotic plaques’ formation is the start-
ing point of many cardiovascular diseases. It commonly 
affects carotid and coronary arteries and leads to stenosis or 
obstruction of vessels and occasionally an ischemic stroke 
[1, 2]. The main therapeutic strategies include percutaneous 
coronary interventions and surgical revascularization. Dif-
ferent percutaneous coronary intervention approaches have 
been applied such as balloon angioplasty and the applica-
tion of bare-metal (BMS) and drug-eluting stents (DES) [3]. 
Several problems were reported regarding stenting such as 
late thrombosis, limited use in branched vessels, perma-
nent remaining of stents, and the increased risk of in-stent 
restenosis [4].

 *	 Azadeh Haeri 
	 a_haeri@sbmu.ac.ir

1	 Department of Pharmaceutics and Pharmaceutical 
Nanotechnology, School of Pharmacy, Shahid Beheshti 
University of Medical Sciences, PO Box: 14155‑6153, 
Tehran, Iran

2	 Research Center for Advanced Technologies 
in Cardiovascular Medicine, Cardiovascular Diseases 
Research Institute, Tehran University of Medical Sciences, 
Tehran, Iran

3	 Department of Stem Cells and Developmental Biology, 
Cell Science Research Center, Royan Institute for Stem Cell 
Biology and Technology, ACECR, Tehran, Iran

4	 Protein Technology Research Center, Shahid Beheshti 
University of Medical Sciences, Tehran, Iran

http://crossmark.crossref.org/dialog/?doi=10.1007/s13346-023-01390-z&domain=pdf
http://orcid.org/0000-0003-2234-9222


159Drug Delivery and Translational Research (2024) 14:158–176	

1 3

A possible solution is the use of drug-coated balloons 
(DCB), and to improve the efficacy of DCB, some studies 
aimed to coat balloons with drug nanocrystals and exhibited 
superior healing features [5, 6]. In addition, drug-loaded nan-
oparticles can be applied to further sustain the drug release 
at the target site [7]. Accordingly, the application of drug-
loaded nanoparticles in combination with balloon angioplasty 
and/or stenting was considered a promising approach [8]. The 
idea of balloon angioplasty, followed by the local delivery of 
anti-restenosis nanodrugs is another recent solution to answer 
the limitations of previous therapeutic approaches [7, 8]. By 
this approach, some nanostructures such as liposomes [7], 
micelles [9], phospholipidic nanoparticles [10], and poly-
meric nanoparticles [11] were investigated by our team and 
other researchers for the sustained intramural delivery of 
desired hydrophobic drugs to the affected arteries.

Exosomes are a new class of delivery nanosystems that 
originated from almost all cells. These natural vesicles are 
present in body fluids and have an intercellular communi-
cation role [12–17]. They also contain a parental cargo that 
can modulate immune responses [13, 18]. They may be 
isolated from the culture medium of stem cells and applied 
as biocompatible nanocarriers [16, 19, 20]. Fibroblasts 
serve a common cellular origin previously investigated in 
pre-clinical and clinical studies of cell therapy. They ben-
efit from stem cell properties and carry a specific marker 
that protects vesicles from phagocytic uptake resulting in 
a long circulation half-life [21, 22].

Sirolimus (SIR), also known as rapamycin, is a macrolide 
antibiotic that is used as an immunosuppressant drug in clin-
ics [1, 23]. It inhibits the mammalian target of rapamycin 
(mTOR) involved in many cellular processes including 
growth, proliferation, angiogenesis, autophagy, lymphangi-
ogenesis, and several metabolic reactions [24]. It is used in 
the prevention of organ transplant rejection and as an adju-
vant treatment in chemotherapy regimens [23]. It is also used 
in several vascular anomalies discussed widely elsewhere 
[24, 25]. Due to anti-inflammatory and proliferative activi-
ties, SIR is used for the design of DES and DCB to prevent 
restenosis [3]. Overall, SIR can be a promising agent for 
the prevention of restenosis in arteries undergoing balloon 
angioplasty [7].

Motivated by this rationale, the present study was 
focused on the application of SIR-loaded exosomes (SIR-
EXO) for intramural local drug delivery (Fig. 1). In this 
study, SIR molecules were incorporated into fibroblast-
derived exosomes by different loading strategies, and the 
optimal formulation was characterized regarding the exo-
somal identity, entrapment efficiency (EE), size, morphol-
ogy, and release profile. Exosome samples were further 
studied regarding biocompatibility, cytotoxicity against 
smooth muscle cells (SMCs), scratch wound assays, cel-
lular uptake, and quantitative real-time polymerase chain 
reaction (PCR) for inflammation- and migration-associated 
genes including interleukin-1 beta (IL-1β), tumor necro-
sis factor alpha (TNF-α), and matrix metalloproteinase-2 

Fig. 1   An illustration of exo-
some production by fibroblast 
cells, drug loading into vesicles, 
and local delivery of exosomal 
SIR in the injured carotid artery
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(MMP-2). Moreover, SIR-EXO and empty exosomes 
(Empty-EXO) were administered locally after balloon 
angioplasty in a rat model for the prevention of restenosis. 
The efficacy of the proposed nanoformulation was inves-
tigated by relevant experiments.

Materials and methods

Materials

SIR powder (98% purity) was acquired from Fujian Kerui 
Pharmaceutical Co., Ltd. (China). Dimethyl sulfoxide 
(DMSO), ethanol, acetonitrile, methanol, sodium chloride, 
and Tween 80 were obtained from Merck KGaA (Germany).

Cell culture

Human fibroblasts (Royan Institute, Iran) were cultured in 
fetal bovine serum (FBS; Gibco, Germany) supplemented 
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Ger-
many). At 70% confluence, a fresh medium supplemented 
with exosome-depleted FBS was replaced. After 48 h, the 
conditioned medium was pooled for the purification of 
exosomes.

