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Abstract: In this study, in-vitro experiments were performed to investigate the drug release from a single 8 

strut of a drug-eluting stent with respect to the systolic-diastolic flow and the continuous flow. 9 

Regarding, a test bench comprising a single strut and agarose gel as an arterial wall model was designed. 10 

The model chosen represents a large-scaled strut of a stent, to limit the effect of the geometrical shape of 11 

the stents on the drug release results. The comparison is carried out between two continuous flow rates 12 

and a systolic-diastolic flow pattern varying between these two flow rates, with a frequency of 70 beats 13 

per minute. The stent model is a polylactic-co-glycolic acid film (50:50) loaded with 10% diclofenac 14 

sodium. A compartment of agarose gel (1%) and a phosphate-buffered saline solution at 37°C are 15 

employed to mimic the arterial wall and the blood, respectively. Our results show the importance of flow 16 

type on the drug release from the stent and distribution of drug in the hydrogel, such that the pulsatility 17 

promotes an increase in the quantity of drug absorbed into the hydrogel. 18 

Keywords: Systolic-diastolic flow, Continuous flow, Drug release, Agarose hydrogel 19 

1. Introduction 20 

Cardiovascular diseases (CVD) are the leading cause of death in developed countries including 21 

hypertension, coronary heart disease (CHD), stroke, and lower extremity arterial disease (LEAD) (Bink et 22 

al. 2019; Hu et al. 2018). The most common cause of CVD is atherosclerosis which is caused by a local 23 

aggregation of blood and blood products, complex carbohydrates, lipids, and calcium deposits in large 24 

and medium-sized arteries, accompanied by modifications in the artery (Ferreira et al. 2018). The 25 

treatment applied over recent years is using drug-eluting stents (DESs), which are still in development. In 26 

this regard, many experimental tests have been done in vitro, ex vivo, or in vivo. Having trustworthy test 27 

results need a reliable test setup with consistent test conditions, which simulates the real condition (Stein 28 

et al. 2018). As an important example over the last few decades, hemodynamics for diseased arteries has 29 

been extensively investigated (Fan et al. 2021; Wong et al. 2020) and the effect of the continuous flow on 30 

the release of the drug is not hidden anymore (Bernad et al. 2021). In most in vitro studies, the continuous 31 

flow was performed for analyzing the release profile from drug-eluting stents. Some studies have shown 32 

experimentally or numerically the effect of the different flow rates on the drug release at the continuous 33 

state (Wang et al. 2021). Seidlitz et al.  (Seidlitz et al. 2011) studied the effect of different flow rates, 35 and 34 

4 ml/min, in continuous and stationary flow for two different types of drugs, fluorescein sodium and 35 

triamterene. They showed that the release and distribution of hydrophilic fluorescein sodium were prone 36 

to change with flow rate. On the other hand, triamterene release was not influenced by the flow rate. This 37 

dissimilar response of the two model compounds to the variation of the flow rate emphasizes the need 38 

for a case-by-case examination of different compositions of drug carriers. 39 

To characterize the influence of the luminal flow on drug diffusion in the arterial wall, it is important 40 

to consider many aspects associated with blood flow. Systolic-diastolic blood flow pattern induced by the 41 

cardiac pulse produces a complex flow nature (Sood et al. 2018). The pulsatile nature of blood flow in 42 

arteries consists of a steady component and its oscillating harmonics consist of amplitude and frequency. 43 

It is a time-dependent behavior in which its pattern depends on geometry, Reynolds number, arterial 44 
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wall compliance, and non-Newtonian viscosity of the blood. However, the mechanisms that regulate the 45 

drug release in the pulsatile flow remain an unanswered question. 46 

Ku et al. (Ku and Giddens 1983) have compared the behavior of the continuous flow and pulsatile flow in 47 

the bifurcation without considering drug transport. Their results showed that the pulsatile flow had a 48 

different character of flow, especially at the bifurcations. Whereas the steady flow showed a fixed 49 

separation of the flow, without any turbulence and wall shear stress which is rather constant during the 50 

time. In a study by O'Brien et al. (O’Brien C, Kolachalama V 2013) the effect of pulsatile flow on drug 51 

release is investigated. The results demonstrated considerable sensitivity to the spatial pattern of drug 52 

distribution when pulsatile flow amplitude was changed, but less sensitivite to the impact on drug 53 

absorption. In the literature, numerical and experimental studies on the significant influence of the 54 

