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Abstract 

Purpose: To investigate the in vitro pharmacokinetics of sirolimus-coated stent for tracheal stenosis  
Methods: Naked nickel titanium alloy stent was placed in methylene chloride leaching solution with 
different ratios of sirolimus/poly(lactic-co-glycolic acid) (PLGA). The morphology, thickness, and pellicles 
on the surface of the stent were observed by scanning electronic microscopy. Drug release from the 
stent was determined by enzyme amplification immunoassay. 
Results: Sirolimus was smoothly and uniformly attached to the stent, with an optimal sirolimus: PLGA 
coating ratio of 1:10. Further increases in sirolimus: PLGA ratio did not improve stent drug loading. A 
slow release of sirolimus from the stent was observed in the first week, followed by a rapid release and 
then much slower release process. Release of sirolimus persisted in the stent throughout the period of 
42 days. 
Conclusion: The sirolimus-coated stent has a good surface morphology, and sustained and effective 
drug release characteristics. Thus, it may be effective and safe for use in the treatment of tracheal 
stenosis in vivo. 
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INTRODUCTION 
 
Tracheal stenosis is a congenital or secondary 
disease caused by infection, cancer, trauma, or 
endometrial tuberculosis. Clinical manifestations 
of tracheal stenosis include cough, 
expectoration, dyspnea and respiratory failure. 
Stent implantation quickly relieves the dyspnea 
and improves the quality of patient’s life [1]. 
Under some conditions, stent (a small mesh tube 
that is used to treat narrow or weak arteries) 
placement is absolutely necessary, since surgery 
is contra-indicated [2]. Unfortunately, intra-

tracheal stent can damage the airway mucosa, 
and cause excessive proliferation of fibrous 
tissue. These lead to stent restenosis, which 
seriously affects the clinical efficacy of stent 
implantation [3]. In recent years, clinically-applied 
drug-eluting stent (DES) has been used in a wide 
range of patients with cardiopathy, 
gastroenteropathy or urologic diseases [4,5]. It 
has also been shown that DES significantly 
reduces incidence of stent restenosis when 
compared with bare-metal stent [6]. However 
research on applications of DES in tracheal 
stenosis treatment is still limited. 
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Sirolimus is a new immunosuppressant drug. 
Klugherz et al [7] found that sirolimus inhibits 
DNA synthesis in vascular smooth muscle cells 
and platelet-derived growth factor (PDGF)-
induced migration of cells, as well as proliferation 
and migration of smooth muscle cell and 
granuloma growth. Thus, sirolimus-coated stents 
have been widely used in the prevention of 
restenosis in patients with coronary heart 
disease needing coronary stent implantation [5]. 
However studies on the application of sirolimus-
eluting stent in intratracheal restenosis are 
limited. A drug-coated stent consists of bare-
metal stent, drugs, and a carrier. PLGA is a 
degradable, organic functional polymer approved 
by the US Food and Drug Administration (FDA). 
It can be used in the manufacture of medical 
devices, and has been applied in rat or rabbit 
model research on biological coating materials 
[8,9]. Sirolimus is a novel anti-tumor and 
immunosuppressive agent, which can suppress 
the growth of granuloma by inhibiting local 
inflammatory cascade [7,8,10,11]. Charytan et al 
[12-9] confirmed that m-TOR inhibitor sirolimus-
coated stent was better than bare-metal stent in 
the inhibition of coronary stent restenosis. 
However, the effects of sirolimus-coated stent or 
bare-metal stent on tracheal restenosis are still 
unknown. 
 
In this present study, we investigated the 
preparation of sirolimus-coated trachea stent and 
its pharmacokinetics in vitro. The duration of drug 
release, drug loading, optimum concentration 
ratio of drug and PLGA were determined, with a 
view to determining efficacy and safety of 
sirolimus-coated stent in the treatment of 
tracheal stenosis in vivo. 
 
