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Background: Among a variety of biomaterials supporting cell growth for therapeutic applications, poly (l-lactide-co-ε-caprolactone) (PLCL) has been considered as one of the most attractive scaffolds for tissue engineering owing to its superior mechanical strength, biocompatibility, and processibility. Although extensive studies have been conducted on the relationship between the microstructure of polymeric materials and their mechanical properties, the use of the fine-tuned morphology and mechanical strength of PLCL membranes in stem cell differentiation has not yet been studied.
Methods: PLCL membranes were crystallized in a combination of diverse solvent–nonsolvent mixtures, including methanol (MeOH), isopropanol (IPA), chloroform (CF), and distilled water (DW), with different solvent polarities. A PLCL membrane with high mechanical strength induced by limited pore formation was placed in a custom bioreactor mimicking the reproducible physiological microenvironment of the vascular system to promote the differentiation of mesenchymal stem cells (MSCs) into smooth muscle cells (SMCs).
Results: We developed a simple, cost-effective method for fabricating porosity-controlled PLCL membranes based on the crystallization of copolymer chains in a combination of solvents and non-solvents. We confirmed that an increase in the ratio of the non-solvent increased the chain aggregation of PLCL by slow evaporation, leading to improved mechanical properties of the PLCL membrane. Furthermore, we demonstrated that the cyclic stretching of PLCL membranes induced MSC differentiation into SMCs within 10 days of culture.
Conclusion: The combination of solvent and non-solvent casting for PLCL solidification can be used to fabricate mechanically durable polymer membranes for use as mechanosensitive scaffolds for stem cell differentiation.
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1 INTRODUCTION
The development of biocompatible polymeric materials can provide functional substitutes for native tissues and is an attractive strategy for repairing damaged or diseased tissues and organs (Obradovic et al., 2010). Engineered tissues can serve as physiologically relevant models for quantitative in vitro studies of the biological mechanisms inherent in tissue development (Altman et al., 2002). Thus, developing a reliable bioreactor system that can control the extracellular environmental conditions to precisely regulate tissue-specific cellular responses is essential. Bioreactors designed to simulate physiological conditions have been utilized to assess the quality of engineered tissue models (Mun et al., 2013). Whereas previous bioreactors, such as spinner flasks and rotator wall vessels, offer improved cell culture efficiency compared to traditional culture dish systems (Sodian et al., 2002; Shaikh et al., 2010), recently developed perfusion bioreactors further prevent contamination of culture systems by constantly refreshing the culture media (Meng et al., 2014; Teixeira et al., 2014; Zhang et al., 2014). Thus, the long-term stability of the perfusion bioreactor enables stem cell culture through additional preparation optimization.
To regulate the proliferation and differentiation of stem cells more accurately, controlling cellular physiology is important. Several studies have demonstrated that mechanical stress applied to stem cells enhances tissue regeneration because stem cell maintenance and differentiation are governed by a unique local microenvironment (Watt and Hogan, 2000; Even-Ram et al., 2006) and mechanical stimuli, and the physical setting of the external environment can directly alter cellular phenotype and functionality (Maul, Chew, Nieponice, Vorp, and mechanobiology, 2011). The bone marrow is one of the most promising sources of regenerative cells (Winer et al., 2008), and bone marrow-derived mesenchymal stem cells (BMSCs) with proliferative capabilities can be differentiated to form bones, cartilages, chondrocytes, adipocytes, and myoblasts (Friedenstein et al., 1970; Krampera et al., 2006; Chamberlain et al., 2007). As the differentiation potential of BMSCs is highly sensitive to changes in their physical environment, one of the primary goals of mechanobiological tissue engineering is to accelerate their differentiation into mature cells, ultimately enhancing the mechanical and regenerative properties of engineered tissues. For example, uniaxial cyclic stretch can promote the differentiation of BMSCs toward smooth muscle cells (SMCs) (Maul et al., 2011).
