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Stent implantation has been a primary treatment for stenosis and other intravascular diseases. However, the struts expansion procedure might cause endothelium lesion and the structure of the struts could disturb the blood flow environment near the wall of the blood vessel. These changes could damage the vascular innermost endothelial cell (EC) layer and pose risks of restenosis and post-deployment thrombosis. This research aims to investigate the effect of flow alterations on EC distribution in the presence of gap between two struts within the parallel flow chamber. To study how the gap presence impacts EC migration and the endothelialization effect on the surface of the struts, two struts were placed with specific orientations and positions on the EC layer in the flow chamber. After a 24-h exposure under wall shear stress (WSS), we observed the EC distribution conditons especially in the gap area. We also conducted computational fluid dynamics (CFD) simulations to calculate the WSS distribution. High EC-concentration areas on the bottom plate corresponded to the high WSS by the presence of gap between the two struts. To find the relation between the WSS and EC distributions on the fluorescence images, WSS condition by CFD simulation could be helpful for the EC distribution. The endothelialization rate, represented by EC density, on the downstream sides of both struts was higher than that on the upstream sides. These observations were made in the flow recirculation at the gap area between two struts. On two side surfaces between the gaps, meaning the downstream at the first and the upstream at the second struts, EC density differences on the downstream surfaces of the first strut were higher than on the upstream surfaces of the second strut. Finally, EC density varied along the struts when the struts were placed at tilted angles. These results indicate that, by the presence of gap between the struts, ECs distribution could be predicted in both perpendicular and tiled positions. And tiled placement affect ECs distribution on the strut side surfaces.
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INTRODUCTION

Stent implantation is widely used to cure cardiovascular diseases such as stenosis or aneurysm (Borhani et al., 2018). However, during the stent deployment process, struts expansion could cause damage to the vascular endothelium. The endothelium lesion might induce first platelet aggregation to form a thrombus. Next, the overproliferated smooth muscle cells (SMCs) could generate neointima due to the inadequate endothelial cells (ECs) regulation. Multiple in vivo animal studies found that EC dysfunction could change the gene expression leading to abnormal platelet and SMC conditions (Kullo Iftikhar et al., 1997; Namba et al., 2003; Kipshidze et al., 2004; Songmingbao and Huanglan, 2014; Song and Lan, 2016). The formation of thrombus and neointima caused by EC dysfunction could promote the re-blocking of the blood vessel. The negative effect of re-blockage of the blood vessel, such as restenosis and thrombosis, has become a severe complication after the stenting treatment (Liu et al., 1989; Foley et al., 1994; Bavry et al., 2005; Mauri et al., 2005; Finn et al., 2007). Therefore, the complications by stent deployment could be considered as EC denudation around struts. To reduce the vessel re-blockage, accelerate the endothelialization, meaning covering the struts by ECs, is necessary as quick endothelialization on the strut could prevent platelet adhesion and inhibit SMC proliferation.

Endothelial cell forms the innermost layer in the blood vessel and is constantly exposed to the blood flow. To maintain vascular homeostasis, EC responds to the force generated by blood flow, especially the wall shear stress (WSS) (Jou et al., 2008; Meng et al., 2014; Cebral et al., 2017, 2019). Both in vivo and in vitro studies showed that WSS change could cause EC dysfunctions, such as those related to the vascular cell adhesion molecules secreted by ECs (Mannino et al., 2015; Kumar et al., 2018). On the morphological side, EC orientation and elongation could be observed due to the WSS change (Dewey et al., 1981; Levesque and Nerem, 1985; Palmer and Bizios, 1997).

The EC activities in response to the WSS drive the attention of in vitro study. The flow chamber could control the WSS on the lumen by its design. By using a parallel plate flow chamber, the inside flow condition could be set at a certain WSS value according to the inlet flow so that it is easier to subject the ECs to the WSS similar to the intravascular conditions (Usami et al., 1993; White Charles et al., 2001; Chung et al., 2003; McCann et al., 2005; Dolan et al., 2012; Balaguru et al., 2016; Wang et al., 2016; Erbeldinger et al., 2017). The parallel plate flow chamber is the most commonly used to study the flow stimuli on ECs. Various flow patterns could be induced in the chamber to study their effects on EC monolayer. In this study, the chamber was modified to make it capable to place the strut and allow the observation of EC on the strut surface. By the presence of one stent strut inside the flow chamber, the EC response distribution to the changed WSS due to the flow disturbance was observed (Anzai et al., 2020). Anzai et al. (2020) found that, after the flow exposure the appearance of ECs’ high concentration agrees with the appearance of high WSS using one strut. Including the paper (Anzai et al., 2020), several earlier studies on in vitro flow experiments have heavily utilized computational fluid dynamics (CFD) with a high degree of agreement toward the realistic flow conditions (Vogel et al., 2007; Kaur et al., 2012; Anisi et al., 2014).

On stent treatment, the intravascular flow conditions are usually predicted by CFD to deepen our understanding of how stenting affects intravascular hemodynamics and prove treatment efficacy (Frank et al., 2002). Predictions using CFD were also applied in the improvement of the stent design. Putra et al. (2017, 2019) showed that the gap between two struts influences the WSS environment as a stent design. The CFD could indicate different WSS distributions in the gap between struts. Then, the cell distributions on the strut surface in the gap should be observed.