EXPERIMENTAL 
 
Preparation of sirolimus-coated trachea 
stents   
 
Bare nitinol stent was soaked in dichloromethane 
(Tianjin Tianli Chemicals Ltd) for 2 h and then 
washed with distilled water before it was placed 
in ventilation cabinet for 2 h to remove residual 
water. The stent was further washed with distilled 
water in ultrasonic cleaner for 20 min to remove 
surface impurities, and dried in the oven at r 50o. 
Sirolimus (Dalian Meilun Biotechnology Co., Ltd, 
Dalian, Liaoning, China) and PLGA (molecular 
weight: 1000, LA/GA 75:25, final concentration 2 
%) were dissolved in 20 mL dichloromethane in 
different ratios of 1:5, 1:10, 1:20, 1:30 or 1:40. 
The washed nitinol stent was then soaked in the 
above drug solutions for 2 h and was incubated 

in an oven at 37 oC 2 h. This procedure was 
repeated twice. 
 
Scanning electronic microscopy (SEM) of 
coated stent  
 
The morphology, thickness and drug pellicles of 
the prepared stent surface were observed with 
SEM (× 100). The coated stent was then put in 
phosphate buffered saline for 42 days, and 
changes in morphology and structure of the stent 
surface were observed with SEM. 
 
Evaluation of pharmacokinetics of DES in 
vitro  
 
The prepared stents were separately placed in 
glass tubes; 10 mL phosphate buffer (0.15mol/L, 
pH 7.4) were added as dissolution medium and 
all tubes were incubated at 37 oC in a shaker box 
stirred at 75 rev/min continuously for 48 h. The 
dissolution medium was then collected for 
determination of drug concentration, and was 
replaced with fresh phosphate buffer. This 
process was repeated consecutively for six 
weeks. Finally, the stent was put in 10 mL 
dichloromethane solution overnight at room 
temperature. The dichloromethane was then 
transferred into a vial to analyze its drug residue 
content.  Concentrations of sirolimus in 
dissolution medium were determined every two 
days by enzyme amplification immunoassay for a 
consecutive period of 42 days [13]. Drug release, 
cumulative release and residual amount of drugs 
in DES were determined. Total drug loading and 
drug release time from DES were calculated and 
the pharmacokinetic profiles of stent and optimal 
coated ratio of drug and PLGA were also 
evaluated. 
 
Statistical analysis 
 
Data were analysis using descriptive statistics 
(percentages, mean ± standard deviation) as 
appropriate and one-way analysis of variance 
(ANOVA) was used for data comparison. P < 
0.05 was considered significant.   
 
RESULTS 
 
Morphological characteristics of drug-eluting 
stents 
 
As shown in Figure 1a, drug pellicles were 
smoothly attached to the stent after the drug-
coated stent preparation procedures. After 
soaking in phosphate buffer for 42 days, the 
coated structure of stent surface changed with 
the degradation of PLGA, as was evident from 
the numerous holes on its surface (Figure 1b). 
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      Figure 1: Morphological characteristics of drug-eluting stents of sirolimus 
 
Optimal coating ratio of sirolimus and PLGA 
 
Drug-coated stents prepared at different 
sirolimus/PLGA ratios presented different drug 
loading profiles (Table 1). Maximum drug loading 
of stent was obtained at sirolimus/PLGA ratio of 
1:10. Stent drug loading did not increase with 
further increases in sirolimus/PLGA ratios. 
 
In vitro pharmacokinetics of sirolimus release  
 
The release profiles of sirolimus in DES over 
time are shown in Figure 2. From Figure 2, it can 

be seen that about 02-0.5 mcg of the drug was 
released in the first 5 days (in which case there 
was slow release of drug during that period) and 
rapid release occurred about the 5th – 9th day 
(during which about 60 %) of the drug was 
released) and thereafter a slower sustained 
release occurred. 
 