SMCs were obtained by the differentiation of human 
embryonic stem cells (hESCs) (Royan Institute, Iran). The 
stem cells were cultured in Dulbecco’s modified Eagle’s 
medium/Ham’s F-12 (DMEM/F12; Gibco, Germany) con-
taining 20% serum replacement (Gibco, Germany), 0.1 mM 
β-mercaptoethanol (Merck KGaA, Germany), 100 ng/mL 
basic fibroblast growth factor (bFGF; Royan Biotech, Iran), 
1% insulin-transferrin-selenite (Gibco, Germany), and 1% 
nonessential amino acids (NEAA; Gibco, Germany). The 
medium was conditioned overnight on mitomycin C (Merck 
KGaA, Germany) inactivated fibroblasts and then used for 
the formation of hESCs spheroids in non-adhesive culture 
plates. Cells were incubated with 10 µM of Rho-kinase inhib-
itor (Merck KGaA, Germany) for 48 h, and then the medium 
was refreshed every 2 days. For the induction of hESCs into 
cardiomyocytes, cell spheroids were incubated with 12 µM of 
CHIR99021 (Abcam, UK) in Roswell Park Memorial Insti-
tute (RPMI-1640; Gibco, Germany) containing 2% B-27 
supplement (minus vitamin A; Gibco, Germany), 2 mM 
L-glutamine (Gibco, Germany), 0.1 mM β-mercaptoethanol, 
and 1% NEAA for 24 h and then cultured without small mol-
ecules for another 24 h as described earlier [26].

Then, spheroids were dissociated into singular cells 
by Accutase (Merck KGaA, Germany), and cells were 
cultured in the supplemented DMEM/F12 containing 
0.5 µM A83-01 (Abcam, UK), 100 ng/mL fresh bFGF, 
and 3 µM CHIR99021 on Matrigel-coated plates, and this 

maintenance medium was replaced daily. Afterward, car-
diomyocytes were cultured in a differentiation medium 
containing 5 µM purmorphamine (Merck KGaA, Ger-
many), 5 µM IWP2 (Merck KGaA, Germany), and 5 µM 
SB431542 (Merck KGaA, Germany) for 48 h. Then, cells 
were cultured in a maintenance medium supplemented 
with transforming growth factor-beta 1 (TGF-β1; Merck 
KGaA, Germany) and platelet-derived growth factor-BB 
(PDGF-BB; Merck KGaA, Germany) for 12 days to differ-
entiate into SMCs. The medium was refreshed every 72 h.

Exosomes purification

Exosomes were isolated from the conditioned medium 
by the ultracentrifugation method introduced by Thery 
et al. [27] with minor modifications. Briefly, the pooled 
medium was centrifuged at 350  g to pellet cells. The 
supernatant was then centrifuged at 3000 g to remove 
debris and the remaining supernatant was ultracentrifuged 
by a 45 Ti rotor (Beckman Coulter Life Sciences, USA) at 
20,000 g for 30 min resulting in the formation of a pellet 
of microvesicles. The obtained supernatant was ultracen-
trifuged at 110,000 g for 120 min, and exosomes were pel-
leted. The pellet was dispersed in 1 mL normal saline (NS) 
and again pelleted at 110,000 g and the packed exosomes 
were suspended in NS and stored at − 80 °C.

Characterization of Empty‑EXO

Identification

The protein content of exosomes was quantified by Brad-
ford reagent (Merck KGaA, Germany), followed by west-
ern blotting to verify the presence of exosomal markers, as 
described earlier [28]. Initially, the protein samples were 
incubated at 95 °C for 10 min and then sonicated for 5 min. 
Proteins of different samples were separated by sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) and then transferred to a polyvinylidene fluoride 
(PVDF) membrane. The membrane was blocked and incu-
bated with CD63 (Santa Cruz Biotechnology, Germany), 
CD81 (Santa Cruz Biotechnology, Germany), and tumor 
susceptibility gene 101 (TSG101; Genetex, Germany) 
antibodies as positive markers and Calnexin (Santa Cruz 
Biotechnology, Germany) antibody as a negative marker. 
After incubation with primary antibodies, the membrane 
was incubated with a secondary antibody. After washing, 
enhanced chemiluminescence (ECL) substrate was added 
to the blot, and the blot was imaged by a gel documenta-
tion system (Uvitec Ltd., UK).
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Size distribution and surface charge

For measurement of the vesicles’ mean diameter and zeta 
potential, 10–20 µL exosomes (1 mg/mL) were diluted in 
1 mL distilled water. The sample was measured by a Zetasizer 
(Malvern Instruments, UK) and analyzed regarding the mean 
diameter, polydispersity index (PDI), and surface charge.

Morphology studies

The morphology of vesicles was studied by transmission 
electron microscopy (TEM), atomic force microscopy 
(AFM), and scanning electron microscopy (SEM). A drop 
of each sample was loaded on a carbon-coated copper grid, 
stained with a drop of uranyl acetate (Agar Scientific, UK), 
and then the grid was allowed to be air-dried. Imaging was 
carried out by an EM10C instrument (Zeiss, Germany) at an 
accelerating 100 kV voltage.

For AFM observation, a drop of each diluted sample 
was placed on a slide and air-dried. The topography of 
exosomes was studied and imaged by AFM (NanoWizard 
II; JPK Instruments, Germany) using a silicon cantilever in 
the contact mode. Obtained data were further studied and 
processed by JPK software (JPK Instruments, Germany).

For SEM observation, a drop of diluted exosomes was 
placed on a coverslip and air-dried. Then, samples were 
coated with gold by Desk Sputter Coater DSR1 (NanoStruc-
tured Coatings Co., Iran) and imaged by MIRA3 (TESCAN, 
Czech Republic).

Drug loading of exosomes

Exosomes were mixed with SIR solution and different load-
ing methods, duration, and drug-to-protein ratios were inves-
tigated to optimize the drug loading. First, simple incuba-
tion at 37 °C was studied for 30 and 60 min. Thereafter, 
electroporation and sonication were used after incubation. 
Briefly, sonication was performed for 6 cycles (30 s on and 
2 min off) using a sonicator (Liarre, Italy). Electropora-
tion was performed by a multiporator (Eppendorf, Germany)  
at 500 V, and two pulses were made with a duration of 5 ms 
and a 30-s interval between pulses. To load exosomes by a 
new approach, a thin SIR film was formed by the drug solu-
tion evaporation in a microtube, and exosomes were added 
to the tube. The mixture was sonicated for 10 min, and then 
vesicles were annealed at room temperature for 30 min.