Previous study used a parallel plate flow chamber with the presence of one strut observed EC distribution at both bottom plate of the dish and side surfaces of the strut. The objective of this study is to investigate the influence of gap between two struts on EC distribution at the dish surface and strut endothelialization process. We could observe that cell distribution follows the wall shear stress distribution by the CFD simulation. However, EC distribution on strut surfaces is different between the left and right sides, especially on side surfaces between the gap.



MATERIALS AND METHODS

In order to observe the EC distribution after the flow exposure with the presence of gap between two struts and the endothelialization effect on the surface of the strut, two struts were placed in a specific position and orientation on the EC monolayer inside the parallel flow chamber. CFD simulation was performed to analyze the flow condition inside the chamber.


Experiment of Flow Exposure

The human carotid artery endothelial cells (HCtAEC, Cell Applications, Inc., United States) with passage numbers between 5 and 9 were used in this study. ECs were two-dimentionally cultured in 35-mm culture dishes precoated with gelatin solution (FUJIFILM Wako Pure Chemical Corporation, Japan) until reaching confluency. The proliferation medium used both in the cell culture and flow exposure experiments was the same as that described previously by Anzai et al. (2020).

Figure 1 shows the geometry of the parallel flow chamber with the WSS exposure area of 22 mm × 18 mm referred to previous study (Anzai et al., 2020). NiTi stent strut (0.406 mm × 0.406 mm × 18 mm) (Furukawa Electric Co., Ltd., Japan) was placed and covered with silicone gaskets (Fusougomu, Japan) at the thickness of 5 mm to fix the strut positions during the experiment. One gasket sheet was prepared for 90°. The other one was 70° under the confirmation that both degrees could avoid the inlet flow effect. We also confirmed that WSS distribution of the 70° are relatively near to 60° compared to 90° using CFD. The outline of the stent struts and the flow exposure area (18 mm × 20 mm) on the silicone sheet were cut by using a digital cutter machine (FC4500-50, GRAPHTEC, Japan) to fit the 35 mm culture dishes.
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FIGURE 1. The geometry of computational fluid dynamics (CFD) simulation.


The WSS in this study was 2 Pa, generated by a roller pump with a volume flow rate of 2.16 × 10–6 m3/s. To maintain the pH of the working fluid, gas (5% CO2 + 95% air) was connected to the flow loop. The temperature during the flow exposure was constantly kept at 37°C.

After 24 h of flow exposure, ECs were fixed in 4% paraformaldehyde for 15 min at room temperature, then rinsed in phosphate-buffered saline. To permeabilize the EC membrane, the cells were treated with 1-mL aliquots of 0.2% Triton X-100 (Roche Applied Science, Germany) for 5 min. The EC F-actin filaments and nuclei were stained with Alexa Fluor® 546 Phalloidin (Gibco, United States) and 4’,6-diamidino-2-phenylindole (Gibco, United States), respectively. The fluorescent EC images were obtained using a microscope system (IX-83, Olympus, Japan).

Image processing was conducted using the ImageJ software (NIH). The EC density data were presented as the mean ± standard deviation (STD), where the mean represents the mean value of n measurements. The 90° and 70° experiments were performed with n = 6 and 3, respectively, to confirm reproducibility. The experimental data were analyzed using Student’s t-test to identify the levels of statistical significance (*p < 0.05) between the groups.



Computational Fluid Dynamics Simulation

Figure 1 shows the shape of the parallel chamber used in the CFD simulation. The geometry of the fluid domain is based on the parallel flow chamber used in the EC in vitro experiment. Two identical struts, with the cross-sectional shape of 0.406 mm × 0.406 mm and 18 mm in length, were parallel-placed in the middle of the bottom surface. Previous study by Anzai et al. (2020) found the flow recirculation due to the strut disturbance. The distance of the flow re-attach point to the strut is within 2 mm. The second strut was placed as the gap distance of 3 mm to keep the re-attached point in the gap. The angle relative to the flow direction was set as 90° and 70°. The shape was constructed by SOLIDWORKS 2017 (Dassault Systèmes, Vélizy-Villacoublay, France), extracted to stereolithography (.STL) format, and imported later to the simulation program. The computational domain discretization was constructed by ANSYS ICEMCFD 17.2 (ANSYS Inc., Cannonsburgh, PA, United States) with a total of 22 million meshes consisting of tetrahedral and triangular elements. The mesh convergence test has been performed with the mesh element number ranging between 6.68 and 26 million elements to make assure the numerical solution accuracy. Finer mesh density was prescribed on the region of interest (ROI) around the strut placement area.

The CFD method has been performed by using ANSYS CFX (ANSYS Inc., Canonsburg, PA, United States) to estimate the flow phenomenon inside the flow chamber based on the Navier–Stokes solution. Since the EC culture media has similar fluid parameter with water, the flow media was considered as water with a density of 1,000 kg/m3 and a viscosity of 0.001 Pa⋅s. All solid domains were found as a rigid wall with non-slip boundary conditions. The flow conditions were defined as stationary flow with a volume rate inlet of 2.6 × 10–6 m3/s and a static pressure outlet at 0 Pa. The convergence criteria were set with 10–5 root to mean square residue.