The effects of external forces, including mechanical strain, compression, and fluid shear stress, on the cellular function have long been studied not only in tissue engineering but in cardiovascular tissues, skeletal muscles, and adult stem cells (Osol, 1995; Wang and Thampatty, 2008; Sun et al., 2012). The physical conditions of an extracellular matrix, such as topography, roughness, porosity, and stiffness, are particularly important for determining the mechanical settings to which cells respond. For instance, the surface roughness and elastic modulus of a polymer membrane have been extensively studied to alter cellular responses such as proliferation and differentiation across cell types (Engler et al., 2006; Kunzler et al., 2007), without modifying its chemical composition. Moreover, because the mechanical compliance of tissue scaffolds determines the sensitivity of stem cells to tissue-level elasticity (Discher et al., 2005; Shin et al., 2008), controlling the mechanical properties of polymeric materials by substituting for the in vivo tissue matrix is a promising strategy for guiding the differentiation of BMSCs along neuronal, muscle, or bone lineages (Chowdhury et al., 2010).
Poly (l-lactide-co-ε-caprolactone) (PLCL) is an attractive polymeric material for use in tissue substitutes because of its mechanical durability as well as biocompatibility. (Shin et al., 2008; Mun et al., 2012; Mun et al., 2013). Recent studies have shown that biodegradable polymer films, including PLCL, poly (l-lactic acid) (PLLA), and poly (glycolic acid) (PGA), have been developed by solvent-casting technique (Sachlos and Czernuszka, 2003), where controlling the phase separation rate can determine the microstructure of the membrane (Diban and Stamatialis, 2011), which further differs in stem cell differentiation (Richardson et al., 2006).
Herein, we demonstrate a cost-effective and robust method for the fabrication of PLCL membranes via the crystallization of PLCL copolymer chains in a combination of solvents and non-solvents. The crystallization behavior of the PLCL copolymer was driven by the dissolution of the solute in the solvents, enabling changes in the porosity of the PLCL membranes. We showed that the degree of crystallization of the solvent-nonsolvent mixture determines the mechanical properties of PLCL membranes. Using our mechanically stable PLCL membranes to induce physical stimuli in BMSCs, we demonstrated that cyclic stretching could differentiate BMSCs into smooth muscle cells (SMCs) in a custom-made microfluidic system.
2 MATERIALS AND METHODS
2.1 PLCL matrix preparation
The co-polymerization of PLCL was performed as described previously (Kim S. H. et al., 2015). Briefly, PLCL (50:50) was polymerized in a 100-mL glass ampule containing L-lactide (100 mmol) and e-caprolactone (100 mmol) at 150°C for 24 h in the presence of 1,6-hexanediol (0.5 mmol) and stannous octoate (1 mmol) as a catalyst. The ampule was sealed under vacuum after being purged three times with nitrogen at 90°C and heated to 170°C for 24 h with stirring in an oil bath. After the reaction, the obtained polymer was dissolved in chloroform and filtered through a 4.5 mm pore membrane filter. The polymer was precipitated in excess methanol, filtered, and dried under vacuum. Initially, PLCL was well-dispersed in chloroform (CF). A 1-mL PLCL solution was injected into a 20 mL coagulation bath that consisted of six types: methanol, methanol/CF (3:1), methanol/distilled water (DW) (3:1), isopropanol (IPA), IPA/DW (3:1), and IPA/CF (3:1). The solid structure of PLCL could be distinguished by its white color as the polymer chain aggregation saturated. The resulting product was washed with methanol to dehydrate residual water.
2.2 Microchip fabrication
Microfluidic chips were fabricated using an SU-8 photoresist-patterned silicon wafer as a mold, as previously described (Lee G. et al., 2017; Lee G. H. et al., 2017). Briefly, the polydimethylsiloxane (PDMS) pre-polymer and cross-linker (Sylgard 184, Dow Corning) were mixed in a 10:1 ratio, poured onto a mold, and cured at 80°C for 2 h. The PDMS substrates and PLCL matrix were then bonded together using oxygen plasma treatment. The device consists of two microchambers separated by a flexible PLCL matrix. The microfluidic chip consisted of three layers: i) cell culture chamber (upper layer), ii) flexible PLCL matrix for transmitting stretch, and iii) actuation chamber for controlling the stretch. The prepared devices were heated in an oven at 80°C for 1 day to recover their hydrophobic surface properties.