About 50 % stent-carried drug was released in 
first two weeks; there was nearly 70 % drug 
release in 28 days; while about 80 % was 
released in 42 days (Figure 3). 
 

 
Table 1: Drug loading and release at different drug-eluting stent ratios 
 
Drug-eluting stent Sirolimus/PLGA ratio 

1:5 1:10 1:20 1:30 1:40 
Sirolimus:PLGA 0.08g: 0.4g 0.04g: 0.4g 0.02g: 0.4g 0.0013g: 0.4g 0.01g: 0.4g 
Drug release (µg) 39.98 80.07 69.98 32.93 27.52 
 

 
             Figure 2: In vitro dailyrelease of sirolimus from sirolimus-coated stent  
.  
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Figure 3: Cumulative drug release from sirolimus-coated stents 
 
DISCUSSION 
 
In this study, a sustained and effective role of 
sirolimus-coated stent on drug release has been 
found. Zhu et al [14] demonstrated for the first 
time that drug-eluting stent prepared from 
mitomycin C-coated tracheal stent is an effective 
and most promising treatment for stent 
restenosis. The drugs in coated stent can be 
released directly and continuously to a specific 
site without interacting with other tissues. This 
reduces incidence of restenosis. In this study, we 
developed the sirolimus-coated stent with 
favorable surface morphology and good drug 
release, which was evaluated as safe, effective 
in the treatment of tracheal stenosis in vivo. It 
has been demonstrated that the performance of 
DES depends on drug loading, drug release rate 
and duration. Drug/coating ratio plays an 
important role in this process [15]. The results of 
our study suggest that the best ratio for sirolimus 
: PLGA coating is 1:10, which enables the stent 
carry the highest amount of drug. Drug loading 
did not increase with increase the concentration 
of sirolimus in solution, suggesting a saturation 
effect. Kong et al [16] reported that the optimal 
paclitaxel : stent coating ratio was 1:20, while 
Yin-Kai Chao et al [17] determined that the 
optimal cisplatin : coating ratio was 1:9. These 
differences may be related to differences in 
solubilities of drugs. 
 
Soaking is a relatively simple and important 
method for preparing coated stents [18]. Drug 
pellicles were attached to the newly prepared 
stent uniformly and smoothly. However, after 
soaking in phosphate buffer for 42 days, many 
holes were observed in the surface of drug-
coated stent with the degradation of PLGA, 
indicating that sirolimus might diffuse through 
these gaps or holes. 
 
The drug release curve of drug-coated stents is 
uncertain [19]. In sirolimus-eluting stents, drug 
release lasted for more than 42 days while about 

50 % stent carried drugs was released in first two 
weeks. Although different drug : coating ratios 
had different drug concentrations, the processes 
of drug release were roughly the same in vitro. 
Therefore, suitable coating materials and 
appropriate drug : coating ratios are key factors 
for maximizing the effects of DES. 
 
Previous studies suggested that the mechanisms 
of in vitro drug release in DES were mainly 
based on drug diffusion and degradation of the 
stent polymer [20,21]. Pires et al [22] found that 
there was a quick release period and a 
subsequent slow release period of drugs from 
DES in vitro. As shown in present study, the 
sirolimus dissolved rapidly and the stent polymer 
was eroded in the quick release period. 
Thereafter, the drug release profile entered a 
slow phase until the end based on gradual 
diffusion through porous regions when the 
polymer materials were degraded or flaked.  
 
The profiles of prepared DES need to be further 
confirmed in vivo, even though some researchers 
have suggested that sirolimus metabolism in vitro 
is similar to that in vivo [23] Drug release process 
in vitro may be actually different from that in vivo 
due to changes in environment and acid-base 
metabolism [23,24].  
 
CONCLUSION 
 
We have successfully produced a trachea 
sirolimus-coated stents and evaluated their drug 
release pharmacokinetics in vitro. The results 
show that the DES has a good surface 
morphology, as well as sustained and effective 
drug release characteristics. 
 
