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The exploration of the next-generation small diameter vascular grafts (SDVGs) will never stop until they possess high biocompatibility and patency comparable to autologous native blood vessels. Integrating biocompatible electrospinning (ES) matrices with highly bioactive stem cells (SCs) provides a rational and promising solution. ES is a simple, fast, flexible and universal technology to prepare extracellular matrix-like fibrous scaffolds in large scale, while SCs are valuable, multifunctional and favorable seed cells with special characteristics for the emerging field of cell therapy and regenerative medicine. Both ES matrices and SCs are advanced resources with medical application prospects, and the combination may share their advantages to drive the overcoming of the long-lasting hurdles in SDVG field. In this review, the advances on SDVGs based on ES matrices and SCs (including pluripotent SCs, multipotent SCs, and unipotent SCs) are sorted out, and current challenges and future prospects are discussed.
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1 INTRODUCTION
1.1 Small-diameter vascular grafts: a demanding clinical need
In recent years, due to the continuous acceleration of population aging and urbanization, the people suffering cardiovascular diseases (CVDs) worldwide boost rapidly, which have become the primary cause of death all over the world (Shi et al., 2022). Among CVDs, end-stage severe obstructive ones such as coronary heart disease and severe lower limb ischemia, are very risky, but their preferred treatment, the vascular transplantation, is largely restricted by lacking enough available small diameter vascular grafts (SDVGs, inner diameter≤6 mm) (Wei et al., 2022). At present, autologous blood vessels (the most popularly used ones include great saphenous veins, internal mammary arteries, and radial arteries) are considered the gold standard graft for vascular transplantation due to their high biocompatibility with patients and high long-term patency rate after transplantation. However, invasive acquisition of these autologous vessels would lead to significant damage and complications for the patients and more importantly, due to the patients’ health conditions and/or vascular damages, around one-third of the patients’ autologous vessels are difficult to obtain (Seifu et al., 2013). Considering the large population of patients over the world, the quantity gap for SDVGs is a critical problem, and therefore it is urgent to develop SDVG suitable for clinical transplantation. At present, large-diameter vascular grafts (inner diameter>6 mm) based on synthetic materials such as expanded polytetrafluoroethylene, polyester, and natural silk have been successfully applied in clinical practice (e.g., in aortic replacement). However, SDVGs prepared by the aforementioned materials face the challenge of acute thrombosis, lumen narrowing, and intimal hyperplasia (IH) after transplantation, because of their narrow caliber, slow flow rate, and complex local blood flow environment. Hence, clinically available SDVGs have not been achieved.
1.2 Electrospinning: a favorable preparation method for SDVGs
The existing preparation methods for SDVGs mainly include: decellularization, dipping/leaching, coagulation, layer-by-layer self-assembly, three-dimensional (3D) printing, electrospinning (ES), and so forth. The basic principle of the decellularization method is using physical methods or ionic solvents to efficiently rid out of the cells from the extracellular matrix (ECM), while retaining the main components of the ECM with biological activities as much as possible. However, the process is rather complex, which would inevitably destroy the integrity of the ECM and leave certain immunogenic substances, thus affecting the overall performance of the scaffold material (Li et al., 2023; Shu et al., 2024). The dipping/leaching method and the coagulation method are similar in principle, which is to dip and dry the mold repeatedly in the raw material solution or carry out coagulation bath to form the basic molding. Both methods could control the internal diameter, wall thickness, density, pore size, porosity and other size related parameters of the scaffold in some extent and have relatively simple operating steps, but they are difficult to accurately obtain the two-dimensional and 3D micro/nano structures, so they need to be combined with other methods to complete the micro/nano scale processing. Layer by layer assembly method is to form integral 3D tubular structures through multi-layer superposition of basic materials. Its advantages are simple preparation and flexible design of adhesive cells and molecules in each layer, but the junction between layers may be not tight and prone to cracks, affecting the performance of the scaffold (Wang et al., 2016). 3D printing (also known as additive manufacturing) is a new technology that displays the 3D shape through tomography and computer simulation, and then reconstructs the shape by bioink materials (Chen et al., 2024). However, the harsh conditions of SDVGs make the material requirements of 3D printing for this application very high, and the high costs for biological 3D printing equipments to control the micro/nano structure limit the application of this technology in SDVGs as well.