2.3 Cell culture
BMSCs were purchased from ATCC and cultured in a medium containing alpha-MEM (Gibco-BRL-Invitrogen), supplemented with penicillin (100 U/mL), streptomycin (100 μg/mL), 1 mM sodium pyruvate (Gibco-BRL, CA, United States), and 10% FBS (Gibco). BMSCs were cultured in a humidified atmosphere containing 5% CO2 and 95% air at 37°C. BMSCs, passage seven to nine, were seeded on the fibronectin-coated (10 μg/mL) PLCL matrix at a concentration of 2,500 cells per matrix in a volume of 100 μL for differentiation and 5,000 cells per matrix in a volume of 100 μL for proliferation and incubated overnight to allow attachment to the PLCL substrate. The cell culture medium in the chamber was refreshed every day for 10 days. Strain was applied gradually on the PLCL matrix to allow the cells to orient: no strain on days 1 and 2, 3% strain on day 3; 5% strain on day 4; 7% strain on day 5; 10% strain on day 6; and 15% strain on days 7–10. For the SMC positive control, BMSCs were cultured with the differentiation media (alpha-MEM with 5 ng/mL TGFβ-1) for 8 days.
2.4 Dynamic bioreactor system
The bioreactor was designed as a closed-loop perfusion system providing a mechanical environment for BMSC culture under dynamic conditions. The bioreactor consists of three parts: a custom-designed push/pull syringe pump (control box), microfluidic cell culture chamber, and osmotic pump. A custom-made bioreactor system was developed to deliver constant physical stimulation by controlling the reciprocating motion of a 1 mL syringe. The bioreactor comprises a linear servo actuator (PoteNit, LSA-3024SD), I/O control button, and microcontroller (Atmel, Atmega128). A pressure sensor (Autonics, PSB-01C) was used to measure pressure on the PLCL membrane. Pressure fluctuation data were acquired in real time using custom-programmed LabVIEW with a DAQ board (USB-6009). Steady or pulsatile flow was generated by the bioreactor over the range of 0.5–2.6 uL/min to apply 3%–15% strain on the PLCL membrane in the fluidic chip.
2.5 Characterization of the PLCL matrix
The morphologies of the matrix considering non-solubility were analyzed using scanning electron microscopy (SEM; Hitachi). The mechanical properties according to different non-solvent compositions were analyzed using a unidirectional tensile machine (UTM).
2.6 Cell proliferation assay
The cell counting kit (CCK) assay (Dojindo) was used to investigate the adherence and proliferation of BMSCs on the PLCL matrix. The cells were seeded on the PLCL matrix without stimulation for 2 days and incubated for 8 days under shear stress or stretching. Then, 10 μL of CCK solution was added to each well, followed by 1 h of incubation. Its optical density was measured using a plate reader (Synergy H4 Microplate Reader, Biotek).
2.7 Immunostaining
The PLCL matrices were fixed in 4% paraformaldehyde (Sigma-Aldrich) for 1 h. After rinsing in phosphate-buffered saline (PBS), the samples were immersed in 1% Triton X-100 (Sigma-Aldrich) prior to permeabilization for 20 min, followed by washing with 0.1% bovine serum albumin/phosphate buffered saline solution (BSA/PBS). The samples were blocked for 30 min at room temperature with 3% BSA/PBS and washed again with 0.1% BSA/PBS. Subsequently, the samples were incubated in a 1:200 dilution of rabbit anti-α-smooth muscle actin overnight at 4°C. After another series of washes in 0.1% BSA/PBS, the cells were incubated for 2 h with a 1:1000 dilution of Alexa Fluor 599. The samples were stained with DAPI and observed under a fluorescence microscope (Olympus, Tokyo, Japan).