The simulation process was carried out at the advanced fluid information facilities, Institute of Fluid Science, Tohoku University with eight cores and finished in 3 h and 30 min. The WSS distribution and flow pattern postprocessing analyses have been performed with ANSYS CFD-Post (ANSYS Inc., Canonsburg, PA, United States), and further data analysis has been completed with a data processing script executed by MATLAB (Mathworks Inc., Natick, MA, United States).




RESULTS


The Distributions of EC and WSS in the Gap

Figures 2A,C shows ECs distribution on the bottom surface after the 24-h flow exposure experiment with the parallel placement of two struts in the 70 and 90° settings, respectively, with a 3-mm gap. ECs were highly concentrated in the gap and close to the second strut (indicated by green arrows in the figure). As shown in Figures 2B,D, high WSS also appeared in the gap and close to the second strut. This phenomenon was observed in the previous study using one strut (Anzai et al., 2020).
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FIGURE 2. Distribution of endothelial cells (ECs) (A,C) and WSS by CFD simulation (B,D), scale bar: 2 mm. Green arrows: high ECs concentration, white arrows: high WSS. (A,B) 90° angle. (C,D) 70° angle.




The Distributions of EC and WSS in the Downstream Area

As shown in Figures 2A,C, after the second strut, ECs were highly concentrated at the downstream area (indicated by green arrows in the figure). This is agreed with the high WSS by CFD simulation in Figures 2B,D.



Flow Around Struts and EC Distribution on the Strut Surfaces

Focusing on the area around the struts, 70 and 90° displayed a low WSS magnitude symmetrically in both the upstream and downstream areas of both struts as shown in Figures 2B,D. Concerning the WSS distribution around the first and second strut, the 90° setting shows symmetry, whereas the left is higher than the right at 70°.

Figure 3 shows the EC density on the surfaces of the struts in the 90 and 70° settings, respectively. EC density is higher on both downstream surfaces in the 90 and 70° settings compared with those on both upstream surfaces. This density difference on upstream and downstream surfaces of the strut could because of the WSS magnitude difference. The difference between the downstream and upstream surfaces of the 70° setting was larger than that of the 90° setting.
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FIGURE 3. Density of ECs on the surface of the stent strut, two stent struts in a 3-mm gap. (A) At 90° angle, mean ± STD, n = 6, *p < 0.05 (t-test). (B) At 70° angle, mean ± STD, n = 3, *p < 0.05 (t-test).


On the side surfaces between the gap (downstream surface of the first strut and upstream surface of the second strut), EC density at the downstream of the first strut was similar to that of the second strut in the 90 and 70° settings. This might be assumed by the WSS similarities with recirculation after the first and the second struts, respectively. In the 70° setting comparing with 90° setting, EC density at the upstream surface of the second strut is higher than its at the upstream surface of the first strut. This may because of the complex flow pattern generated by the tilted angle.

Figure 4 shows flow patterns, indicating two recirculating flows in the gap and after the second strut. Figure 5 shows an example of EC distribution on the strut side surfaces. ECs were highly attached near the bottom side rather than the top. This is because of the cell movement respond to the flow stimuli. At first, there is no cell on the side surface of the strut. After 24 h, ECs migrate on the side surface. Thus, the cell is highly attached from the bottom side.
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FIGURE 4. Flow pattern around the two stent struts in 3-mm gap, left, middle, and right parts. (A) 90° angle. (B) 70° angle.



[image: image]

FIGURE 5. Example of distribution of ECs on the surface of stent strut. Red: F-actin, blue: nuclei, scale bar: 0.2 mm (downstream of the first strut at 90°).


In the 90° setting (Figure 4A), the length of the circulating flows was similar in the left, middle, and right. Figure 6 shows EC density variations of the left, middle, and right in struts in the 70 and 90° settings. Figure 6A indicates that, at 90°, ECs on the side surfaces of the gap (the downstream of the first and the upstream of the second struts) were evenly distributed.
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FIGURE 6. Density of ECs on the surface of stent strut, two stent struts in a 3-mm gap, analyzed on the left, middle, and right parts of the strut, mean ± STD. (A) 90° angle, n = 6. (B) 70° angle, n = 3.


In the 70° setting the length extended from the left to the right as shown in Figure 4B. This could be potentially observed as the distance at the top between the strut to the inlet was closer. Therefore, the tilted angle of the struts placement generates complex flow in the gap in the 70° setting. As shown in Figure 6B, in the 70° setting, bigger variations could be observed among the left, middle, and right. This might be explained by the flow patterns highlighted in Figure 4. The recirculation lengths in the left, middle, and right are the same in the 90° setting (Figures 4A, a–c) whereas those of the 70° setting depends on the position of the struts (Figures 4B, a–c). The circulation length in the gap extended in the right compared to that in the left.