Reynolds number on drug release have been conducted (Mandal and Mandal 2018; O’Brien C, 55 

Kolachalama V 2013; Saha and Mandal 2018). Such that, two times reduction in the Reynolds number has 56 

been accompanied by a 28.8% increase in the hydrogel’s total drug uptake (O’Brien C, Kolachalama V 57 

2013). Additionally, the numerical analysis showed an increase in the drug release in the lumen by 58 

enhancing this number (Saha and Mandal 2018).  59 

To our best knowledge, there is a lack of experimental studies on the effect of the pulsatile flow on 60 

the drug release from a strut of a drug-eluting stent. This research investigates the effect of pulsatile and 61 

continuous flow on drug release in the lumen and hydrogel. Two different steady-state flow rates related 62 

to the systolic and diastolic values, and the pulsatile flow varying between these values are considered.  63 

2. Materials and Methods 64 

2.1. Materials 65 

Polylactic-co-glycolic acid (PLGA), with a molar ratio of 50-50 (D,L-lactic to glycolic acid), MW (molecular 66 

weight) = 38000-54000 g/mol, was used as a drug carrier. Diclofenac Sodium (DS), with water solubility of 67 

2.37 mg/l at 25 °C and molecular weight of 318.13 g/mol, was used as an active substance model. Ethyl 68 

acetate was used as the solvent of the PLGA. Phosphate buffered saline (PBS) and molecular biology 69 

grade agarose were used as blood flow and the artificial tissue simulator, respectively. All the mentioned 70 

components were purchased from Sigma Aldrich.  71 

2.2. Sample preparation 72 

For each set of films 20% w/v polymer to the solvent (ethyl acetate), was prepared with 10 wt.% 73 

diclofenac sodium, which means for 1 g of PLGA, 0.1 g drug was added. The solution was agitated by a 74 

magnetic stirrer at 600 rpm for about 1 hour at 40 °C. The method of casting in the Teflon-coated mold 75 

(Abbasnezhad et al. 2020), was used for sample preparation. The procedure was followed by drying the 76 

samples at room temperature for 24 hours. Finally, the mold was placed in the vacuum oven at the 77 

temperature of 40 °C for 24 h. The samples were cut in rectangular form with dimensions of 0.3×5×30 78 

mm3. This geometry was chosen to limit the effect of the geometrical shape of the stents on the drug 79 

release results, representing a strut of a stent with a scale factor of 40. 80 

2.3. Hydrogel preparation 81 

Depending on the setup environmental conditions to analyze the drug released from the stents, some 82 

properties of the hydrogels such as mechanical properties, degradation, and swelling are among the 83 

selection factors. The choice of agarose in this study is motivated by its long-term stability, its mechanical 84 

properties, and the close value of the diffusion coefficient to that of the arterial tissue (Semmling et al. 85 

2013; Tzafriri et al. 2012). The agarose hydrogel was prepared at 1% (w/w) concentration to simulate the 86 

vessel wall, where for 0.1 g of agarose powder 10 ml PBS was used. The agarose was dissolved in water 87 



heated to 100 °C and stirred on a magnetic stirrer until optically clear solutions were obtained. During 88 

this period, the container was tightly closed to avoid evaporation and change in concentration. Later, the 89 

temperature was lowered to 60 °C. After that, the samples were poured into the chambers considered for 90 

the hydrogel, and then they were cooled until gelation. 91 

2.3.1 Calculation of the diffusion coefficient of hydrogel 92 

The permeability of the agarose gel is experimentally evaluated under the static flow condition. For this, a 93 

volume of (4 ml) 1% weight/volume (w/v) agarose was prepared (the same procedure that was used for 94 

the hydrogel preparation). Next, it was poured into a syringe of 12 ml capacity, which was cut at the 95 

