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A B S T R A C T   

Currently, the stent implant is the main treatment strategy for severe coronary artery stenosis. Sirolimus, an anti- 
proliferative drug coated on stents, is the key drug commonly used to inhibit restenosis. To meet the safety and 
achieve the desired therapeutic effect, the release rate of sirolimus from drug-loaded coatings must be controlled. 
High-performance liquid chromatography (HPLC) is a common method for in vitro release testing of drug-loaded 
coatings, which uses phosphate buffered solution (PBS) to simulate blood for release testing. However, this 
method only measures the amount of drug at different times through discrete sampling. Sirolimus particles are 
unstable and decay in an aqueous solution, and the decay rate is not a simple linear relationship. So the actual 
release of sirolimus cannot be obtained easily. In this paper, we refined a new method to derive the actual drug 
release of sirolimus. This method involves drug decay, numerical convolution, and pharmacokinetic classical 
(Weibull and Korsmeyer–Peppas) functions. In addition, the release experiments of two kinds of polymer drug- 
loaded matrix were carried out to provide model validation data. The results demonstrated that the new method 
is applicable and accurate for obtaining the actual release before hydrolysis. Moreover, the numerical convo
lution method is model-independent and versatile. It can be generalized to other micro/nano particle drugs with 
hydrolysis phenomena and can provide a reference for the analysis of the drug-loaded matrix.   

1. Introduction 

Currently, degradable polymer drug-loaded coatings are widely used 
in various implanted medical devices, such as heart stents, oral implants, 
or bone joints [1–3]. Drug-loaded coatings, the surface layer of the de
vice matrix, are composed mainly of degradable polymers and drugs. 
Through the degradation of polymers, it locally releases drugs to achieve 
anti-thrombotic, anti-proliferative, antibacterial and other functions, 
and different release rates seriously affect clinical results [4–6]. 

In the device development stage, due to the extremely high cost of 
conducting in vivo experiments and animal experiments, it is necessary 
to use in vitro release experiments for drug evaluation. In vitro sustained 
release experiments generally use the flow-through cell Setup (USP 4), 
the reciprocating holder apparatus (USP 7) or Incubation setups [7–11]. 
The release medium mostly uses phosphate buffered solution Phosphate 
buffered saline (PBS, pH = 7.4) to simulate the stable blood environment 
in vivo. Then the drug content in the release medium is tested using 

high-performance liquid chromatography (HPLC) to evaluate the release 
rate of the drug in the drug-loaded matrix [12–17]. The schematic dia
gram of the specific experimental steps is shown in Fig. 1, where Fig. 1a 
represents the normal test method: detect the drug in the release me
dium, and Fig. 1b represents the reverse test method [18,19]: do not 
focus on the release or do not detect the drug concentration in the me
dium, but to detect the remaining unreleased drugs in the 
polymer-matrix. 

Because functional drugs used in stents or other devices are generally 
hydrophobic drugs, they are not stable and easily hydrolyzed in aqueous 
solutions [20,21]. For example, the sirolimus drug used in the stent has a 
complex molecular structure, with 31 macrolide rings and 15 stereo
isomeric centers. After hydrolysis, it appears ring-opening and generates 
different degradation products [22] and the hydrolyzed drug cannot be 
detected by HPLC. However, most scientific studies automatically ignore 
this problem. Wei Xu et al. compared the 14-day release properties of 
sirolimus in different polymer (PDLLA, PCL, PLCL) coatings on 
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magnesium alloy stents [14]. Zhao jian et al. sprayed PDLLA coatings 
with different sirolimus ratios on 3D printed PLLA scaffolds to their 
release performance [23]. When processing the data, researchers default 
to the amount of drug measured in the medium as the matrix release for 
subsequent analysis [14,23–26]. Although the implantation environ
ment of medical devices is the human body, the preliminary research 
work certainly need to be carried out in vitro. Reducing the error of 
experimental data in vitro can obtain more accurate drug release curves 
and provide better support for release simulation and in vivo prediction 
[27,28]. At present, classical models (Higuchi model, KP model or 
Weibull model, etc.) [29–31]are often used to analyze the release 
mechanism of the drug-loaded matrix to obtain fitting parameters and to 
infer the release mechanism. Therefore, a more accurate in vitro release 
curve is conducive to the evaluation of the mechanism. 