Wall Shear Stress Condition Around the Inlet Area

The WSS condition on the bottom of the flow chamber without struts was 2 Pa as shown in Figure 7A. The results show a high WSS around the inlet area where the impingement of the inflow appears. Figures 2B,D shows the WSS distribution on the bottom surface of the flow chamber with the parallel placement of two struts at 70 and 90° relative to the flow direction with a 3 mm gap. High WSS mainly appears on the center position of the inlet area, caused by the concentrated inflow from the inlet pipe identical to the no strut case (Figure 7). The struts with 70 and 90° did not attach to the high WSS region near the inlet pipe. If two struts with 3 mm gap parallel placed as 60°, complex flow patterns could be generated because the close contact between the strut to the inflow and outflow area.
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FIGURE 7. Wall shear stress (WSS) by CFD simulation, no stent strut. (A) Wall shear stress condition, without strut. (B) Impinging flow affect struts placed in 60-degree.




Wall Shear Stress Gradient Condition at 90 and 70°

To investigate the influence of wall shear stress gradient (WSSG) on EC response to flow, WSSG distribution in the flow chamber was analyzed. Figure 8 shows the WSSG on the bottom plane at 90 and 70° (Figures 8A,B, respectively). The region of higher WSSG was almost similar to that of the higher WSS. Therefore, the WSSG effects are not separated from those of the WSS in this chamber with two struts.
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FIGURE 8. Wall shear stress gradient (WSSG) distribution by CFD simulation, scale bar = 2 mm. (A) 90° angle. (B) 70° angle.





DISCUSSION

This study describes EC distribution after flow exposure with two struts placement. Two struts were set in the flow chamber aiming to reproduce a more realistic situation of stent deployment and can generate complex flow patterns in the gap.

The results revealed that higher cell density at the bottom of the gap could be observed. This might follow the WSS distribution. Moreover, higher EC densities on the downstream surface of the struts were found in both the first and second struts rather than the upstream surfaces. This observation might be related to the influence of the gap between two struts. Furthermore, the cell distribution in the struts varied in the case of the 70° setting. This study reported first on such an observation. These variations are also related to the WSS distribution.

Earlier, Anzai et al. (2020) observed EC distributions after the flow exposure with one stent strut placement. The results in the study revealed that the cell distribution on the bottom had a higher concentration region downstream of the strut. Their study concluded that the cell distribution on the bottom plate could be related to the WSS distribution. In this study, with the presence of gap between two struts, more complex flow patterns were generated in the gap. The cell distribution on the bottom plate also displayed higher concentration regions both in the gap and downstream area. This WSS distribution downstream of the second strut was similar to the one strut results described in the study by Anzai. Furthermore, the cell distribution might also correspond to the WSS distribution in this study.

The region in the gap seemed to be related to the higher WSS. However, the cell distributions between the 90° and 70° settings were not significantly different even though the WSS distributions between the two settings slightly differed. The cell distribution in the gap might be slightly affected by the WSS distribution.

The EC density difference among the left, middle, and right on the side surfaces of strut was observed in this study. On the side surfaced between the gap, the EC density variation difference among the left, middle, and right was higher in the 70° than that in the 90° setting. This was also dependent on the WSS distribution.

In this study, with the presence of two struts, cell migration happened as response to the change of WSS. Due to the WSS change, the WSSG was generated. Yoshino et al. (2017) found a certain influence on the cells, such as morphological response, by the combination of WSS and WSSG with more than 10 Pa and 5 Pa/mm. In this study, the average WSS was 2 Pa on the bottom, and the highest WSSG of 10 Pa/mm appeared. Therefore, the influence of both WSS and WSSG on the EC distribution could exist indeed.

Flow chambers were used for the EC distribution under several flow environments (Dewey et al., 1981; Levesque and Nerem, 1985; Usami et al., 1993; White Charles et al., 2001; Chung et al., 2003; McCann et al., 2005; Sakamoto et al., 2006). The EC responses, such as migration, elongation, and orientation, could be observed in the chamber with WSS generation by the flow environments (Levesque and Nerem, 1985; Sakamoto et al., 2006). Therefore, the use of a chamber with struts under flow environments is a good approach for monitoring EC response. The CFD could indicate flow characteristics such as WSS and the relationship between the flow and EC response could be investigated.

In this study, the difference in EC distribution on the struts could be observed between the proximal and distal walls using a parallel chamber with strut placement. Endothelialization compared to the difference in the distribution on the walls might be affected by the different flows and WSS. These results might contribute to the development of the stent surface for checking endothelialization compared with the no-flow case. Finally, the chamber and CFD combination are also useful to monitor EC response to struts.


Limitations

This study revealed the EC distribution after flow using a chamber. Chambers are useful to observe cell behaviors. However, the results have several limitations related to the chamber characteristics.

In this study, we analyzed the strut angles of 90° and 70°. The EC distributions on both the bottom plate and strut surface after struts and in the gap between two struts were observed using the degrees combined with WSS, respectively. However, clinical stents on the market exhibit different structures (Lau et al., 2004; Li et al., 2018). We consider that further studies on other angles and gap variations could be performed using a chamber and WSS.

We used only EC monolayers in this study, although the vascular wall exhibits multiple layers. Several researchers have already used a co-culture system with ECs and SMCs (Ziegler et al., 1995; Chiu et al., 2003; Williams and Wick, 2005; Li et al., 2013; Han et al., 2017, 2019) to investigate the signaling pathway between ECs and SMCs under flow conditions. Moreover, the main components of the neo-intimal were overproliferated SMCs controlled by ECs. Han et al. (2017, 2019) found that the change of WSS could affect the expression of SMC protein. However, several studies also used EC layers only and revealed new important findings (Dewey et al., 1981; Levesque and Nerem, 1985; Palmer and Bizios, 1997; Mannino et al., 2015). The use of EC-SMC co-cultures for the evaluation of ECs on the surface could be the subject of future studies.