needle side (shown in Figure 1). After the gelation of the agarose in the syringe, the remaining volume of 96 

the syringe is filled with a solution containing a precise dose of the drug (50 mg of DS per 1 ml PBS 97 

solution). These syringes are withdrawn at three various times and each time the undiffused solution is 98 

emptied. Next, the drug-soaked hydrogel is cut into slices of 4 mm thickness so that they are used to 99 

quantify, by the UV-Vis technique, the amount of drugs that they contain.  100 

 101 

Then the value of the diffusion coefficient was calculated by using the below equation. The value 102 

obtained in this regard was about 1.12×10-4 mm2/s. 
�(�,�)

��
= 
��
(

�

�√��
)                                                                                                                   103 

Eq. 1 104 

here �(�, �) is the concentration of the drug diffused in the gel at distance of � at time �, ��is the initial 105 

concentration of the drug in the solution. 106 

2.4. Release test bench  107 

For the drug release, a closed-loop test bench was designed. The components are depicted in Figure 2. 108 

The samples were placed in the test chamber (1). The temperature of the fluid in the system was heated 109 

with an electric resistance (2) to be always in the range of 37±0.5 °C. To drive the impeller of the 110 

centrifugal pump (3), a direct current motor, a Maxon EC-4-pole motor was used (4). It is connected to an 111 

ESCON-Maxon servo controller (5). This controller is linked to a National Instruments acquisition card 112 

(NI USB-6008) (6). This card, controlled by LabView, generates the commands of the pulsed wave 113 

patterns and the number of pulses per minute conveyed to the servo controller. Figure 3 shows the 114 

chosen waveform, which is of the carotid artery. Additionally, the acquisition card collects information 115 

from the sensors. Flowmeters of FT-110 Series–TurboFlow (7), a pressure sensor (8) of the type JUMO 116 

MIDAS SI, and a Class A PT100 resistive probe (9) for monitoring the temperature, as the sensors, in this 117 

study were used. A reservoir (10) and a magnetic-drive pump (11), for containing and damping the fluid, 118 

were implemented in the system. By-pass (12), valves (13) and distributers (14) were the additional 119 

elements in the system to control the flow.  120 

2.5. In vitro drug release procedure and associated measurement 121 

UV–Vis spectrophotometry lambda 35 was used to determine the concentration of Diclofenac sodium 122 

released in 1L of PBS solution and diffused into the agarose hydrogel after determined time points. The 123 

hydrogel was placed in a compartment (with the dimensions of 130 × 30 × 1 mm3) situated in the bottom 124 

wall of the test chamber; then the polymeric samples were placed on the hydrogel (Figure 4). The 125 

polymeric samples were fixed with small clips on the surface of the agarose hydrogel, in order not to 126 

move with the flow.  127 

At each time step, the polymeric sample was removed. Then the agarose hydrogel was collected from the 128 

compartment for analysis, and it was replaced with the new one, prepared beforehand. Next, the 129 

polymeric sample was carefully placed on the new hydrogel to continue the test. At the same time steps, 130 



4 ml of the PBS solution was sampled from the reservoir for studying the drug release in the PBS 131 

medium. The statistical analysis is related to the number of tests performed (n=3) that is expressed as 132 

mean ± standard deviation in the release curves. To calculate the cumulative drug release, the total 133 

amount of DS loaded on the PLGA polymer was also measured after degrading completely the polymer 134 

film in ultrasound at high temperature. To establish the calibration curve of measurements, known 135 

concentrations of DS in PBS and agarose hydrogel (1%) were measured. The following calibration 136 

equations were found with the correlation coefficient of R2 = 0.99 (shown in Figure 5). 137 

This comparison of the released results is performed for two steady-state flows at 7.5 and 15 ml/s 138 

(corresponding respectively to the pressures of 75 and 112 mmHg), and the pulsed flow that varies 139 

between these values (shown in Figure 3) at 70 heartbeats per minute. These values were chosen from the 140 

literature representing the waveform of the blood flow in the carotid (Sood et al. 2018; Yao et al. 2015). 141 