2.8 Shear stress calculation
The velocity field was calculated using computational fluid dynamics simulations on COMSOL. The fluid flow is described by the incompressible Navier-Stokes equation:
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where ρ is density, u is velocity, μ is viscosity, and p is pressure.
2.9 Cell alignment analysis
To quantify cell alignment, fluorescence images of actin-labelled cells stained with phalloidin were taken from three biological replicates for each condition and analyzed using the Orientation J plugin in the ImageJ software. The degree of cell orientation was determined by comparison with the longitudinal axis of the nucleus. More than 50 cells were analyzed per condition.
2.10 Porosity measurement
The PLCL membrane was cut into 1 × 1 cm pieces for high-resolution imaging using a scanning electron microscope (JSM-6701F, JEOL Ltd.). The images were then imported into the ImageJ software to determine the porosity of the PLCL membranes, which was quantified by analyzing the void spaces and pores present in the region of interest by adjusting the threshold.
2.11 RNA extraction and quantitative polymerase chain reaction (qPCR) analysis
To assess the differentiation of mesenchymal stem cells (MSCs) into smooth muscle cells (SMCs), the cells were collected and their RNA was isolated using an RNeasy Kit (Qiagen) in accordance with the manufacturer’s guidelines. Subsequently, quantitative polymerase chain reaction (qPCR) was performed utilizing iTaq-SYBR Green (Bio-Rad) and primers (Integrated DNA Technologies) with the CFX 384 Touch Real-Time PCR detection system (Bio-Rad). The following primers were used: ACTA2 (F: CCAGAGCCATTGTCACACAC/R: CAG​CCA​AGC​ACT​GTC​AGG), CNN1 (F: GCATGTCCTCTGCTCACTTCAA/R: GGG​CCA​GCT​TGT​TCT​TAA​CCT), and GAPDH (F: GCACCGTCAAGGCTGAGAAC/R: TGG​TGA​AGA​CGC​CAG​TGG​A). GAPDH mRNA levels served as a reference for normalizing the qPCR data.
2.12 Statistical analysis
All statistical analyses were performed using the GraphPad Prism software (GraphPad Software). Significance was assessed using the Student’s t-test for comparing two groups and one-way ANOVA for comparing more than two groups with an assumed Gaussian distribution and equal variances. All experiments were independently repeated at least three times, unless otherwise specified.
3 RESULTS
3.1 Development of microfluidic device for MSC differentiation on PLCL membrane
Vascular support is critical for the survival and functional maintenance of cells and tissues. MSCs, one of the major seed cells for tissue engineering (Tuan et al., 2002), differentiate into SMCs to recover from tissue injury (Figure 1A). Because mechanical stimuli accelerates the proliferation of diverse stem cells (Delaine-Smith and Reilly, 2012; Potter et al., 2014; Sun et al., 2022), and continuous contraction and relaxation of muscular wall in the blood vessel represent extracellular physical cues (Webb, 2003), we synthesized a highly flexible PLCL copolymer membrane (Figure 1B). To further mimic the unique cyclic stress during vasoconstriction and vasodilation, we designed a novel microfluidic device comprising three layers: i) a top PDMS layer to mimic the interstitial flow to the cell, ii) synthesized PLCL membrane for the highly stretchable cell culture substrate, and iii) bottom PDMS layer to stretch the deformable membrane under cyclic fluidic pressure (Figure 1C).
[image: Figure 1]FIGURE 1 | Schematic of PLCL membrane stretching system to mimic in vivo mesenchymal stem cells differentiation into smooth muscle cell. (A) Schematic of vascular structure during vasoconstriction and vasodilation. (B) Schematic diagram of PLCL copolymer synthesis. (C) Microfluidic device comprising three components including top layer for application of interstitial flow, interlayer of PLCL membrane for cell-adherent deformable substrate, and bottom layer for membrane stretching. Schematics of static (D) and stretched (E) PLCL membranes culturing MSCs in the microfluidic device. (F) Images of sectional and top views of a designed microfluidic device, where the top and bottom chambers are visualized with red and blue dyes, respectively.