In this study, the in vitro EC response to flow in the chamber could be categorized as the early-stage investigation related to the restenosis process (Miao et al., 2005; Khan et al., 2012). To observe the vascular neo-intimal formation as the late stage, an in vivo model would be required that has been used for the evaluation of the late stage (Yue et al., 2008; Kim et al., 2009). In future, the combination of in vivo models and in vitro chamber with CFD could be potentially useful for the evaluation of EC response on and around the stent.




CONCLUSION

This study investigated EC distribution in the presence of two struts, as well as the endothelialization effect on the strut surface. ECs were exposed with two struts placed with a 3-mm gap and 90° or 70° in a chamber. ECs density at the first downstream is higher than that at second upstream. EC density on the downstream surfaces was higher than that on the upstream potentially due to the flow recirculation. Higher ECs density on the bottom at the gap was found following the WSS distributions. Flow disturbance related to the presence of the gap and the strut orientation angle might affect the endothelialization process on the side surfaces of the strut between the gap areas.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

ZW performed the cell experiment and wrote manuscript. NP performed CFD simulations. All authors contributed to the article and approved the submitted version.



FUNDING

The authors acknowledge the support received from by JSPS KAKENHI (Grant No. JP20H04557) and the Indonesia Endowment Fund for Education (Reg. No 20151122014707) by the Ministry of Finance, Indonesia. The Collaborative Research Projects (Project Code: J21I035) of the Institute of Fluid Science, Tohoku University, Japan.



REFERENCES

Anisi, F., Salehi-Nik, N., Amoabediny, G., Pouran, B., Haghighipour, N., and Zandieh-Doulabi, B. (2014). Applying shear stress to endothelial cells in a new perfusion chamber: hydrodynamic analysis. J. Artif. Organs 17, 329–336. doi: 10.1007/s10047-014-0790-0

Anzai, H., Watanabe, T., Han, X., Putra, N. K., Wang, Z., Kobayashi, H., et al. (2020). Endothelial cell distributions and migration under conditions of flow shear stress around a stent wire. Technol. Health Care Off. J. Eur. Soc. Eng. Med. 28, 345–354. doi: 10.3233/THC-191911

Balaguru, U. M., Sundaresan, L., Manivannan, J., Majunathan, R., Mani, K., Swaminathan, A., et al. (2016). Disturbed flow mediated modulation of shear forces on endothelial plane: a proposed model for studying endothelium around atherosclerotic plaques. Sci. Rep. 6:27304. doi: 10.1038/srep27304

Bavry, A. A., Kumbhani, D. J., Helton, T. J., and Bhatt, D. L. (2005). What is the risk of stent thrombosis associated with the use of paclitaxel-eluting stents for percutaneous coronary intervention: a meta-analysis. J. Am. Coll. Cardiol. 45, 941–946. doi: 10.1016/j.jacc.2004.11.064

Borhani, S., Hassanajili, S., Ahmadi Tafti, S. H., and Rabbani, S. (2018). Cardiovascular stents: overview, evolution, and next generation. Prog. Biomater. 7, 175–205. doi: 10.1007/s40204-018-0097-y

Cebral, J., Ollikainen, E., Chung, B. J., Mut, F., Sippola, V., Jahromi, B. R., et al. (2017). Flow conditions in the intracranial aneurysm lumen are associated with inflammation and degenerative changes of the aneurysm wall. Am. J. Neuroradiol. 38, 119–126. doi: 10.3174/ajnr.A4951

Cebral, J. R., Detmer, F., Chung, B. J., Choque-Velasquez, J., Rezai, B., Lehto, H., et al. (2019). Local hemodynamic conditions associated with focal changes in the intracranial aneurysm wall. Am. J. Neuroradiol. 40, 510–516. doi: 10.3174/ajnr.A5970

Chiu, J.-J., Chen, L.-J., Lee, P.-L., Lee, C.-I., Lo, L.-W., Usami, S., et al. (2003). Shear stress inhibits adhesion molecule expression in vascular endothelial cells induced by coculture with smooth muscle cells. Blood 101, 2667–2674. doi: 10.1182/blood-2002-08-2560

Chung, B. J., Robertson, A. M., and Peters, D. G. (2003). The numerical design of a parallel plate flow chamber for investigation of endothelial cell response to shear stress. Comput. Struct. 81, 535–546. doi: 10.1016/S0045-7949(02)00416-9

Dewey, C. F. Jr., Bussolari, S. R., Gimbrone, M. A. Jr., and Davies, P. F. (1981). The Dynamic response of vascular endothelial cells to fluid shear stress. J. Biomech. Eng. 103, 177–185. doi: 10.1115/1.3138276

Dolan, J. M., Sim, F. J., Meng, H., and Kolega, J. (2012). Endothelial cells express a unique transcriptional profile under very high wall shear stress known to induce expansive arterial remodeling. Am. J. Physiol. Cell Physiol. 302, C1109–C1118. doi: 10.1152/ajpcell.00369.2011