3. Results and discussion 142 

3.1. In vitro drug release at the continuous steady and unsteady flow 143 

Figure 6 (a), and (b) show the results of DS release from the PLGA samples into the PBS medium and the 144 

hydrogel compartment. Comparing these two figures indicate that, in all cases, there is much more 145 

quantity released in the PBS than in the hydrogel. It is in a 1 to 10 ratio. Figure 6 (a) shows that by 146 

increasing the flow rate from 7.5 to 15 ml/s the drug release rate in the PBS is increased at certain time 147 

points. For example, after 12 h of release, for the flow rate of 15 ml/s about 55% of the drug is released 148 

whereas for 7.5 ml/s about 46% of the drug is released. However, this difference is not much notable at 149 

the other time points. It is noteworthy that also in these cases the release curves are following the same 150 

tendency. Besides comparing the drug release results, in the steady-state (flow rates: 7.5 and 15 ml/s) with 151 

the pulsed flow, one can note a meaningful difference in the release rates. In the case of pulsed flow, the 152 

release rate is much higher than in the steady flow, especially in the second period of the release after the 153 

burst phenomenon. As an example, at 30 h of release in the steady state about 70% of the drug is released, 154 

whereas in the pulsatile flow about 80% of the drug is released. Nevertheless, the results show that for all 155 

the flow rates, approximately 90% of the drug is released into the PBS at the time of 192 h. Figure 6 (b) 156 

shows the drug concentration penetrated the hydrogel in accordance with the release time. The 157 

controlling mechanism of the drug transport into the hydrogel is diffusion (Khodadadi Yazdi et al. 2020). 158 

At first, the existence of high drug concentration gradients explains the rapid growth of the curves. At 159 

steady-state, for two different flow rates of 7.5 ml/s and 15 ml/s, the amount of the drug diffused into the 160 

hydrogel is rather within the same range. In contrast, the results for the pulsed flow show that the 161 

amount of drug diffused into the hydrogel is higher than in the steady cases. This variance is almost 162 

notable in the time points between 30 and 60 h with a difference of 1-1.5% release. 163 

To analyze these results more deeply, the microstructure of the samples has been observed under a 164 

Scanning Electron Microscopy (SEM).  165 

Figure 7 shows the SEM micrographs of the PLGA samples with 10% of DS (a) before, and after 48 hours 166 

of release test at (b) the steady flow of 7.5 ml/s and (b) unsteady flow. The figures are captured from the 167 

luminal side of the polymer layer. By comparing these figures, one can note in both situations (steady and 168 

unsteady), the creation of pores and the wrinkling of the polymer during the release. Thus, it denotes the 169 

presence of the swelling and diffusion mechanisms in both cases. Depending on the other environmental 170 

conditions such as pressure or the contribution of other mechanisms such as erosion, the pores can blast 171 

and make the polymer surface more porous and suitable for drug release. It is evident that diffusion is 172 

affected by the swelling phenomenon; its rate increases by increasing the space between the polymer 173 

chains and the free volume in the polymer. Contrarily, the enlargement of the polymeric samples due to 174 



the swelling, increases the migration distance for the release of the drug (Scheler 2014). Another 175 

mechanism contributing to the drug release from the PLGA polymeric films is the mechanism of 176 

degradation/erosion which results in the cleavage of polymer chains and can help the drug release.  177 

From the mechanistic standpoint, it is notable that by increasing the flow rate, the thickness of the 178 

hydrodynamic and mass boundary layers is getting smaller (Kleinstreuer 2018). Figure 8 shows a 179 

demonstration of this conception. Moreover, in a review article by Rana et al. (Rana and Neeves 2016), it 180 

is mentioned that by increasing the velocity, a thin boundary layer near the bottom layer of an arterial 181 

wall, is constructed which results in a great Peclet number and therefore results in higher convective flux 182 

than diffusive flux. Also, this fact can lead to the weakening of the mechanical behavior of the polymer 183 

and an increase in the rate of erosion (Abbasnezhad et al. 2021). Our experimental results are in 184 

agreement with the numerical study by Chen et al. (Chen et al. 2015), concerning the steady case at the 185 

flow rates of 7.5 and 15 ml/s. Regarding this, a high value of Re number in steady-state conditions causes 186 

an enhanced drug release rate in polymer and a lower drug concentration in tissue.  187 