Characterization of SIR‑EXO

SIR-EXO were characterized by western blotting to verify the 
stability of the specific markers of exosomes during the load-
ing process. Size distribution, PDI, and zeta potential of SIR 
formulations were studied and compared with Empty-EXO. 

Moreover, morphology studies including TEM, AFM, and 
SEM were performed for the optimized SIR-EXO, and 
obtained data were compared with intact vesicles.

Entrapment efficiency (EE)

The free drug was isolated using centrifugation at 
14,000 rpm for 10 min and separated at the bottom of the 
microtube. Exosomes were digested with methanol, and the 
mixture was vortexed vigorously. SIR concentration was 
measured using a validated high-performance liquid chro-
matography (HPLC) method [7]. EE was calculated by the 
following equation:

Drug release profile

Drug release study of the optimized SIR-EXO was carried 
out by dialysis membrane (12 kDa cut-off). NS containing 
0.05% (w/v) Tween 80 was chosen as the release medium to 
provide sink conditions. Each sample (0.3 mL) was trans-
ferred to a dialysis bag and placed in the release medium at 
37 °C with shaking at 100 RPM. Sampling was carried out 
at 1, 2, 4, 6, 8, 10, 24 h, and then every 24 h for 3 weeks. 
The release medium was replaced daily, and samples were 
analyzed using HPLC as described earlier [7]. The experi-
ment was performed in triplicate and obtained data were 
evaluated regarding different probable equations including 
zero order, first order, and Higuchi [29]. The best model 
was selected following comparisons among obtained cor-
relation coefficients.

Fourier‑transform infrared spectroscopy (FTIR)

For FTIR analysis, a drop of each sample (SIR, Empty-EXO, 
and SIR-EXO) was deposited on a ZnSe disc and air-dried. 
The spectrum was obtained in an inert atmosphere at a reso-
lution of 4 cm−1 over a wavenumber range of 600–4000 cm−1 
by a WQF-510 laboratory FTIR spectrometer (Beijing Ray-
leigh Analytical Instrument Corporation, China).

Hemolysis test

The hemolysis test was carried out according to ISO 
10993–4:2002 as described earlier [30]. A fresh rat blood 
sample was mixed with 10 mL NS and then centrifuged at 
3000 RPM for 10 min. After discarding the supernatant, the 
obtained pellet was washed and packed erythrocytes were 
dispersed in NS to obtain a 2% (w/v) suspension. Differ-
ent samples of SIR-EXO, Empty-EXO, and SIR suspension 
(characterized regarding its particle size and zeta potential 

EE (%) =incorporated drug amount × 100 ∕ added drug amount
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(Table S1, Fig. S1)) were mixed with erythrocyte suspension 
and incubated at 37 °C for 120 min. Deionized water and 
NS were applied as positive and negative control samples, 
respectively. Samples were centrifuged, and the superna-
tants’ absorbance was measured at 545 nm. Hemolysis was 
evaluated by the formula:

Hemolysis (%) = (absorbancetest sample − absorbancenegative control)

× 100∕ (absorbancepositive control − absorbancenegative control)

each well was scratched using a P100 pipette tip. Wells were 
gently washed to remove detached cells. Then, scratched wells 
were incubated by culture media of DMEM/F12 supplemented 
with B-27 (minus vitamin A) containing 5 µg/mL free and 
loaded SIR and the equivalent amount of Empty-EXO. Wells 
were imaged by a CKX41 inverted microscope (Olympus) at 

4 × and 10 × magnifications at 6, 24, and 72 h after scratching. 
The wound closure was calculated as follows: (wound area 
(0 h) − wound area (n h))/wound area (0 h) × 100.

Animal studies

Animals

Male Sprague–Dawley rats weighing 380 ± 20 g were main-
tained on a regular diet and under standard environmental 
conditions.

Balloon angioplasty injury and exosomes administration

Vascular injury was induced by the inflation of a bal-
loon catheter introduced to the left common carotid. Rats 
were anesthetized with an intramuscular administration 
of medetomidine hydrochloride (1 mg/mL) and ketamine 
(50 mg/mL) and a 2-French embolectomy balloon catheter 
was pushed into the common carotid artery through a cut on 
the external carotid artery. The inflated balloon was passed 
through the artery, withdrawn, and reintroduced two more 
times to cause vascular injury. Animals were randomly 
divided into three groups: (1) SIR-EXO, (2) Empty-EXO,  
and (3) NS as control (n = 6 per group). After the local delivery 
(equivalent to 100 µg SIR and/or 265 µg protein of exosomes) 
for 15 min, the external carotid was closed, the normal flow 
was restored, and the animal was recovered.

Computed tomography (CT) angiography

For in vivo vascular imaging, rats were anesthetized at 
2 weeks post-injury, and the tail vein was catheterized for 
the administration of a contrast agent. Iopamidol (Scan-
lux®) was intravenously administered at a 0.1 mL s−1 flow 
rate, and the exposure parameter and effective current were 
adjusted to 80 kV and 80 mAs. Obtained results were trans-
ferred to the Syngo X Workplace (Siemens, Germany).

Histological analysis

Two weeks post-injury, animals were sacrificed and carotid 
arteries were perfused in vivo with saline and then fixed 

The sample was interpreted as hemolytic if the hemolysis 
(%) was observed higher than 5%.

In vitro studies

Cellular uptake

SMCs were incubated with a drug suspension and SIR-EXO with 
5000 and 200 ng/mL SIR for 3 and 24 h, respectively. Then, the 
medium was discarded and cells were gently washed, detached, 
and dispersed in NS. Cell suspensions were digested using meth-
anol, and then the SIR concentration was measured by the HPLC.

MTT assay

Differentiated SMCs were cultured in Matrigel-coated flat 
bottom 96-well plates (104 cells/well) overnight. Then, 
SMCs were treated with different doses of free and loaded 
SIR for 48 h. Afterward, 20 µL 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) reagent was 
added to each well, and the plate was read at 570 nm.