Erbeldinger, N., Rapp, F., Ktitareva, S., Wendel, P., Bothe, A. S., Dettmering, T., et al. (2017). Measuring leukocyte adhesion to (Primary) endothelial cells after photon and charged particle exposure with a dedicated laminar flow chamber. Front. Immunol. 8:627. doi: 10.3389/fimmu.2017.00627

Finn, A. V., Nakazawa, G., Joner, M., Kolodgie, F. D., Mont, E. K., Gold, H. K., et al. (2007). Vascular responses to drug eluting stents: importance of delayed healing. Arterioscler. Thromb. Vasc. Biol. 27, 1500–1510. doi: 10.1161/ATVBAHA.107.144220

Foley, J. B., Brown, R. I. G., and Penn, I. M. (1994). Thrombosis and restenosis after stenting in failed angioplasty: comparison with elective stenting. Am. Heart J. 128, 12–20. doi: 10.1016/0002-8703(94)90004-3

Frank, A. O., Walsh, P. W., and Moore, J. E. (2002). Computational fluid dynamics and stent design. Artif. Organs 26, 614–621. doi: 10.1046/j.1525-1594.2002.07084.x

Han, X., Sakamoto, N., Tomita, N., Meng, H., Sato, M., and Ohta, M. (2017). Influence of shear stress on phenotype and MMP production of smooth muscle cells in a co-culture model. J. Biorheol. 31, 50–56. doi: 10.17106/jbr.31.50

Han, X., Sakamoto, N., Tomita, N., Meng, H., Sato, M., and Ohta, M. (2019). Influence of TGF-β1 expression in endothelial cells on smooth muscle cell phenotypes and MMP production under shear stress in a co-culture model. Cytotechnology 71, 489–496. doi: 10.1007/s10616-018-0268-7

Jou, L.-D., Lee, D. H., Morsi, H., and Mawad, M. E. (2008). Wall shear stress on ruptured and unruptured intracranial aneurysms at the internal carotid artery. Am. J. Neuroradiol. 29, 1761–1767. doi: 10.3174/ajnr.A1180

Kaur, H., Carriveau, R., and Mutus, B. (2012). A simple parallel plate flow chamber to study effects of shear stress on endothelial cells. Am. J. Biomed. Sci. 4, 70–78. doi: 10.5099/aj120100070

Khan, O. F., Chamberlain, M. D., and Sefton, M. V. (2012). Toward an in vitro vasculature: differentiation of mesenchymal stromal cells within an endothelial cell-seeded modular construct in a microfluidic flow chamber. Tissue Eng. Part A 18, 744–756. doi: 10.1089/ten.TEA.2011.0058

Kim, H.-J., Yoo, E.-K., Kim, J.-Y., Choi, Y.-K., Lee, H.-J., Kim, J.-K., et al. (2009). Protective role of Clusterin/Apolipoprotein J against neointimal hyperplasia via antiproliferative effect on vascular smooth muscle cells and cytoprotective effect on endothelial cells. Arterioscler. Thromb. Vasc. Biol. 29, 1558–1564. doi: 10.1161/ATVBAHA.109.190058

Kipshidze, N., Dangas, G., Tsapenko, M., Moses, J., Leon, M. B., Kutryk, M., et al. (2004). Role of the endothelium in modulating neointimal formation: vasculoprotective approaches to attenuate restenosis after percutaneous coronary interventions. J. Am. Coll. Cardiol. 44, 733–739. doi: 10.1016/j.jacc.2004.04.048

Kullo Iftikhar, J., Mozes, G., Schwartz, R. S., Gloviczki, P., Tsutsui, M., Katusic, Z. S., et al. (1997). Enhanced endothelium-dependent relaxations after gene transfer of recombinant endothelial nitric oxide synthase to rabbit carotid arteries. Hypertension 30, 314–320. doi: 10.1161/01.HYP.30.3.314

Kumar, A., Hung, O. Y., Piccinelli, M., Eshtehardi, P., Corban, M. T., Sternheim, D., et al. (2018). Low coronary wall shear stress is associated with severe endothelial dysfunction in patients with non-obstructive coronary artery disease. JACC Cardiovasc. Interv. 11, 2072–2080. doi: 10.1016/j.jcin.2018.07.004

Lau, K. W., Johan, A., Sigwart, U., and Hung, J. S. (2004). A stent is not just a stent: stent construction and design do matter in its clinical performance. Singapore Med. J. 45, 305–311. quiz 312,

Levesque, M. J., and Nerem, R. M. (1985). The elongation and orientation of cultured endothelial cells in response to shear stress. J. Biomech. Eng. 107, 341–347. doi: 10.1115/1.3138567

Li, J., Li, G., Zhang, K., Liao, Y., Yang, P., Maitz, M. F., et al. (2013). Co-culture of vascular endothelial cells and smooth muscle cells by hyaluronic acid micro-pattern on titanium surface. Appl. Surf. Sci. 273, 24–31. doi: 10.1016/j.apsusc.2013.01.058