The separation of the top and bottom layers by the PLCL membrane enabled the switch of cells between mechanically unstressed static conditions (Figure 1D) and mechanically stressed membrane-stretched conditions (Figure 1E) by controlling the fluid pressure in the bottom layer. The maintenance of complete separation between the upper and lower chambers with a PLCL membrane was confirmed by differently colored dyes (Figure 1F), and switching between static and stretch conditions by changing the fluid pressure in the bottom layer did not result in the mixing of colored dyes in each chamber. Moreover, because the top chamber is connected to the media reservoir and an osmotic pump to mimic interstitial flow, our newly designed device enables the simultaneous application of membrane stretching and interstitial fluid to MSCs cultured on PLCL membranes.
A computational simulation of the fluid shear stress further confirmed that the strain generated the highest shear stress, whereas the flow mimicking the interstitial flow barely generated shear stress in our microfluidic device system (Fig. S1).
3.2 Characterization of bioreactor for stretching system
To further develop a cost-effective and miniaturized bioreactor to promote the differentiation of MSCs into SMCs in a physiological microenvironment-mimicking microfluidic device, we connected the PLCL membrane-containing microfluidic device to the media reservoir and outlet, enabling long-term cell culture without manually changing the media, and a conventional 1 mL syringe mounted on a control box, enabling cyclic stretching of the PLCL membrane (Figure 2A). Because the reciprocating movement of the mounted syringe generated cyclic stretching of the PLCL membrane by varying the syringe-induced fluid pressure, we connected the bottom layer to a pressure sensor to measure the fluid pressure in the bottom chamber, which was fully monitored using a DAQ board (Figure 2B and Supplementary Figure S2).
[image: Figure 2]FIGURE 2 | Custom-made microfluidic system to apply mechanical stimuli to the cultured cells. (A) Schematic view of a custom-made bioreactor to mimic the physiological stimuli. The microfluidic device is connected to a syringe pump to stretch the membrane and a media reservoir to mimic interstitial flow. (B) Workflow of controlling system to regulate membrane stretch and pressure measurement in the microfluidic device. (C–D) Time-lapse monitoring of membrane stretching. Differential pressure changes in the bottom layer of the microfluidic device indicate that membrane stretch is precisely controlled by changing injected fluid volumes (C) and injection frequency (D). (E) Injected fluid volume dependent strain rate of the PLCL membrane.
As expected, the pressure changed proportionally with the injected fluid volume (Figure 2C), which was further confirmed by performing the same experiments at different frequencies of cyclic movement, where the peak-to-peak distances were constant for each frequency (Figure 2D). Therefore, by capturing the side view of the PLCL membranes that changed in response to differential changes in fluid pressure, we showed that the strain level was proportional to the injected volume in the bottom chamber (Figure 2E and Supplementary Video S1). These results indicate that our custom-made bioreactor system with an integrated PLCL membrane-embedded microfluidic device can precisely control the application of mechanical stimuli to membrane-adherent cells.
3.3 Solvent-dependent crystallization of PLCL chain
The mechanical properties of diverse polymeric materials can be tuned precisely by modifying their microstructures (Yan et al., 2016). Whereas crystallization is induced by the difference in the melting temperature (Tm) of polymer components, leading to imperfect crystallization of each unit block (Sarasua et al., 1998), has been considered a robust and cost-effective method to improve the mechanical properties of copolymers (He and Xu, 2012), the crystallization of certain copolymers, such as PLCL, occurs simultaneously at a similar Tm (Fernández et al., 2012). Accordingly, the crystallization-dependent morphological alteration of the polymer membrane can be controlled by other factors such as the solvent, molecular weight, and polymer ratio (Saha et al., 2006). In this study, we tested whether pairing a solvent and non-solvent could alter the microstructure of PLCL membranes that could be utilized in our mechanical stimuli-induced stem cell differentiation bioreactor system.