Quantitative real‑time polymerase chain reaction (PCR)

Cellular total RNA was extracted using TRIzol reagent, 
and its quantity and quality were evaluated by a WPA 
Biowave II UV/Visible Spectrophotometer (Biochrom 
Ltd., UK) and gel electrophoresis, respectively. Then, 
cDNA samples were synthesized using a cDNA Synthesis 
Kit (Parstous, Iran). Primers were acquired from Royan 
Institute (Iran), and the SYBR Green master mix (Qiagen, 
Germany) was applied for the quantitative real-time PCR 
on StepOnePlus PCR system (Applied Biosystems, US). 
The GAPDH gene was considered as the internal refer-
ence, and the relative expression levels of IL-1β, TNF-
α, and MMP-2 mRNAs were determined based on the 
2−ΔΔCT method.

Scratch wound assay

SMCs were cultured in Matrigel-coated 12-well plates (105/
well) until fully confluent. Thereafter, the cell monolayer of 
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with the continuous perfusion of 10% buffered formalin. 
Then, left common carotid arteries were collected at the site 
of injury, further fixed ex vivo for 48 h, paraffin-embedded, 
and thereafter sectioned. For each staining, at least two 
serial cross-sections of each carotid were fixed on a micro-
scope slide and slides were labeled by codes for blinding 
evaluation. Sections were stained with hematoxylin and 
eosin (H&E), Masson’s trichrome, and Orcein-Giemsa and 
imaged by a BX51 microscope (Olympus, Japan). After-
ward, areas of the internal elastic lamina (IEL), external 
elastic lamina (EEL), and residual lumen were quantified 
by ImageJ® software (National Institutes of Health, USA). 
Neointimal and medial areas were obtained by deduc-
tion of the residual lumen from IEL and IEL from EEL  
areas, respectively. Neointima/media (N/M) ratio and steno-
sis (%) were compared among the study groups.

Immunohistochemical analysis

Briefly, prepared sections of the carotid artery were depar-
affinized and rehydrated. Thereafter, sections were treated 
with hydrogen peroxide and then boiled in citrate buffer (pH 
6.0). Samples were stained with Ki67 (Abcam, UK), smooth 
muscle actin (α-SMA; Abcam, UK), MMP-2 (Abcam, UK), 
and MMP-9 (Abcam, UK) antibodies at room temperature 
for 60 min. After rinsing, sections were treated with sec-
ondary antibodies for another 60 min, and detection of the 
reaction product was carried out by 3, 3-diaminobenzidine 
(DAB; Abcam, UK) counterstained with hematoxylin. 
Blinding evaluation was achieved by code-based slide labe-
ling and after imaging of prepared slides, ImageJ® software 
was used for quantification of the results. In this regard, the 
density of α-SMA, MMP-2, and MMP-9 was assessed in 
treated sections and reported as stained area per total area 
(µm2). In Ki67 staining, the number of positive over total 
cells was determined.

Statistical analysis

All data were analyzed by GraphPad Prism 7 (GraphPad Soft-
ware, USA). Results were expressed as mean ± standard error 
of the mean (SEM). Furthermore, one-way analysis of vari-
ance (ANOVA) with post-comparison tests and t-test analyses 
were performed. P < 0.05 was interpreted as significant.

Results

Characterization of Empty‑EXO

Fibroblast-derived exosomes were characterized by pro-
tein content, exosome-associated proteins, size distribu-
tion, charge, and morphology (Fig. 2). Morphology studies 

confirmed a round and vesicular shape for purified exosomes 
obtained by TEM, SEM, and AFM analyses (Fig. 2a–c). The 
results revealed the presence of specific exosomal markers 
(CD63, CD81, and TSG101) (Fig. 2d, Fig. S2). Empty-
EXO showed a mean diameter, PDI, and zeta potential of 
152.3 ± 2.3 nm, 0.31 ± 0.05, and − 29.8 ± 0.3 mV, respec-
tively (Fig. 2e, f).

Effects of loading variables on EE

Details and results of drug incorporation procedures are pre-
sented in Table 1. Initially, simple incubation was performed 
on a 2:1 drug/protein ratio for 30 (F1) and 60 (F2) min result-
ing in EE percentages of 29.5 ± 0.4 and 29.6 ± 0.6. No signifi-
cant difference was noted between the two incubation periods 
(P = 0.858). Therefore, further loading studies were per-
formed with 30-min incubation (F3-F9). By electroporation 
(F3) and sonication (F4) after drug-exosomes incubation, EE 
(%) was elevated to 32.9 ± 0.2 and 34.1 ± 0.7, respectively. 
None of these loading approaches (F3, F4) showed superi-
ority when compared to each other (P = 0.142). Thereafter, 
two lower drug/protein ratios were tested and the ratio of 
1:2 (F6) showed the highest EE and the P-value of < 0.001, 
as compared to the 2:1 ratio. Further modifications (such as 
film loading or additional sonication) on formulations with 
1:2 drug/protein ratio (F7-F9) resulted in less EE compared 
to F6 (ANOVA P < 0.001), and the optimal formulation was 
achieved by simple incubation at 37 °C for 30 min and drug/
protein ratio of 1:2 (F6) with EE (%) of 75.7 ± 2.6.

Characterization of SIR‑EXO

Post-loading characterization aims to understand the for-
mulation properties and confirm the preservation of desired 
formulation characteristics, especially in naturally derived 
nanocarriers. Therefore, SIR-EXO were evaluated regarding 
the integrity of their specific protein markers by western 
blotting (Fig. 2d). Size distribution and surface charge of 
drug-loaded vesicles are presented in Table 1. The mean 
diameter increased through the loading process, while zeta 
potential was not significantly affected (P > 0.05). Moreover, 
morphology studies were carried out for the optimal formu-
lation and the spherical structure of SIR-loaded vesicles was 
confirmed (Fig. 2a–c).