Li, Y., Zhang, M., Verrelli, D. I., Chong, W., Ohta, M., and Qian, Y. (2018). Numerical simulation of aneurysmal haemodynamics with calibrated porous-medium models of flow-diverting stents. J. Biomech. 80, 88–94. doi: 10.1016/j.jbiomech.2018.08.026

Liu, M. W., Roubin, G. S., and King, S. B. (1989). Restenosis after coronary angioplasty. potential biologic determinants and role of intimal hyperplasia. Circulation 79, 1374–1387. doi: 10.1161/01.CIR.79.6.1374

Mannino, R. G., Myers, D. R., Ahn, B., Wang, Y., Margo, R., Gole, H., et al. (2015). Do-it-yourself in vitro vasculature that recapitulates in vivo geometries for investigating endothelial-blood cell interactions. Sci. Rep. 5:12401. doi: 10.1038/srep12401

Mauri, L., O’Malley, A. J., Popma, J. J., Moses, J. W., Leon, M. B., Holmes, D. R., et al. (2005). Comparison of thrombosis and restenosis risk from stent length of sirolimus-eluting stents versus bare metal stents. Am. J. Cardiol. 95, 1140–1145. doi: 10.1016/j.amjcard.2005.01.039

McCann, J. A., Peterson, S. D., Plesniak, M. W., Webster, T. J., and Haberstroh, K. M. (2005). Non-Uniform flow behavior in a parallel plate flow chamber alters endothelial cell responses. Ann. Biomed. Eng. 33:328. doi: 10.1007/s10439-005-1735-9

Meng, H., Tutino, V. M., Xiang, J., and Siddiqui, A. (2014). High WSS or Low WSS? Complex interactions of hemodynamics with intracranial aneurysm initiation, growth, and rupture: toward a unifying hypothesis. Am. J. Neuroradiol. 35, 1254–1262. doi: 10.3174/ajnr.A3558

Miao, H., Hu, Y.-L., Shiu, Y.-T., Yuan, S., Zhao, Y., Kaunas, R., et al. (2005). Effects of flow patterns on the localization and expression of VE-Cadherin at vascular endothelial cell junctions: in vivo and in vitro investigations. J. Vasc. Res. 42, 77–89. doi: 10.1159/000083094

Namba, T., Koike, H., Murakami, K., Aoki, M., Makino, H., Hashiya, N., et al. (2003). Angiogenesis induced by endothelial nitric oxide synthase gene through vascular endothelial growth factor expression in a rat hindlimb ischemia model. Circulation 108, 2250–2257. doi: 10.1161/01.CIR.0000093190.53478.78

Palmer, B. M., and Bizios, R. (1997). Quantitative characterization of vascular endothelial cell morphology and orientation using fourier transform analysis. J. Biomech. Eng. 119, 159–165. doi: 10.1115/1.2796075

Putra, N. K., Palar, P. S., Anzai, H., Shimoyama, K., Ohta, M. (2017). “Comparative study between different strut’s cross section shape on minimizing low wall shear stress along stent vicinity via surrogate-based optimization,” in Advances in Structural and Multidisciplinary Optimization, eds Schumacher, A., Vietor, T., Fiebig, S., Bletzinger, K. U., and Maute, K. (Cham: Springer), 2097–2109. doi: 10.1007/978-3-319-67988-4_155

Putra, N. K., Palar, P. S., Anzai, H., Shimoyama, K., and Ohta, M. (2019). Multiobjective design optimization of stent geometry with wall deformation for triangular and rectangular struts. Med. Biol. Eng. Comput. 57, 15–26. doi: 10.1007/s11517-018-1864-6

Sakamoto, N., Ohashi, T., and Sato, M. (2006). Effect of fluid shear stress on migration of vascular smooth muscle cells in cocultured model. Ann. Biomed. Eng. 34, 408–415. doi: 10.1007/s10439-005-9043-y

Song, M., and Lan, H. (2016). GW27-e1014 c-Met overexpression promote reendothelialization and inhibit neointimal formation after balloon injury. J. Am. Coll. Cardiol. 68, C36–C36. doi: 10.1016/j.jacc.2016.07.133

Songmingbao and Huanglan (2014). GW25-e0843 c-Met overexpression promote reendothelialization and inhibit neointimal formation after balloon injury. J. Am. Coll. Cardiol. 64, C82–C82. doi: 10.1016/j.jacc.2014.06.382

Usami, S., Chen, H.-H., Zhao, Y., Chien, S., and Skalak, R. (1993). Design and construction of a linear shear stress flow chamber. Ann. Biomed. Eng. 21, 77–83. doi: 10.1007/BF02368167

Vogel, M., Franke, J., Frank, W., and Schroten, H. (2007). Flow in the well: computational fluid dynamics is essential in flow chamber construction. Cytotechnology 55, 41–54. doi: 10.1007/s10616-007-9101-4

Wang, Y.-X., Xiang, C., Liu, B., Zhu, Y., Luan, Y., Liu, S.-T., et al. (2016). A multi-component parallel-plate flow chamber system for studying the effect of exercise-induced wall shear stress on endothelial cells. Biomed. Eng. Online 15:154. doi: 10.1186/s12938-016-0273-z