We used methanol (MeOH) and isopropanol (IPA) and their pairs of chloroform (CF) and distilled water (DW) as non-solvent mixtures to crystallize the PLCL membranes (Figure 3). Top-down SEM images showed that the addition of CF led to a more porous microstructure than the PLCL membranes prepared using MeOH or IPA only, but mixing with DW largely suppressed the formation of the porous microstructure (Figure 3A). Because IPA has a solvent polarity index similar to that of MeOH (Razali et al., 2017) and the pore formation of the copolymer depends on the evaporation speed of the solvent (Phillip et al., 2010), the slowest evaporation of DW among the non-solvents could allow the complete phase separation of PLCL copolymers from the solvent mixture. The microstructure and morphology of copolymers such as separated phases and porosity are determined by the solvent evaporation and the lowest evaporation rate of DW among the nonsolvent could induce clear phase separation of PLCL from the original solvent. To determine if aggregated microstructures of the PLCL matrix are formed by the differential crystallization in response to diverse combinations of solvent and nonsolvent, we applied differential scanning calorimetry, where we noted that the PLCL copolymers exhibited a Tm (Supplementary Figure S3), which confirmed the formation of semi-crystalline structure of the PLCL copolymers. Thus, consistent with previous data (Figure 3A), the quantification of pores formed in the solvent-specific PLCL membranes revealed that adding DW to MeOH or IPA significantly reduced the number and size of pores, whereas CF inversely affected the formation of pores (Figure 3B).
[image: Figure 3]FIGURE 3 | Crystallization-dependent differential microstructure of PLCL membranes. (A) Representative SEM micrographs of solidified PLCL membranes using methanol (MeOH), MeOH/chloroform (CF), MeOH/distilled water (DW), isopropanol (IPA), IPA/CF, and IPA/DW. (B) Distribution of pores in PLCL membranes crystallized by diverse non-solvent conditions. The pore is minimally detected in PLCL membranes solidified by DW-mixed solvents (MeOH/DW and IPA/DW).
These results imply that varying the combination of solvent and non-solvent can affect the mechanical properties of PLCL membranes by altering their microstructures.
3.4 Mechanical characterization of PLCL membrane different solvents
Because stem cell differentiation is highly mechanosensitive (Rammensee et al., 2017) and the formation of pores can alter the mechanical properties of membranes (Oh et al., 2010), we measured the tensile strain and tensile strength of the PLCL membranes prepared using different solvent-nonsolvent pairs using a universal tensile testing machine (Figure 4). The PLCL membrane with lower porosity, that is, the one crystallized by MeOH/DW or IPA/DW, exhibited higher tensile strain and tensile strength than the porous membrane prepared by MeOH or IPA alone. The addition of CF significantly reduced the mechanical strength (Figures 4A–C). Specifically, MeOH/CF induced the lowest elongation at the breaking point (111% ± 9.0%) and tensile strength (0.20 ± 0.01 MPa), and the highest elongation at the breaking point matrix (1200% ± 65.9%) and tensile strength (2.76 ± 0.18 MPa) in the IPA/DW (Figures 4A, B).
[image: Figure 4]FIGURE 4 | Characterization of mechanical properties of PLCL membranes prepared by different solvents. Tensile strain (A), tensile strength (B), and elastic modulus (C) of PLCL membranes crystallized by diverse non-solvents and their mixture. PLCL membranes solidified by DW-mixed solvents (MeOH/DW and IPA/DW) show relatively enhanced mechanical properties and the highest tensile strain and strength are detected in PLCL membranes crystallized by IPA/DW (green). Error bars indicated S.E.M., 1-way ANOVA using Tukey’s test was applied (**: p < 0.005; ***: p < 0.001; n = 3).