In vitro release studies, in addition to sample preparation and test 
methods, there are also the effects of coating solvents [32] and release 
media additives [33] on the in vitro release curve. Therefore, to obtain 
the actual release curve, it is necessary to propose a new method to 
analyze the matrix drug release rate problem under different influencing 
factors. In this paper, the study proposes a novel method that does not 
require additional experiments and only combines numerical convolu
tion to achieve the correction of the release. The method analyzes the 
release of the drug carrier as a whole system and takes the drug hy
drolysis process into account in the system. The system analysis model is 
shown in Fig. 2. The specific modeling process is described in the 
theoretical analysis of Section 2. In this paper, the accuracy of the new 
method is verified by the combination of experiment and theory. The 
third section is the experimental part, which provides data support for 
model verification. The fourth section verifies and discusses the theo
retical formula based on the experimental data. The results of data 
analysis show that the release curve modified by this method has high 
accuracy. It can also provide more realistic data support for the subse
quent evaluation, simulation or mechanism study of the controlled 
release of coating. 

In conclusion, the numerical convolution method in this paper can be 
easily applied to the in vitro release data analysis of various drug-loaded 
substrates, with good repeatability and accuracy (considering drug 
instability), saving samples. 

2. Theoretical analysis 

Numerical convolution is an operation in analytical mathematics, 
which has been widely used in medical research and industry. The 
mathematical form is shown in Equation (1). 

(f ∗ g)(n)=
∫ +∞

− ∞
f (τ)g(n − τ)dτ OR (f ∗ g)(n)=

∑n

τ=0
f (τ)g(n − τ) (1) 

The formula uses the notation τ instead of x or t to show that 
convolution can be applied to physical problems in space or time. In this 
paper, the cumulative release of drugs involves time, so t is chosen 

instead of τ. In an engineering sense, numerical convolution is an 
operation that describes the aggregate result of exerting some kind of 
influence on the persistence of a system. The colloquial expression is 
output = input * system. The schematic diagram of the data optimiza
tion and analysis process of the drug release system is shown in Fig. 2. 

In the figure, the input function f(t) represents the actual release rate 
of the drug-loaded matrix before drug hydrolysis in the release medium. 
The function g (t) represents the recovery rate of the drug in the release 
medium, and the response output function Q(t) represents the drug 
release amount measured by HPLC. Corresponding to the discrete 
sampling experiment, the detected release Q(T) expression is shown in 
Equation (2): 

Q(T)= (f ∗ g)(T)=
∫ T

0
f (t)g(T − t)dt (2) 

According to the experimental data (See Section 3), the drug hy
drolysis function g(t) and the detected release function Q(t) in the for
mula are known conditions. The actual drug release rate f(t) needs to be 
calculated and the solution process is called deconvolution. After 
obtaining f(t), the actual drug release M(T) before hydrolysis can be 
obtained by integrating it, as shown in Equation (3): 

M(T)=
∫ T

0
f (t)dt (3) 

Due to the discrete sampling in the in vitro drug release experiment, 
the drug release is accumulated, and the sampling intervals of the drug- 
loaded matrix are different. If deconvolution calculation is used, the f (t) 
obtained in different intervals may have large errors. In order to avoid 
problems caused by deconvolution, Equation (2) is transformed into 

Fig. 1. Schematic diagram of in vitro drug release testing (a) normal method, (b) reverse method.  