White Charles, R., Haidekker, M., Bao, X., and Frangos, J. A. (2001). Temporal gradients in shear, but not spatial gradients, stimulate endothelial cell proliferation. Circulation 103, 2508–2513. doi: 10.1161/01.CIR.103.20.2508

Williams, C., and Wick, T. M. (2005). Endothelial cell–smooth muscle cell co-culture in a perfusion bioreactor system. Ann. Biomed. Eng. 33, 920–928. doi: 10.1007/s10439-005-3238-0

Yoshino, D., Sakamoto, N., and Sato, M. (2017). Fluid shear stress combined with shear stress spatial gradients regulates vascular endothelial morphology. Integr. Biol. 9, 584–594. doi: 10.1039/C7IB00065K

Yue, W.-M., Liu, W., Bi, Y.-W., He, X.-P., Sun, W.-Y., Pang, X.-Y., et al. (2008). Mesenchymal stem cells differentiate into an endothelial phenotype, reduce neointimal formation, and enhance endothelial function in a rat vein grafting model. Stem Cells Dev. 17, 785–794. doi: 10.1089/scd.2007.0243

Ziegler, T., Alexander, R. W., and Nerem, R. M. (1995). An endothelial cell-smooth muscle cell co-culture model for use in the investigation of flow effects on vascular biology. Ann. Biomed. Eng. 23, 216–225. doi: 10.1007/BF02584424


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer AQ declared a past co-authorship with several of the authors HA and MO to the handling editor.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Wang, Putra, Anzai and Ohta. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fphys-12-733547-g001.jpg
outflow

7 Meshes

Upstream surface

Topside
Upstream surface

Bottom side

Side Length (SL): 0,406 mm
Gap: 3 mm





OPS/images/cross.jpg
3,

i





OPS/xhtml/nav.xhtml




Contents





		Cover



		Endothelial Cell Distribution After Flow Exposure With Two Stent Struts Placed in Different Angles



		INTRODUCTION



		MATERIALS AND METHODS



		Experiment of Flow Exposure



		Computational Fluid Dynamics Simulation







		RESULTS



		The Distributions of EC and WSS in the Gap



		The Distributions of EC and WSS in the Downstream Area



		Flow Around Struts and EC Distribution on the Strut Surfaces



		Wall Shear Stress Condition Around the Inlet Area



		Wall Shear Stress Gradient Condition at 90 and 70°







		DISCUSSION



		Limitations







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Physiology

Endothelial Cell Distribution After
Flow Exposure With Two Stent
Struts Placed in Different Angles









OPS/images/fphys-12-733547-g007.jpg
Wall shear [Pa]

Bottom plane
J, Strut, 60° I 3.0

\l/ -

e

0.0






OPS/images/fphys-12-733547-g006.jpg
Left

90 degrees

—Z 000, %,
T|I§ w%bS\
—— %

o 7/

T§ @\,obs\

—4507 s,
— R %,

WANNERNNN - 2SN
- R A A
l g t E\\\\\\\\\\* WARRREIRVRUURRRNNNNANN
B B

S R 8 A

o o™~ o i

[(ww/s||92] Aisusp (2D

100
50
0

1st-upstream 1st-downstream 2nd-upstream 2nd-downstream

v NSO
N SN SN NN\

| § | §
\\\\\\‘\\\‘\\\\\\\\\\‘.

Left ﬁ\\\\\\\\\ PN \\\\\\\\\\\\\!
ASUCEAIEAEEE SRR SUAARAEATIIIAR

NN e,

—— 0 %,
T %,

—— G %,
.,
— -,

— A+,
Il 43,
I. @S@e

s IS

NSNS R RNNNNNSSS
. .
Right &5
S

70 degrees

8 2 : 2
[(ww/s|[92] Ayisuap 19D

100
50
0

1st-upstream 1st-downstream 2nd-upstream 2nd-downstream





OPS/images/logo.jpg
, frontiers
in Physiology





OPS/images/fphys-12-733547-g008.jpg
Wall shear stress gradient

(Pa/mm)

10

J ¢ Strut






OPS/images/fphys-12-733547-g003.jpg
B 70 degrees

90 degrees

A

M\\\\\\\x §,,,§§

7

% N
& Wey a&,Q?

LI, ...
[;ww/s[22] Avisuap [13D





OPS/images/fphys-12-733547-g002.jpg
Wall shear [Pa]

b Strut \l, \l/ Strut Bottom plane
28 ‘ ‘v . 3.0
| !
| ’ 2.2
l
!{ 15
’: 0.8
i
| § ' 0.0
1 ). | 2mm
J \l/ Strut

FN
)

EC distribution, nuclei only (black), WSS distribution, Scale: 2 [mm]
Scale: 2 [mm]






OPS/images/fphys-12-733547-g005.jpg
Bottom side Top side

Red: F-actin
Blue: Nuclei
Scalebar: 0.2 mm






OPS/images/fphys-12-733547-g004.jpg
Velocity (Projection)

arrow stream midline [m s*-1]
B T 2 struts, gap: 3 [mm)], 90°
2, o, 2, o, 2,

A

-

- - -
- - - g
—— . e = f".—:‘!’

Velocity (Projection)

arrow stream midline [m s?-1]
B 25t 3, 7
% Q, %% < %
B

T N