DECLARATIONS 
 
Acknowledgement 
 
The authors gratefully appreciate the providing  



Wang et al 

Trop J Pharm Res, August 2017; 16(8): 2037  
 

support by the Faculty of Women for Arts, 
Science and Education, Ain Shams University, 
Cairo, Egypt. 
 
Conflict of Interest 
 
No conflict of interest associated with this work. 
 
Contribution of Authors 
 
The authors declare that this work was done by 
the authors named in this article and all liabilities 
pertaining to claims relating to the content of this 
article will be borne by them.  
 
Open Access  
 
This is an Open Access article that uses a fund-
ing model which does not charge readers or their 
institutions for access and distributed under the 
terms of the Creative Commons Attribution 
License (http://creativecommons.org/licenses/by/ 
4.0) and the Budapest Open Access Initiative 
(http://www.budapestopenaccessinitiative.org/rea
d), which permit unrestricted use, distribution, 
and reproduction in any medium, provided the 
original work is properly credited. 
 
REFERENCES 
 
1. James SK, Stenestrand U, Lindbäck J, Carlsson J, 

Scherstén F, Nilsson T, Wallentin L, Lagerqvist B; 
SCAAR Study Group. Long-term safety and efficacy of 
drug-eluting versus bare-metal stents in Sweden. N Engl 
J Med 2009; 360:1933-45. 

2. Tsakiridis K, Darwiche K, Visouli AN, Zarogoulidis P, 
Machairiotis N, Christofis C, Stylianaki A, Katsikogiannis 
N, Mpakas A, Courcoutsakis N, Zarogoulidis K. 
Management of complex benign post-tracheos to my 
tracheal stenosis with bronchoscopic insertion of silicon 
tracheal stents, in patients with failed or contraindicated 
surgical reconstruction of trachea. J Thorac Dis 2012; 4: 
32-40. 

3. Singh T, Sandulache VC, Otteson TD, Barsic M, Klein 
EC, Dohar JE, Hebda PA. Subglottic stenosis examined 
as a fibrotic response to airway injury characterized by 
altered mucosal fibroblast activity. Arch Otolaryngol 
Head Neck Surg 2010; 136:163-70. 

4. Zilberman M, Eberhart RC. Drug-eluting bioresorbable 
stents for various applications. Annu Rev Biomed Eng 
2006; 8:153-80. 

5. Schofer J, Schlüter M, Gershlick AH, Wijns W, Garcia E, 
Schampaert E, Breithardt G; E-SIRIUS Investigators. 
Sirolimus-eluting stents for treatment of patients with 
long atherosclerotic lesions in small coronary arteries: 
double-blind, randomised controlled trial (E-SIRIUS). 
Lancet 2003;362:1093-1099 

6. Choong CK, Phan L, Massetti P, Haddad FJ, Martinez C, 
Roschak E, Cooper JD. Prolongation of patency of 
airway bypass stents with use of drug-eluting stents. J 
Thorac Cardiovasc Surg 2006; 131:60-4.  

7. Klugherz BD, DeAngelo DL, Kim BK, Herrmann HC, 
Hirshfeld JW, Kolansky DM. Three-year clinical follow-
up after Palmaz-Schatz stenting. J Am Coll Cardiol 
1996; 27:1185-91. 

8. Saito Y, Minami K, Kobayashi M, Nakao Y, Omiya H, 
Imamura H, Sakaida N, Okamura A. New tubular 
bioabsorbable knitted airway stent: biocompatibility and 
mechanical strength. J Thorac Cardiovasc Surg 2002; 
123:161-7. 

9. Robey TC, Valimaa T, Murphy HS, Tormala P, Mooney 
DJ, Weatherly RA. Use of internal bioabsorbable PLGA 
"finger-type" stents in a rabbit tracheal reconstruction 
model. Arch Otolaryngol Head Neck Surg 2000; 
126:985-991. 