Fig. 2. Schematic diagram of data optimization and analysis process of the 
drug release system. 
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Equation (4): 

F(T)=
(

q ∗
1
g

)

(T)=
∫ T

0
q(t)

1
g(T − t)

dt (4) 

For Equation (4), we can plug in the known q(t) and g(t) functions and 
integrate them. The theoretical release F(t) within each sampling in
terval was obtained, and the total actual drug release is shown in 
Equation (5): 

M(t) =
∑n

k=0

∫ tk+1

tk
q(t)

1
g(T − t)

dt (5) 

Different functions will be selected to fit and analyze the drug release 
curve. Generally, Weibull and KP functions have a high degree of fitting 
[34]. In the paper, these two functions are also combined in the theo
retical and experimental analysis part, so the form of q(t) is shown in 
Equation (6) as follows 

q(t)=
dQWb

dt
=

d
(

1 − e− tb
a

)

dt
or q(t)=

dQKP

dt
=

d(k1tn)

dt
(6) 

The following abbreviated notations were used in the figures, text 
and equation in the drug delivery system: 

Wb Weibull function; 
KP Korsmeyer–Peppas; 
Q the amount of drug released from drug-loaded matrix by HPLC test 
in release medium; 
Qi i = Wb/KP, drug release amount fitting under two functions; 
q rate of drug release based on fitting function; 
g drug hydrolysis rate function; 
F the actual amount of drug released from the drug-loaded matrix in 
the interval; 
f rate of drug released in the interval; 
M the actual cumulative drug release before drug hydrolysis. 

3. Experimental details 

In this paper, the shaker method was used to study the controlled 
release of degradable polymer drug-loaded matrix films, and the in vitro 
drug release was detected by HPLC. 

3.1. Materials 

The main experimental materials mainly included organic solvents, 
degradable polymers and drugs. The organic solvent was methylene 
chloride (DCM). The drug-loaded polymers were racemic polylactic acid 
(PDLLA, IV = 0.25 dL/g ~ 0.35 dL/g, R203S) and polycaprolactone 
(PLCL, IV = 0.8 dL/g). The anti-proliferative drug rapamycin (sirolimus) 
was chosen as the release drug. The release medium was composed of 
PBS and the surfactant polyoxyethylene ether (Brij58, Mn, 1124). 

3.2. Preparation and characterization of sirolimus-loaded coatings/films 

The experimental samples in this paper were the degradable blend 
polymer drug-loaded film, and the preparation formula is shown in 
Table 1 below. 

The samples were prepared by ultrasonic atomization spraying and 
the preparation details have been shown in previous articles [35]. 

3.3. In-vitro sirolimus release 

3.3.1. Release conditions 
The release medium was PBS solution (PH = 7.4). Because Sirolimus 

has very low solubility in aqueous solutions, the non-ionic active agent 
Brij58 was introduced at a concentration of 0.1%. The determination of 
this release medium can be viewed from previous studies [36]. The 
drug-loaded film was placed into a clean brown bottle with 10 mL 
release medium and placed into a shaker (Shanghai ZhiCheng Co., Ltd. 
China) with a constant temperature of 37 ◦C and a constant speed of 100 
rpm. The discrete sampling points were set as 1 day, 3 days, 7 days and 
14 days. 

HPLC parameters: 1 mL of release medium was taken out and drug 
concentration was measured by HPLC (Agilent 1200, C18 column) with 
acetonitrile: water (65:35) as the mobile phase with a flow rate of 1 mL/ 
min and a UV–Vis detector set at 278 nm. All the release experiments 
were repeated 3 times and the mean ±standard deviations were 
reported. 

3.3.2. Release methods: normal and reverse sampling tests 
Normal sampling tests (Fig. 1a): Remove the sample at the sampling 

point and place it in the fresh medium. The amount of drug in the old 
release medium solution was tested to obtain the amount of drug 
released from the drug-loaded matrix in the interval. Then the cumu
lative drug release curve is obtained. 

Reverse sampling test (Fig. 1b): Samples were taken and washed with 
deionized water to remove surface drugs. After that, it was dissolved by 
DCM ultrasonic shock, then the filtered solution was tested to obtain the 
remaining drug content of the matrix. Finally, drug release was calcu
lated based on the total drug load. The advantage of the test method is 
that it does not need to pay attention to the drug hydrolysis in the me
dium. However, this method requires a large number of samples and can 
be used as a supplementary method or as a comparison of the degree of 
drug hydrolysis. 