These results indicate that the mechanical properties of PLCL membranes can be determined by varying the combination of solvents and non-solvents during the crystallization process. Moreover, wide angle X-ray diffraction analysis (WAXD) showed that all PLCL membranes displayed similar primary peak levels (2θ = 19.4°) (Supplementary Figure S4). This result further indicated that the PLCL membranes maintained a similar degree of crystallinity regardless of the solvent conditions. These results suggest that the PLCL membranes crystallized using IPA/DW are the most durable polymeric materials for use in bioreactors aimed at mechanical stimuli-induced stem cell differentiation.
3.5 Mechanical stretch induced BMSC differentiation into smooth muscle cells
BMSCs can differentiate into SMCs in response to cyclic stretching (Choi et al., 2007; Ghazanfari, Tafazzoli-Shadpour, Shokrgozar, and communications, 2009). To assess the feasibility of stem cell differentiation using our stretchable PLCL membrane-equipped bioreactor system, we applied three different physical cues to the BMSCs cultured in our microfluidic device: i) no cues, ii) interstitial flow, and iii) strain, specifically mimicking the in vivo physiological conditions. Interstitial flow was enabled by an osmotic pump connected to the upper chamber (Figure 2A) (J. Y. Park et al., 2007), and matrix strain was induced using the most durable PLCL membrane crystallized from the IPA/DW solvent mixture, where the fluid pressure applied to the bottom layer of the microfluidic device induced cell strain (Figures 1, 2).
Immunofluorescence analysis marking α-smooth muscle actin (αSMA) implies a mechanical stimuli-dependent differential differentiation of BSMC to SMC (Figures 5A–C), where we noted the strain condition was most effective route for the differentiation (Figure 5C) compared to positive control differentiated by growth factor (Figure 5D). We observed that BMSCs cultured in PLCL membranes were highly aligned, which is consistent with SMCs in vivo, showing cell alignment along the direction of muscle contraction (Huycke et al., 2019), whereas those cultured in the control substrate without strain cues were not (Figure 5E and Supplementary Figure S5). We further noted that 8 days of mechanical stimulation induced higher expression of αSMA (Figure 5F) and mRNA levels of ACTA2 and CNN1 (Figure 5G), commonly referred to as αSMA and calponin, respectively. Thus, SMC differentiation from BMSC and their proliferation significantly increased in response to cyclic stretching of the PLCL membrane (Figure 5H), which further indicated that stretch-induced mechanotransduction activated downstream pathways of cell proliferation. These results demonstrate that cyclic stretching enhances MSC differentiation into the SMC, followed by the promotion of cell proliferation.
[image: Figure 5]FIGURE 5 | Mechanical stretch induces BMSC alignment and differentiation into SMCs on PLCL membrane. (A–E) Mechanical stress-induced morphological alteration. Immuno-stained BMSCs marking cell nucleus (DAPI, blue) and αSMA (red) were cultured on the PLCL membrane without mechanical stress (control, (A), and with interstitial flow (B) or strain (C) or growth factor (D) for 8 days. Assessment of mechanical stimuli-dependent differentiation of BMSC indicates that strain induces highly aligned cell morphology (E). (F–H) Quantitative analysis of mechanical stimuli-induced cell differentiation in PLCL membranes solidified by DW-mixed solvent (IPA/DW). Quantitative analysis of immunofluorescence microscopy (F) and qPCR (G) indicate higher differentiation into smooth muscle cells in the strain group. Stretch-induced enhanced proliferation of SMCs were determined by the CCK assay after 10 days of the experiment (H). Error bars indicated S.E.M., 1-way ANOVA using Tukey’s test was applied (NS: not significant; *: p < 0.01; **: p < 0.005; ***: p < 0.001).