Drug release profile

SIR-EXO exhibited a drug release of about 30% within the 
first 10 h, followed by a sustained release profile for several 
days (Fig. 3a). It was observed that the optimal formulation 
released about 17, 19, 24, 29, and 32% of the drug content 
after 1, 2, 8, 10, and 24 h and then released ~ 1% of SIR 
content per day. The drug release of the optimal formulation 
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was studied for 3 weeks, and it was observed that exosomes 
behaved like a depot system and released about half of SIR 
within 3 weeks.

Further studies on the release profile demonstrated that 
the average release rate was 1.3%/h in the first 24 h and 
then gradually decreased to about 1%/day (Fig. 3b). Also, 
release kinetics was investigated, and data were fitted 

into different models including zero-order, first-order, 
and Higuchi models with respective correlation coeffi-
cient values of 0.82, 0.87, and 0.93. The model with the 
highest correlation coefficient was interpreted as the best 
model for release data. According to statistical analysis, 
SIR release followed the Higuchi model with the highest 
correlation coefficient.

Fig. 2   Characterization studies on exosomes before and after drug 
loading. a TEM, b SEM, and c AFM images of Empty-EXO and SIR-
EXO. d Western blot analysis of exosomes before and after loading. 

e Size distribution of Empty-EXO and SIR-EXO. f Zeta potential 
results of Empty-EXO and SIR-EXO
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Table 1   Summary of drug loading studies and obtained data (mean ± SEM, n = 3)

a EE entrapment efficiency, bPDI polydispersity index, cRT room temperature

Formulation Loading details Drug:protein 
(weight ratio)

EEa (%) Size after loading (nm) PDIb Zeta potential (mV)

F1 30 min incubation 2:1 29.5 ± 0.4 228.2 ± 43.4 0.38 ± 0.02  − 28.4 ± 0.3
F2 60 min incubation 2:1 29.6 ± 0.6 237.4 ± 35.7 0.36 ± 0.02  − 28.7 ± 1.4
F3 30 min incubation + electroporation 2:1 32.9 ± 0.2 360.8 ± 27.5 0.36 ± 0.04  − 30.1 ± 0.5
F4 30 min incubation + 3 min sonication 2:1 34.1 ± 0.7 185.2 ± 45.9 0.27 ± 0.01  − 29.4 ± 0.4
F5 30 min incubation 1:1 52.6 ± 3.1 243.9 ± 3.6 0.29 ± 0.05  − 30.4 ± 1.0
F6 30 min incubation 1:2 75.7 ± 2.6 225.4 ± 3.1 0.31 ± 0.02  − 34.1 ± 1.6
F7 Drug film (10 min sonication) + 30 min 

at RTc
1:2 61.3 ± 0.9 247.2 ± 1.6 0.36 ± 0.01  − 32.3 ± 0.6

F8 30 min incubation + 3 min sonication 1:2 65.5 ± 0.3 176.0 ± 1.7 0.31 ± 0.02  − 31.3 ± 0.4
F9 30 min incubation + 10 min sonication 1:2 73.0 ± 1.1 203.8 ± 9.8 0.39 ± 0.01  − 31.5 ± 0.4

Fig. 3   In vitro drug release 
a profile and b rate during 
3 weeks of study (mean ± SEM, 
n = 3)
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Fourier‑transform infrared spectroscopy (FTIR)

FTIR characterization of pure SIR, Empty-EXO, and 
SIR-EXO was performed to study the interaction of drug 
molecules with components of exosomes. Characteristic 
peaks of SIR at 1454, 1649, 1718, 2873, 2933, 2966, and 
3018 cm−1 were present in the spectrum of pure SIR. Exo-
somal structure peaks appeared at 1072, 1398, 1539, 1745, 
2852, and 2922 cm−1 in the Empty-EXO spectrum. Compar-
ing obtained spectra, no significant difference was observed 
between empty and SIR-loaded exosomes (Fig. 4a).

Hemolysis test

Based on the definition of a hemolytic sample, no hemolysis 
was observed in all study groups (Fig. 4b, c). Although there 
was no statistical significance, hemolysis (%) in the SIR-
EXO group was lower than SIR group. Also as expected, 
the Empty-EXO group demonstrated the lowest hemolysis 
compared to other groups.

In vitro evidence of SIR‑EXO efficacy

Differentiated cells were used for the in vitro studies, and for 
the drug uptake evaluation, SMCs were treated with a low 
concentration of drug for 24 h to prevent possible toxicity. 

In a parallel study, a much higher concentration of SIR was 
used to provide enough drug availability in the conditioned 
medium of cells, and SMCs were incubated with free SIR 
and SIR-EXO for 3 h. Cellular uptake of the higher concen-
tration of SIR incubated with SMCs for 3 h was obtained at 
around 7% in both groups without any significant difference. 
Also, in both groups incubated with SIR suspension and 
SIR-EXO for 24 h, about 80% of SIR content was internal-
ized into the cells, and there was no significant difference 
between the two groups (P > 0.05) (Fig. 5a).

Upon the successful uptake of the loaded drug form, fur-
ther studies were carried out to assess the anti-proliferative 
and anti-inflammatory effects of SIR-EXO on SMCs, as 
compared to the free drug. First of all, the MTT assay was 
performed to determine the anti-proliferative effect of differ-
ent drug doses on the cells. According to Fig. 5b, consider-
ably similar to the cellular uptake results, free and loaded 
SIR exhibited similar viability profiles. SIR at even low 
concentrations could notably reduce cellular viability, and 
50 ng/mL loaded SIR resulted in about 50% viability.

Furthermore, the beneficial effects of SIR-EXO on the 
prevention of inflammation, migration, and invasion were 
investigated by real-time PCR and wound healing assay. As 
shown in Fig. 5c, the gene expressions of IL-1β, TNF-α, 
and MMP-2 were significantly affected by SIR-EXO treat-
ment and down-regulated. The gene expression folds change 

Fig. 4   Obtained results of FTIR 
and hemolysis studies. a FTIR 
spectra of SIR, Empty-EXO, 
and SIR-EXO. b Photographs of 
hemolysis samples. c Bar chart 
of hemolysis study; data were 
reported as mean ± SEM, n = 3
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of TNF-α and MMP-2 was 0.07 and 0.09 in the SIR-EXO 
treatment, compared to 1.06 and 1.02 in the saline control, 
respectively. Also, it can be observed that the drug suspen-
sion and Empty-EXO could not show comparable effects, 
and the nanodrug was significantly superior in this regard.