3.3.3. Drug hydrolysis attenuation test 
1 mg of rapamycin powder was dissolved in a brown bottle con

taining 5 mL DCM. The drug changes from the crystalline state to an 
amorphous form, making it consistent with the crystal structure in the 
drug-loaded matrix. The brown bottle was left open at room temperature 
to allow the organic solvent to volatilize, then transferred to the 25 mL 
release medium (0.1% Brij58/PBS) into the bottle. The attenuation 
experiment was carried out for 7 days, and the intermediate sampling 
points were set as 1, 2, 3, 4 and 7 days. 

4. Result and discussion 

4.1. Comparison results of normal and reverse sampling tests 

In vitro release experiments were carried out on drug-loaded matrix 
film by two methods: normal and reverse sampling tests and the results 
were shown in Fig. 3 below. 

It can be seen from the results that the release data of the two 
methods are different, and the longer the sampling interval, the more 
serious the hydrolysis loss. On the 14th day, the difference between the 
normal and reverse sampling is more than 20%. In order to quantita
tively and intuitively explain the difference, we used the similarity 
factor to quantitatively evaluate the experimental data. The similarity 
factor is calculated by Equation (7) as follows: 

f2 = 50 × log

{[

1 +

(
1
n

)
∑

[Rt − Tt]
2
]− 0.5

× 100

}

(7)  

Where n is the number of sampling time points, Rt is the reference 
release (normal sampling test) at time t, Tt is the test release (reverse 
sampling test) at t time. 

Table 1 
Formula of drug-loaded film sample.  

Sample Polymers (PDLLA: PLCL) Polymer: Sirolimus DCM 

Film-6040d 60:40 2:1 4% 
Film-5050d 50:50 2:1 4%  
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The calculated similarity factor value was 44.5, less than 50, indi
cating that the drug release curves obtained by the normal and reverse 
methods were significantly different. This further indicates that the ef
fect of hydrolysis loss occurring in the release medium cannot be 
ignored. Therefore, it is necessary to modify the experimental data of 
drug release in post-processing. 

4.2. Attenuation function analysis of drug hydrolysis 

According to experiment 3.3.3, the drug concentration should be 40 
μg/mL theoretically, and the concentration of the solution was tested to 
be 39.70 μg/mL by HPLC instrument and calibrated curve, that is, the 
drug concentration at time 0 was obtained. Then samples were then 
taken at the corresponding sampling points. The test concentrations 
were 28.49, 22.44, 19.71, 15.61 and 11.51 μg/mL, respectively. Ac
cording to the research conclusions of relevant scholars [37,38], the 
decay curve of rapamycin in aqueous solution follows the first-order 
kinetic equation (ln Ct

C0
= − k1t). Equation 8 is obtained by exponential 

deformation as follows: 

Ct/C0 = e− k1 t or Ct = C0 × e− k1 t (8)  

Where, C0 is the drug concentration before decay; Ct is the drug con
centration at decay time t; k1 is the decay rate constant. 

Combined with the existing experimental data, the drug attenuation 
was corrected and fitted using the origin. The fitting results are shown in 
Fig. 4 below. Meanwhile, the sirolimus recovery function is G(t) =

Ct/C0 = 0.9375× e− 0.2106t × 100%. 

4.3. Numerical convolution analysis process 

According to the theory in section 2, numerical convolution was 
performed on the release data of the drug-loaded matrix to obtain the 
actual drug release before hydrolysis. The analysis processes are as 
follows:  

(1) Firstly, the experimental data of the drug-loaded matrix were 
fitted by empirical model, and the experimental release Q(t) was 
obtained. The fitting result of the Weibull model for the 6040d 
drug-loaded matrix was Q(t) = 100× (1 − e− 0.18t0.38

).  

(2) After that, the release rate q(t) was obtained by differentiating the 
release quantity function Q(t): q(t) = Q(t)

′

= 100× (0.18 ×

0.38t− 0.62e− 0.18t0.38
). 