4 DISCUSSIONS
Biomaterials have been extensively studied in tissue engineering owing to their high demand in medical applications (Kon et al., 2011; Kantak and Bharate, 2021). Scaffolds are polymers, hydrogels, or ceramics, depending on the target application. Among these, polymers have gained attention because of their potential applications in tissue engineering and biomedicine. PLCL has unique properties, such as biodegradability, biocompatibility, controllable mechanical strength, and extreme flexibility (Jeong et al., 2004). Hence, PLCL has been actively investigated for the soft tissue engineering of blood vessels (vasoconstriction and vasodilation), tendons, ligaments, and smooth muscles (J. Lee et al., 2010; Zhu et al., 2018). Thus, we used PLCL as a scaffold and proposed a simple method for fabricating a porosity-controlled PLCL matrix based on the crystallization of copolymer chains in a combination of solvents and non-solvents. In this case, crystallization-related morphological control is primarily dominated by other factors such as the solvent, molecular weight, and polymer ratio. We used solvents with or without different non-solvents to control the morphology or porosity of PLCL by varying the evaporation rate.
The porosity of scaffolds plays a critical role in determining their applications and functions. Porous scaffolds can be used as supports for three-dimensional tissue regeneration, gas or drug storage, and filters (D. Wu et al., 2012). We demonstrated that an increased ratio of non-solvents resulted in increased chain aggregation of PLCL, which led to lower porosity and improved mechanical properties. Solvent polarity is related to the capacity to solvate other charged polar substances (Katritzky et al., 2004). Thus, solvent polarity plays a critical role in solubility (i.e., the solubility of a polar solute in a polar solvent). Among the solvents tested, MeOH/DW was the most polar solvent relative to MeOH and MeOH/CF., whereas the rapid evaporation of CF induced an unstable jet, which led to an irreproducible PLCL matrix. These factors determine the morphology and mechanical properties of the PLCL matrices.
Increasing evidence suggests that biophysical cues can improve MSC differentiation (Kim S. Y. et al., 2015; Andalib et al., 2016). One well-known method for this application is controlling the stiffness of the cell substrate because lineage-specific microenvironment stiffness drives MSC differentiation (D. A. Lee et al., 2011). Another promising biophysical cue for inducing MSC differentiation is the application of mechanical forces. For MSC differentiation, we used a PLCL matrix crystallized with IPA/DW, which showed the lowest porosity and mechanical properties.
Our system offers a notable advantage in terms of cost-effectiveness compared with the previously mentioned studies. Traditional approaches have often utilized differentiation media containing relatively expensive components such as growth factors (J. S. Park et al., 2011; Vater et al., 2011). Although some groups have employed stretched models to induce mechanical strain (Jiang et al., 2016; J; Wu et al., 2018), such systems require expensive electrical equipment. In contrast, our study introduced an inexpensive, custom-made strain system, demonstrating a cost-efficient approach. Using an effective mechanical strain application setup, we demonstrated the differentiation of MSCs into SMCs in standard culture media. Thus, this approach not only reduces the financial burden associated with specialized media but also eliminates the need for expensive stretching devices. Cyclic stretching was repeated on the MSCs for 8 days using a custom-made bioreactor system. Owing to the limited size of the membrane where cells are exposed to mechanical strain, high-throughput and large-scale industrial applications remain challenging. In line with previous studies, our results demonstrated that cyclic stretching induces greater differentiation into SMCs and higher proliferation of MSCs (Ghazanfari et al., 2009; Morioka et al., 2011), which further supports the use of our bioreactor system for stem cell-based vessel regeneration.
5 CONCLUSION
We demonstrated a robust method for fabricating a porosity-controlled PLCL membrane using a combination of solvents and non-solvents. We confirmed that the increased chain aggregation of PLCL using IPA/DW led to a mechanically stable PLCL membrane with nonporous morphology. To mimic a highly dynamic vascular wall exposed to continuous compression and expansion, we designed a PLCL membrane-equipped microfluidic device that could fine-tune the mechanical stimuli applied to the cells. Our custom-made microfluidic bioreactor system can recapitulate stretch-induced stem cell differentiation into SMCs. This study provides a critical design concept for optimizing the microstructure of polymeric scaffolds for tissue regeneration.
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