10. Vignot S, Faivre S, Aguirre D, Raymond E. mTOR-
targeted therapy of cancer with rapamycin derivatives. 
Ann Oncol 2005; 16:525-37. 

11. Poon M, Marx SO, Gallo R, Badimon JJ, Taubman MB, 
Marks AR. Rapamycin inhibits vascular smooth muscle 
cell migration. J Clin Invest 1996; 98:2277-83. 

12. Charytan DM, Varma MR, Silbaugh TS, Lovett AF, 
Normand SL, Mauri L. Long-term clinical outcomes 
following drug-eluting or bare-metal stent placement in 
patients with severely reduced GFR: Results of the 
Massachusetts Data Analysis Center (Mass-DAC) State 
Registry. Am J Kidney Dis 2011; 57:202-11. 

13. Mandal AS, Chatterjee S, Kundu S, Biswas N, Guha A, 
Paul S and Kuotsu K. In vitro-in vivo correlation and 
bioavailability studies of captopril from novel controlled 
release donut shaped tablet. Int J Pharm 2011; 421: 
145-50. 

14. Zhu GH, Ng AH, Venkatraman SS, Boey FY, Wee AL, 
Trasti SL, Yee Lim LH. A novel bioabsorbable drug-
eluting tracheal stent. Laryngoscope 2011; 121:2234-9. 

15. Tesfamariam B. Drug release kinetics from stent device-
based delivery systems. J Cardiovasc Pharmacol 2008; 
51:118-25. 

16. Kong Y, Zhang J, Wang T, Qiu X, Wang Y. Preparation 
and characterization of paclitaxel-loaded poly lactic acid-
co-glycolic acid coating tracheal stent. Chin Med J 
(Engl) 2014; 127:2236-40. 

17. Chao YK, Liu KS, Wang YC, Huang YL, Liu SJ. 
Biodegradable cisplatin-eluting tracheal stent for 
malignant airway obstruction: in vivo and in vitro studies. 
Chest 2013; 144:193-9. 

18. Levy Y, Mandler D, Weinberger J, Domb AJ. Evaluation 
of drug-eluting stents' coating durability--clinical and 
regulatory implications. J Biomed Mater Res B Appl 
Biomater 2009; 91:441-51. 

19. Venkatraman S, Boey F. Release profiles in drug-eluting 
stents: issues and uncertainties. J Control Release 
2007; 120:149-60. 

20. Carlyle WC, McClain JB, Tzafriri AR, Bailey L, Zani BG, 
Markham PM, Stanley JR, Edelman ER. Enhanced drug 

http://creativecommons.org/licenses/by/
http://www.budapestopenaccessinitiative.org/rea


Wang et al 

Trop J Pharm Res, August 2017; 16(8): 2038  
 

delivery capabilities from stents coated with absorbable 
polymer and crystalline drug. J Control Release 2012; 
162:561-7. 

21. Acharya G, Park K. Mechanisms of controlled drug 
release from drug-eluting stents. Adv Drug Deliv Rev 
2006; 58:387-401. 

22. Pires NM, van der Hoeven BL, de Vries MR, Havekes 
LM, van Vlijmen BJ, Hennink WE, Quax PH, Jukema 
JW. Local perivascular delivery of anti-restenotic agents 

from a drug-eluting poly(epsilon-caprolactone) stent cuff. 
Biomaterials 2005; 26:5386-94. 

23. Xi T, Gao R, Xu B, Chen L, Luo T, Liu J, Wei Y, Zhong S. 
In vitro and in vivo changes to PLGA/sirolimus coating 
on drug eluting stents. Biomaterials 2010; 31:5151-8. 

24. Ali SA, Doherty PJ, Williams DF. Molecular 
biointeractions of biomedical polymers with extracellular 
exudate and inflammatory cells and their effects on the 
biocompatibility, in vivo. Biomaterials 1994; 15:779-85. 

 