The former discussion is consistent with the obtained results, which indicates that on the lumen side, by 188 

increasing the flow rate, convective flux is larger near the sample surface. This causes higher 189 

concentration gradients of the drug between the polymer sample and the fluid, leading to higher 190 

diffusive flux. Consequently, for the steady-state cases, increasing the flow rate, increases the diffusion of 191 

the drug through the polymer, resulting in more drug release from the polymeric samples. One can note 192 

that the drug release from the polymeric films in the case of unsteady pulsed flow compared to the steady 193 

case is also higher. This is an effect of the flow pulsatility on the enhancement of the drug transfer as 194 

already noted in a study by Chabi et al. (Chabi 2017). It is noteworthy that the analysis of the boundary 195 

layer in the case of pulsed flow is not as easy. However, it can be explained by other conceptions. For 196 

example, in a study by Ku (Ku 1997) on the blood flow in the arteries, it is mentioned that pulsatility 197 

creates a periodic generation of turbulence. It reaches the maximum during the deceleration of systole 198 

and the minimum during the upstroke of systole, where time and frequency are the reasons for this 199 

transition to turbulence. Moreover, it is shown in (Kleinstreuer 2018) that increasing the turbulence in the 200 

flow, increases the convective flux. These observations confirm our mass transfer results, where, in the 201 

unsteady case due to the creation of turbulence the mass transfer is higher compared to the steady case. 202 

Furthermore, in another study by O’Brien et al. (O’Brien C, Kolachalama V 2013) they demonstrated that 203 

the drug deposition in the recirculation zone is shown to be dependent on the pulsed flow at various 204 

Womersley numbers. It was observed that decreasing the Womersley number results in longer 205 

recirculation, confirming our experimental results by indicating that the drug concentration is impacted 206 

by the flow recirculation zone. Therefore, the disturbance of the velocity profile in the pulsed case and the 207 

generation of the potential more vorticity is believed to be the cause of the increased release rate in the 208 

hydrogel and PBS.  209 

4. Study limitations: 210 

Some of the limitations of this study are as follows: the complication of considering the biological 211 

reactions, response of the cells to the foreign substances, and the inflammatory reactions, which is 212 

complicated to be considered in the in vitro case; considering the filtration aspect in closed-loop systems. 213 

Moreover, malpositioning the DES can also have a significant impact on the outcomes of the release. 214 

5. Conclusions  215 

In this study, a system capable of simulating both lumen and arterial tissue was developed. In this 216 

regard, the blood flow, continuous or pulsatile, is reproduced via a pumping system. The arterial 217 

medium is mimicked using a specific agarose compartment. The results showed the impact of the flow 218 



pulsatility, especially at some periods of diffusion in the hydrogel on the release kinetics. This expresses 219 

the usefulness of considering the pulsatility for a realistic simulation of drug release. 220 
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Figure 1. Procedure to measure the diffusion coefficient of the drug in gel 

 

 

Figure 2. Schematic of the test bench 

 



 

Figure 3. Flow rates related to the three patterns of the flow performed in this study 

 

 

Figure 4. The compartment containing the hydrogel and the polymeric samples 

 

Figure 5. Calibration curves obtained for the diclofenac sodium in (a) hydrogel agarose and (b) PBS 
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Figure 6. Drug release from the PLGA films with 10% DS at different flow rates in (a) PBS and (b) hydrogel 
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Figure 7. SEM micrographs of PLGA-10%DS samples from the side, contacted with the fluid at (a) t=0; and after 

48h at the (b) steady flow with the flow rate of 7.5 ml/s and (b) pulsatile flow, at different magnifications 

 

 

Figure 8. Schematic representing the thickness of boundary layers created at two different flow rates, (a) is for the 

case with a higher flow rate than (b), �� represents the thickness of the mass boundary layer 
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