(3) Then, the obtained functions q(t) and g(t) are put into the nu
merical convolution formula, and the calculation form of M(t) in 
each sampling interval period is shown in Equation 9. 

M(t)= 100×

(
∑n

k=0

∫ tk+1

tk

b
aA

tb− 1ek2(tk+1 − t)e− tb
a dt

)

=
∑n

k=0

×

∫ tk+1

tk
7.29t− 0.62e0.21(tk+1 − t)e− 0.18t0.38 dt (9)    

(4) Combined with Matlab software, the function was integrated, and 
the cumulative release M(t) of each interval was obtained. 
Finally, the actual drug release function M(t) before hydrolysis 
was obtained by fitting these data. And the fitting result of 6040d 
drug-loaded matrix was M(t) = 100× (1 − e− 0.2t0.58

). 

When the KP model was used for analysis, the experimental data 
were fitted by this model, and the fitting release quantity function Q(t) 
and release rate q(t) under this model were obtained. As in the above 
steps (3) and (4), the numerical convolution was used for integration 
and fitting to obtain the actual release function M(t) under the KP model. 
The fitting results of the KP model for the 6040d drug-loaded matrix 
were shown in Equation 10. 
{

Q(t) = 16.8t0.32

M(t) = 17.86t0.45 (10) 

Similarly, the convolution integral process of 5050d drug-loaded 
matrix was consistent with the above process, and the fitting function 
result is shown in the red box in Fig. 5b below. 

4.4. Verification, validation and reliability application to the sirolimus- 
loaded polymer matrix 

Combined with drug recovery function and drug release data of 
6040d and 5050d drug-loaded matrix, the numerical convolution 
method was analyzed to verify the applicability and accuracy of the 
theoretical model. The drug release data were analyzed and modified by 
the model combined with Weibull and KP functions, and the results are 
shown in Fig. 5. 

Fig. 3. Cumulative sirolimus release curves for normal and reverse sampling 
test methods. Fig. 4. Recovery of amorphous sirolimus in PBS release medium.  
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It can be seen that the release curve is in good agreement with the 
experimental data. The drug release curve before hydrolysis can be 
obtained by using the method, and the model realizes the correction and 
optimization of in vitro release data. It can be seen that the release curve 
is in good agreement with the experimental data. The theoretical model 
can obtain the actual release before hydrolysis, and realize the correc
tion and optimization of in vitro experimental data. 

Comparing the release curves fitted by Weibull and KP equations, it 
is found that they are very close, but there are differences in the pre
diction of later data and MWb curve is more convergent. We used the M(t) 
fitting equation to predict the 28-day release data of the 6040d drug- 
loaded matrix, which were 74.9% and 80%, respectively. The experi
mental data from the reverse sampling test was 72.8%. Therefore, the 
predicted values using the Weibull function may be closer to the 
experimental values. The comparative study also provides a reference 
for subsequent researchers. 

5. Conclusion 

In this paper, an effective numerical convolution calculation method 
is proposed to analyze the release kinetics of sirolimus in the drug- 
loaded polymer matrix, and the new method continues to use the 
existing HPLC to test the drug release and only needs to add a set of 
sirolimus decay curves in the same release medium to obtain the actual 
release curve. And the accuracy of this method is verified by experi
mental data. This work has demonstrated that the numerical convolu
tion method is model-independent and can be generalized to other 
micro/nano particle drugs. The new method can also be used in 
conjunction with existing shaker incubation setups in vitro release tests 
and to develop the drug-loaded matrix with different release rates. 

CRediT author statement 

Fengqin Li: Methodology, Investigation, Writing - original draft. 
Gutian Zhao: Investigation, Data Curation, Visualization. Guizhong 
Tian: Conceptualization, Review, Supervision. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

This work was supported by the Science Research Project of Jiangsu 
University of Science and Technology (No. 1022932106) and the Nat
ural Science Foundation of the Jiangsu Higher Education Institutions of 
China (No. 1024882201). 