Moreover, SIR-EXO could successfully prevent the 
migration and invasion of SMCs in the scratch wound assay 
(Fig. 6). Soon after the scratching, SMCs started to migrate 
toward the established wound model, leading to the gradual 
wound closure (Fig. 6a). While both SIR and Empty-EXO 
showed a slight anti-migration effect, SIR-EXO significantly 
inhibited the SMCs’ migration. At the endpoint of the exper-
iment, SIR-EXO, SIR, and Empty-EXO exhibited 38, 61, 
and 73% wound closure, respectively, as compared to the 
mean of 88% closure in the saline control group (Fig. 6b).

Evaluation of SIR‑EXO efficacy in the prevention 
of restenosis

Mechanical injury of arteries led to the formation of neoin-
tima and in vivo vascular imaging, pathological, and immu-
nohistochemical analyses were carried out to assess the 
injury. CT angiography was applied as an in vivo 3D imag-
ing method to validate the efficacy of SIR-EXO in a rat 
carotid injury model. The carotid artery undergone balloon 
angioplasty treated with SIR-EXO was observed acceptably 

open with normal blood flow compared to the control group 
(Fig. 7).

Further studies were performed on harvested carotid 
arteries and representative cross-sections stained by H&E 
were used for the calculation of neointimal area, N/M ratio, 
and stenosis percentage (Fig. 8). Anti-restenosis efficacy 
was observed in study groups in the following order: SIR-
EXO > Empty-EXO > NS. N/M ratio was determined as 
0.18, 0.81, and 1.91, and the stenosis percentages were about 
5, 44, and 59 in SIR-EXO, Empty-EXO, and saline groups, 
respectively (Fig. 8b–d). Statistical analysis indicated that 
SIR-EXO significantly reduced stenosis compared to the 
NS group (P < 0.001) (Fig. 8d). Furthermore, Masson’s tri-
chrome and Orcein-Giemsa were used for staining collagen 
and elastic fibers, respectively. Different staining studies 
indicated the development of intimal hyperplasia in NS and 
Empty-EXO groups (Fig. 8).

Next, we investigated the expression of Ki67, α-SMA, 
and MMPs as markers for proliferation-activated fibrogenic 
SMCs, and inflammation, respectively [31–33]. Ki67- and 
α-SMA-positive cells played vital roles in the intimal hyper-
plasia since they were notably present in the control group 
(Fig. 9a). Obtained immunohistochemical images showed that  
SIR-EXO significantly decreased the expression of both mark-
ers compared with other studied groups suggesting that the 
proliferative and fibrogenic cells were suppressed successfully  
(Fig. 9a). Ki67 positive cells were 8%, 20%, and 37% of total 

Fig. 5   a Cellular uptake results 
of drug suspension and SIR-
EXO. b Cell viability data of 
drug suspension and SIR-EXO, 
*p < 0.05 and **p < 0.01. c 
Quantitative real-time PCR data 
obtained from different treat-
ments, *p < 0.05 and **p < 0.01 
compared with saline control 
and #p < 0.05 compared to 
Empty-EXO group; data were 
reported as mean ± SEM, n = 3
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cells in the SIR-EXO, Empty-EXO, and saline groups, respec-
tively (Fig. 9b). Also, quantified data demonstrated a decrease 
in α-SMA density resulting in the stained/total ratio of 0.11, 
0.45, and 0.55 in these groups, respectively (Fig. 9c). MMPs 
are inflammatory mediators activated by different stimuli in  
vascular tissues [33]. According to Fig. 9d, SIR-EXOs and 
Empty-EXOs could slightly decrease the expression of MMP-2 
and MMP-9, compared with the saline control.

Discussion

Balloon angioplasty is a common treatment in stenotic 
arteries, while post-intervention restenosis remains a major 
concern. Most studies revealed that migration and abnormal 

proliferation of media SMCs cause vascular restenosis in 
injured arteries. Also, denudation of vascular endothelium 
results in inflammatory responses that play a critical role 
in neointima formation. Therefore, anti-inflammatory and 
anti-proliferative drugs may be promising choices for the 
inhibition of restenosis [8, 34, 35]. Formerly, it was shown 
that local delivery of SIR in arteries significantly prevented 
restenosis [7]. SIR is a highly hydrophobic agent which can-
not be prepared as an aqueous solution for administration 
via blood vessels. This limitation led to the application of 
nanocarriers for local SIR delivery [7, 36]. By this approach, 
Granada et al. introduced a novel porous balloon system con-
taining sirolimus nanoparticles and showed its long-term and 
targeted efficacy in the porcine model of in-stent restenosis 
[37]. In another study, sirolimus polymeric nanoparticles 

Fig. 6   a Representative micro-
scopic images of wound healing 
assay at 0, 6, 24, and 72 h at 
10 × magnification. b Quanti-
fied data of wound healing 
assay; data were reported as 
mean ± SEM, n = 3, *p < 0.05 
compared with saline control
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Fig. 7   In vivo imaging of rat 
carotid arteries; volume rendering 
reconstructions of animals, axial 
cross-sections of arteries, and 
maximum intensity projections
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were used as a stent coating exhibiting considerable arterial 
permeation ex vivo [38].

Recently, exosomes have been introduced as a unique 
liposome-like drug delivery system with unique properties 
due to their rich cargo content [17, 20]. They serve as a bio-
compatible nanoplatform for the preparation of parenteral 
dosage forms of hydrophobic drugs, providing a prolonged 
release profile and diminished adverse effects [39, 40]. In 
the present study, we used the ultracentrifugation method for 
exosome purification from the culture medium of fibroblast 
cells. Ultracentrifugation is the most common method for 
the isolation of exosomes applied in pre-clinical studies [27].

Fibroblast cells were chosen as the exosome origin 
(Fig. 1) due to their stem cell-like properties and consider-
able scale-up potential [22, 41]. Furthermore, it was reported 

that fibroblast-derived exosomes carry the CD47 surface 
marker responsible for vesicle escape from phagocytosis [21, 
40, 41]. Moreover, some recent studies applied human fibro-
blast extracellular vesicles (EVs) for collagen-replacement 
therapy [42] and wound healing [43] in mouse models and 
exhibited considerable therapeutic effects. In a recent study, 
dermal fibroblast-derived EVs were engineered to deliver 
anti-inflammatory payloads to the lung in a mouse model 
of acute lung injury which resulted in substantially reduced 
inflammation [44].

For the preparation of SIR-EXO, incubation was ini-
tially chosen as the loading method to protect the vesic-
ular structure which is a major challenge of drug load-
ing into exosomes [40, 45]. The incubation temperature 
was set at 37 °C to enhance the membrane fluidity. As 

Fig. 8   a Cross-sections of 
harvested arteries from differ-
ent study groups (SIR-EXO, 
Empty-EXO, saline, and 
normal) stained with H&E, 
Masson’s trichrome, and 
Orcein-Giemsa. Quantita-
tive morphometric analysis of 
carotid arteries. b Lumen, IEL, 
EEL, neointima, and media 
areas. c N/M ratio and d steno-
sis (%); all data were presented 
as mean ± SEM, *p < 0.05, 
**p < 0.01, and ***p < 0.001 
compared with saline control 
and #p < 0.05, ###p < 0.001 
compared to Empty-EXO 
group. Abbreviations: EEL 
external elastic lamina, IEL 
internal elastic lamina, N/M 
neointima/media
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60-min incubation showed no significant increase in 
EE compared to 30-min incubation (P > 0.05), further 
loading studies were carried out on the shorter incuba-
tion period (Table 1). Additionally, electroporation and 

sonication could be applied to transiently permeabilize 
the bilayer membrane [40, 46]. Previous studies dem-
onstrated improvement in the EE of both hydrophilic 
[47] and hydrophobic [39, 47] agents by applying these 

Fig. 9   a Ki67, α-SMA, MMP-2, 
and MMP-9 immunohisto-
chemical staining of SIR-EXO, 
Empty-EXO, saline, and normal 
sections and quantified results 
of b Ki67, c α-SMA, and d 
MMPs in at least six randomly 
selected high power fields per 
group, All data were presented 
as mean ± SEM, **p < 0.01, 
***p < 0.001 compared to saline 
and ##p < 0.01 compared to 
Empty-EXO group
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techniques. Therefore, these procedures were added to 
simple incubation to increase EE but the results were not 
satisfying (Table 1).

As in most previous studies, the effect of the drug-to-
exosome ratio has been disregarded, in the present study, 
we investigated three drug/protein ratios (2:1, 1:1, and 
1:2), and the ratio of 1:2 resulted in a desirable EE. At 
a lower drug-to-exosome ratio, EE increased due to an 
increase in the number of vesicles and available bilayer 
space for SIR accommodation. The ratio of 1:2 was chosen 
for further loading investigation, and different modifica-
tions of the loading method showed no additional improve-
ment indicating that nanocarriers may become saturated 
with SIR molecules through simple incubation (Table 1).

Loaded vesicles mostly exhibited an increase in mean 
diameter potentially as a result of SIR incorporation into 
the bilayer structure; however, zeta potential appeared 
to be close to empty vesicles with no major alteration 
(Table 1). Likewise, some previous studies reported a 
slight increase in the size of liposomes after SIR load-
ing [48, 49]. Also, the optimized formulation of SIR-EXO 
was observed to have a round shape nanostructure simi-
lar to their vesicular structure before loading (Fig. 2a–c). 
Then, the presence of specific exosomal markers on loaded 
exosomes was verified by western blotting suggesting that 
the loading procedure had no destructive effects on the 
exosomal structure and surface proteins (Fig. 2d).

Optimum formulation (F6) was further studied regarding 
the release profile of SIR which may have a major impact 
on the formulation efficacy. SIR-EXO showed a desir-
able extended-release profile with an initial drug release 
probably due to leakage of surface-bound drug molecules 
which can provide a proper initial concentration in the first 
post-injury hours, followed by a sustained release of mem-
brane-trapped drug molecules for several days potentially 
preventing late responses [50]. The lipidic membrane of 
exosomes acted like a depot for lipophilic SIR molecules 
leading to a prolonged release of about 50% of drug con-
tent during 3 weeks of the experiment (Fig. 3a). During 
the restenosis phenomenon, the initial inflammation peaks 
over the first 1–3 days, followed by a proliferative response 
peaking between 4 and 14 days, and the observed release 
profile might successfully prevent the responses [51].

Furthermore, the study of release kinetics demonstrated 
that the Higuchi model best describes the obtained release 
data. This model has been suggested for drug-loaded 
liposomes and contributed to a diffusion-controlled mecha-
nism of drug release from nanostructures [29, 50, 52]. More-
over, the local pharmacokinetics determination and in vivo 
release data can provide a remarkable understanding of the 
efficacy timeline; however, the ethical consideration limited 
the number of animals in our research and should be the 
focus of future studies on intraarterial drug delivery studies.

FTIR analysis was applied for the understanding of inter-
actions between drug molecules and exosomal structures. 
Therefore, characteristic peaks of SIR, Empty-EXO, and 
SIR-EXO were explored (Fig. 4a). In SIR spectrum, present 
peaks at 1454, 2873, 2933, and 2966 cm−1 correspond to 
macrocyclic groups of SIR molecules. Besides, 1649 and 
3018 cm−1 peaks are associated with the triene group, and 
the peak at 1718 cm−1 represents carbonyl groups that were 
consistent with previous reports [25, 53]. FTIR spectrum of 
exosomes revealed a peak at 1072 cm−1 in the region related 
to phosphodiester groups of DNA and RNA. Furthermore, 
protein peaks are present between 1300 and 1800  cm−1, 
and the peak observed at 1539 cm−1 is likely attributed to 
amide II of transmembrane proteins. The peak at 1398 cm−1 
is related to CH bonds of acyl residues available in amines 
or lipids. The observed peak at 1745 cm−1 corresponds to 
C = O of cellular lipids and 2852 and 2922 cm−1 peaks are 
likely associated with CH vibrations of CH2 and CH3 in 
membranous fatty acids [54, 55]. It is worth noting that drug 
peaks were not recognizable in the loaded vehicles which 
may be due to the high exosome-to-drug ratio and covering 
SIR peaks. Also, there are no noticeable differences between 
spectra of empty and loaded exosomes implying that there 
were no major interactions between SIR molecules and exo-
somal components (Fig. 4a).