References 

[1] J.C. Quarterman, S.M. Geary, A.K. Salem, Evolution of drug-eluting biomedical 
implants for sustained drug delivery, Eur. J. Pharm. Biopharm. 159 (2021) 21–35. 

[2] Wai-Ki Wong, Lai Chun-Him Nathanael, Wai-Yin Cheng, et al., Polymer–metal 
composite healthcare materials: from nano to device scale, Journal of Composites 
Science 6 (8) (2022) 218. 

[3] Chunmei Li, Chengchen Guo, Vincent Fitzpatrick, et al., Design of biodegradable, 
implantable devices towards clinical translation, Nat. Rev. Mater. 5 (2020) 61–81. 

[4] D. Matsumoto, T. Shinke, T. Nakamura, et al., Optical coherence tomography and 
histopathological assessment of delayed arterial healing after drug-eluting stent 
implant in a pig coronary model, Int. J. Cardiol. 170 (2) (2013) 152–159. 

[5] Pandey Sharad Prakash, Tripti Shukla, Dhote Vinod Kumar, et al., Use of Polymers 
in Controlled Release of Active Agents, Basic Fundamentals of Drug Delivery, 2019. 

[6] T.Z. Hu, J.L. Yang, K. Cui, et al., Controlled slow-release drug-eluting stents for the 
prevention of coronary restenosis: recent progress and future prospects, ACS Appl. 
Mater. Interfaces 7 (22) (2015) 11695–11712. 

[7] A. Seidlitz, W. Schick, T. Reske, et al., In vitro study of sirolimus release from a 
drug-eluting stent: comparison of the release profiles obtained using different test 
setups, Eur. J. Pharm. Biopharm. 93 (2015) 328–338. 

[8] N. Abbasnezhad, N. Zirak, S. Champmartin, et al., An overview of in vitro drug 
release methods for drug-eluting stents, Polymers 14 (13) (2022) 2751. 

[9] Fotaki Nikoletta, Flow-through cell apparatus (usp apparatus 4): operation and 
features, Dissolution Technol. 18 (4) (2011) 46–49. 

[10] Seidlitz Anne, Nagel Stefan, Semmling Beatrice, et al., Biorelevant dissolution 
testing of drug-eluting stents: experiences with a modified flow-through cell setup, 
Dissolution Technol. 18 (4) (2011) 26–35. 

[11] Y. Shen, X. Li, Y. Le, Amorphous nanoparticulate formulation of sirolimus and its 
tablets, Pharmaceutics 10 (3) (2018) 155. 

[12] V.U. Godakanda, H. Li, L. Alquezar, et al., Tunable drug release from blend poly 
(vinyl pyrrolidone)-ethyl cellulose nanofibers, Int. J. Pharm. 562 (2019) 172–179. 

[13] Amarjargal Altangerel, Brunelli Marzia, Fortunato Giuseppino, et al., On-demand 
drug release from tailored blended electrospun nanofibers, J. Drug Deliv. Sci. 
Technol. 52 (2019) 8–14. 

[14] W. Xu, K. Yagoshi, Y. Koga, et al., Optimized polymer coating for magnesium alloy- 
based bioresorbable scaffolds for long-lasting drug release and corrosion resistance, 
Colloids Surf. B Biointerfaces 163 (2018) 100–106. 

[15] Thedrattanawong Chitinart, Manaspon Chawan, Nasongkla Norased, Controlling 
the burst release of doxorubicin from polymeric depots via adjusting hydrophobic/ 
hydrophilic properties, J. Drug Deliv. Sci. Technol. 46 (2018) 446–451. 

[16] S.N. Kang, S.E. Kim, J. Choi, et al., Comparison of phytoncide with sirolimus as a 
novel drug candidate for drug-eluting stent, Biomaterials 44 (2015) 1–10. 

[17] H. Li, X. Wang, X. Guo, et al., Development of rapamycin-encapsulated exosome- 
mimetic nanoparticles-in-plga microspheres for treatment of hemangiomas, 
Biomed. Pharmacother. 148 (2022), 112737. 