Previous studies on EVs suggested that exosomes may 
have anti-proliferate properties in several applications 
through different cellular pathways [56]. Furthermore,  
some recent studies have reported the application of 
exosomes for the inhibition of neointima hyperplasia 
[57–61]. Recently, the effects of exosomes originated from 
endothelial progenitor cells [57, 58], endothelial cells [58, 
60], adipose mesenchymal stem cells [61], and human blood 
[59] were investigated on intimal formation. Some studies 
suggested that mechanisms involved in neointima forma-
tion may be altered by exosomes overexpressing TET2 
[62] or containing miRNA-195 [60]. Gu et al. reported 
that 5-hydroxytryptamine transporter (5-HTT) expression 
was increased in injured arteries leading to the SMCs pro-
liferation. This phenomenon was reversed using miRNA-
195 containing exosomes originating from endothelial 
cells [60]. By another approach, Guan and colleagues sug-
gested that the surface functionalization of stents by intact  
exosomes decreased adverse responses [59].

Besides, SIR was commonly applied for the prevention 
of restenosis [3, 7]. SIR acts against the proliferation and 
inflammatory responses and exhibited promising efficacy 
in the prevention of intimal formation in arteries undergoing  
angioplasty procedures [3, 24]. Considering the gradual for-
mation of neointima, the active agent should be available at  
the target site for several days, and a sustained release deliv-
ery system serves as a desirable platform for this rationale [51, 
63]. In this study, exosomes possessed a depot-like structure 
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for hydrophobic SIR. Furthermore, hemolysis tests approved 
the compatibility of SIR-EXO in the rat blood (Fig. 4b, c).

In the next step, the drug uptake was evaluated in SMCs 
as a main player in the restenosis phenomenon [34]. Accord-
ing to the similar cellular drug uptake of free SIR and SIR-
EXO, it can be concluded that exosomes were successfully 
internalized by SMCs, and the cells were saturated with 
a specific amount of drug (Fig. 5a). Thereafter, the com-
parable viability profile of the SMCs treated by different 
concentrations of free SIR and SIR-EXO verified the anti-
proliferative efficacy of the nanodrug, compared to its free 
form (Fig. 5b). Similarly, another study showed significantly 
reduced viability in a < 10 ng/mL SIR dose and a steady via-
bility profile in the range of 10–2500 ng/mL SIR in ESS-1 
and MES-SA cell lines [64]. Recently, Asani et al. reported 
a dose-dependent reduced proliferation of pericytes treated 
by 5–1000 ng/mL SIR and a steady viability profile in the 
range of 1–15 µg/mL SIR [65].

In addition, the impact of SIR-EXO on the down-reg-
ulation of gene expression levels of IL-1β and TNF-α, as 
inflammation-related markers, and MMP-2, a migration 
marker, confirmed the anti-inflammation and migration 
properties of the formulation (Fig. 5c) [66]. Furthermore, the 
wound healing test was performed to functionally investigate 
the aforementioned effects of SIR-EXO on SMCs. As shown 
in Fig. 6, SIR-EXO treatment could considerably prevent the 
migration and invasion of SMCs, as compared to the saline 
control, SIR, and Empty-EXO.

The efficacy of exosomal SIR was investigated in a vali-
dated rat model of restenosis. As mentioned before, the post-
angioplasty vascular injury was simulated, and the optimum 
formulation was then administered locally via a catheter. 
Unfortunately, the SIR solution could not be administered 
as the free drug control, due to the drug hydrophobicity 
and solvent limitations. After 2 weeks, the arteries were 
assessed by live imaging to be open with a normal blood 
flow (Fig. 7). According to obtained data, SIR-EXO and 
Empty-EXO treated groups demonstrated significant effi-
cacy compared to the control groups. To verify CT imaging 
results, morphometric analyses of carotid artery sections 
were performed. Morphometric parameters revealed that 
SIR-EXO efficiently prevented stenotic responses. Arter-
ies treated with SIR-EXO showed significantly diminished 
neointima formation, N/M ratio, and stenosis index (Fig. 8). 
It was reported that the nanoparticles of 100–200 nm could 
penetrate the artery wall and release their cargo resulting in 
the observed efficacy [67].

Furthermore, Ki67-positive cells were found to be less 
in the SIR-EXO group compared to other groups. Ki67, 
a proliferation marker expressed in different cell cycle 
phases except for G0 [32], was denser toward the neoin-
tima (Fig. 9a). Also, α-SMA expression as a marker of vas-
cular contractility was consistent with Ki67 data and less 

expressed in the treatment group compared to the saline and 
Empty-EXO treated arteries (Fig. 9b, c) [31]. Similarly, the 
MMP-2 and MMP-9 were slightly less expressed in SIR-
EXO carotids, compared to the saline control group (Fig. 9d). 
MMP-2 and MMP-9 facilitate the migration of vascular SMCs 
and regulate many signaling pathways involved in prolifera-
tion and apoptosis [33].

Conclusions

SIR-EXOs were prepared and optimized by studying differ-
ent loading variables and then characterized regarding their 
structure and properties. The optimal formulation showed 
an extended-release profile of SIR appropriate for the pre-
vention of arterial restenosis. According to obtained data, 
SIR-EXO were more efficacious in the inhibition of neoin-
tima formation compared to Empty-EXO and saline groups. 
Overall, it can be concluded that exosomes can serve as a 
promising drug delivery system for SIR and future studies 
may be focused on the complementary studies facilitating 
the introduction of SIR-EXO to the clinic and market.
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