[18] Jelonek Katarzyna, Karpeta Paulina, Jaworska Joanna, et al., Comparison of 
extraction methods of sirolimus from polymeric coatings of bioresorbable vascular 
scaffolds, Mater. Lett. 214 (2018) 220–223. 

[19] M. Kamberi, S. Nayak, K. Myo-Min, et al., A novel accelerated in vitro release 
method for biodegradable coating of drug eluting stents: insight to the drug release 
mechanisms, Eur. J. Pharmaceut. Sci. 37 (3–4) (2009) 217–222. 

Fig. 5. Verification: the actual drug release curves of the two drug-loaded films (6040d, 5050d)under the Weibull and KP models based on theoretical formulas.  

F. Li et al.                                                                                                                                                                                                                                        

http://refhub.elsevier.com/S1773-2247(23)00127-2/sref1
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref1
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref2
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref2
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref2
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref3
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref3
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref4
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref4
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref4
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref5
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref5
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref6
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref6
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref6
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref7
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref7
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref7
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref8
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref8
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref9
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref9
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref10
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref10
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref10
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref11
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref11
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref12
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref12
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref13
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref13
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref13
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref14
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref14
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref14
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref15
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref15
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref15
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref16
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref16
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref17
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref17
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref17
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref18
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref18
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref18
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref19
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref19
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref19


Journal of Drug Delivery Science and Technology 81 (2023) 104275

6

[20] M. Prajapati, F.F. Eiriksson, T. Loftsson, Stability characterization, kinetics and 
mechanism of tacrolimus degradation in cyclodextrin solutions, Int. J. Pharm. 586 
(2020), 119579. 

[21] M.S. Kim, J.S. Kim, H.J. Park, et al., Enhanced bioavailability of sirolimus via 
preparation of solid dispersion nanoparticles using a supercritical antisolvent 
process, Colloids Surf. B Biointerfaces 6 (2011) 2997–3009. 

[22] V. Yuri, Il’ichev, Lori Alquier, Maryanoff and Cynthia A. Degradation of rapamycin 
and its ring-opened isomer: role of base catalysis, ARKIVOC (Gainesville, FL, U. S.) 
12 (2007) 110–131. 

[23] J. Zhao, Z. Mo, F. Guo, et al., Drug loaded nanoparticle coating on totally 
bioresorbable plla stents to prevent in-stent restenosis, J. Biomed. Mater. Res., Part 
B (2016) 1–8. 

[24] Li Feng Qin, Gu Yi Qing, Hua Ri Xin, et al., In vitro release study of sirolimus from a 
pdlla matrix on a bioresorbable drug-eluting stent, J. Drug Deliv. Sci. Technol. 48 
(2018) 88–95. 

[25] T.M. Bedair, S.J. Yu, Effects of interfacial layer wettability and thickness on the 
coating morphology and sirolimus release for drug-eluting stent, J. Colloid 
Interface Sci. 460 (2015) 189–199. 

[26] Wahid Khan, Farah Shady, Nyska Abraham, et al., Carrier free rapamycin loaded 
drug eluting stent: in vitro and in vivo evaluation, J. Contr. Release 168 (1) (2013) 
70–76. 

[27] S. Mcginty, G. Pontrelli, A general model of coupled drug release and tissue 
absorption for drug delivery devices, J. Contr. Release 217 (2015) 327–336. 

[28] J.A. Ferreira, J. Naghipoor, Paula De Oliveira, Analytical and numerical study of a 
coupled cardiovascular drug delivery model, J. Comput. Appl. Math. 275 (2015) 
433–446. 

[29] Freitas Emanuelle Dantas De, Lima Beatriz Mayumi, Rosa Paulo César Pires, et al., 
Evaluation of Proanthocyanidin-Crosslinked Sericin/alginate Blend for Ketoprofen 
Extended Release, Advanced Powder Technology, 2019. 

[30] A.J. Siddiqa, N.K. Shrivastava, M.E. Ali Mohsin, et al., Preparation of letrozole 
dispersed phema/aam-g-ldpe drug release system: in-vitro release kinetics for the 
treatment of endometriosis, Colloids Surf. B Biointerfaces 179 (2019) 445–452. 

[31] Abbasnezhad Navideh, Zirak Nader, Shirinbayan Mohammadali, et al., Controlled 
release from polyurethane films: drug release mechanisms, J. Appl. Polym. Sci. 138 
(12) (2020), 50083. 

[32] J. Choi, B.N. Jang, Effect of solvent on drug release and a spray-coated matrix of a 
sirolimus-eluting stent coated with poly(lactic-co-glycolic acid), Langmuir 30 (33) 
(2014) 10098–10106. 

[33] A. Raval, P. Bahadur, A. Raval, Effect of nonionic surfactants in release media on 
accelerated in-vitro release profile of sirolimus eluting stents with biodegradable 
polymeric coating, Journal of Pharmaceutical Analysis 8 (1) (2018) 45–54. 

[34] S. Ourani-Pourdashti, E. Mirzaei, R. Heidari, et al., Preparation and evaluation of 
niosomal chitosan-based in situ gel formulation for direct nose-to-brain 
methotrexate delivery, Int. J. Biol. Macromol. 213 (2022) 1115–1126. 

[35] Fengqin Li, Li Xin, Rongxin He, et al., Preparation and evaluation of poly(d, l-lactic 
acid)/poly(l-lactide-co-ε-caprolactone) blends for tunable sirolimus release, 
Colloids Surf. A Physicochem. Eng. Asp. 590 (2020), 124518. 

[36] Fengqin Li, Yuan Tian, Yiqing Gu, et al., Preparation and evaluation of 
pdllasirolimus coatings on fully bioabsorbable drug eluting stents, in: ACM 
Conference Proceedings, 2018, pp. 65–70. 

[37] Yuri V. Il’ichev, Lori Alquier, A. Maryanoff Cynthia, Degradation of Rapamycin 
and its Ring-Opened Isomer: Role of Base Catalysis, Arkivoc, 2007, pp. 110–131. 

[38] J. Cutler David, Linear systems analysis in pharmacokinetics, J. Pharmacokinet. 
Biopharm. 6 (3) (1978) 265–282. 

F. Li et al.                                                                                                                                                                                                                                        

http://refhub.elsevier.com/S1773-2247(23)00127-2/sref20
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref20
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref20
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref21
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref21
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref21
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref22
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref22
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref22
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref23
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref23
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref23
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref24
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref24
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref24
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref25
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref25
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref25
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref26
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref26
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref26
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref27
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref27
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref28
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref28
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref28
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref29
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref29
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref29
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref30
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref30
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref30
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref31
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref31
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref31
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref32
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref32
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref32
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref33
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref33
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref33
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref34
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref34
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref34
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref35
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref35
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref35
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref36
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref36
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref36
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref37
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref37
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref38
http://refhub.elsevier.com/S1773-2247(23)00127-2/sref38

	A new method for evaluating sirolimus actual release kinetics of degradable polymer matrix via numerical convolution
	1 Introduction
	2 Theoretical analysis
	3 Experimental details
	3.1 Materials
	3.2 Preparation and characterization of sirolimus-loaded coatings/films
	3.3 In-vitro sirolimus release
	3.3.1 Release conditions
	3.3.2 Release methods: normal and reverse sampling tests
	3.3.3 Drug hydrolysis attenuation test


	4 Result and discussion
	4.1 Comparison results of normal and reverse sampling tests
	4.2 Attenuation function analysis of drug hydrolysis
	4.3 Numerical convolution analysis process
	4.4 Verification, validation and reliability application to the sirolimus-loaded polymer matrix

	5 Conclusion
	CRediT author statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