In contrast, ES method can avoid most of the problems of the above methods, since there are its several specific benefits. Firstly, the ES equipment and operation is simple. A typical ES device is only composed of a high-voltage generator, a syringe, a flat needle, and a conductive collector (Figure 1). The device supplies solution through the spinneret and applies high pressure to the tip, so that the charged solution accumulates electrostatic repulsion, and ejects fine fiber flow from the tip of the flat needle. Conductive collectors (collector plates or rods) with opposite charges or grounding adsorb these continuous fibers and make them overlap one another to form a highly porous network. By modifying variables such as the distance between the pin and the collector, the applied voltage, or the solution flow rate, researchers can facilely change the overall structure of the scaffold. Secondly, ES technology is flexible and universal. It can rapidly prepare a variety of natural or synthetic polymers in large scale, and has become a common method for scaffold preparation in many laboratories and even commercial companies (Huang et al., 2022). The natrual polymers used in SDVGs contain gelatin, collagen, silk fibroin, chitosan, hyaluronic acid, etc. The synthetic ones include polycaprolactone (PCL), polyurethane (PU), poly (lactide) (PLA), polyglycolic acid (PGA), poly (glyceryl carbate) (PGS), poly (lactide-co-caprolactone) (PLCL), poly (lactic-co-glycolic acid) (PLGA), polyvinyl acetate (PVA), etc. To acquire better mechanical, biocampatible or regenerative properties, these polymers could be combined in proper ratios and/or forms. Thirdly, the ES fibers are ECM-mimicking. In the field of biomedicine, most tissues and organs in the human body are similar to nano-/micro-fibers in microstructure. The ES fibers can simulate the natural structure and biological function of ECM and can be easily modified by bioactive molecules, so it is possible to repair and regenerate tissues and organs using these micro-/nano-fibers. Many ES materials also have good biocompatibility and biodegradability with large specific surface area, high porosity, and other excellent characteristics. Therefore, ES technology has attracted accumulating attention of researchers in the biomedical field and has been widely used in tissue engineering and other related aspects.
[image: Figure 1]FIGURE 1 | Compositions and merits of ES/SC SDVGs. The ES device is normally composed of a high-voltage generator, a syringe, a flat needle, and a conductive collector, which produces fibrous scaffolds facilely. The SCs applied in ES SDVGs contain pluripotent SCs, multipotent SCs, and unipotent SCs (with pluripotency in a descending order) and some preparations derived from them including the differentiated cells, the gene-editted cells, the cell spheroids, the extracellular vesicles, etc. The ES scaffolds provide biocampatible substrates for the SDVGs, which could realize flexible modification, refine cell survival environment, improve the mechanical property of the graft, promote vascular differention of the SCs, accelarate cell ingrowth, recruit host healing cells, increase ECM deposition, etc. The SCs provide valuable seed cells for the SDVGs, which could reduce inflammation, reduce intimal hyperplasia formation, anti-microbe, resist thrombosis formation, increase pro-regenerative biofactors and NO gas production, improve angiogenesis, etc. Some of the merits of ES scaffolds and SCs are overlapped. These merits make the ES/SC SDVGs higer patency, less stenosis and better regeneration outcome.
1.3 Stem cells loaded ES SDVGs: unique advantages
According to whether cells are introduced during preparation, SDVGs are divided into traditional tissue-engineered ones with cell modification and “in-vivo tissue-engineered” ones without cell modification (that is, the integration and regeneration of SDVGs are completed by using the natural physiological reaction within the organism). Due to the loaded cells with physiological activities, the cell-modifying SDVGs are expected to maintain or even enhance their anticoagulation and regeneration performance over time (La and Tranquillo, 2018; Fayon et al., 2021). Since the first cell cell-modifying SDVG was established by Weinberg and Bell in 1986, such VGs had experienced intensively improvement (Fayon et al., 2021). The focus of these VGs is rapid formation of confluent endothelial layer because it is recognised the crucial impact of this layer on thrombosis resistance. The mechanism involves that the endothelial layer is able to secret anti-coagulation sustances such as nitric oxide (NO), prostacyclin, plasminogen activator, glycosaminoglycans, etc. It is known that there are three elements for cell-modifying VGs: the scaffolds, the seed cells, and the signal molecules. The scaffolds provide the mechanical support for confining the blood flow and the backbone for cell attachment. The signal molecules, which mostly incorporated into or modified on the surface of the scaffolds, provide pro-regenerative cues for the VGs. The role of the seed cells loaded on the signal molecules-containing scaffolds is to participate into the structure of the VGs or to attract other regenerative cells into the VGs. Therefore, the selection of proper scaffolds, seed cells and signal molecules is determinant for cell-modifying SDVG design.
As previously mentioned, ES fibrous scaffolds are suitable for SDVGs. They can also be easily further empowered by adding pro-regenerative signal molecules. On the other hand, selecting suitable seed cells is another key step in SDVG construction. There is a wide range of sources for seed cells. Compared with mature somatic cells, stem cells (SCs) featuring the potential of self-renewal and directional differentiation tend to have better regeneration potential. These characteristics provide a good basis for SCs as seed cells for SDVGs. In recent years, SDVGs constructed by ES matrices plus SCs have been reported to have good regeneration outcome, showing its potential as a new generation of SDVGs. These SDVGs typically blend merits of both ES matrices and SCs, which are generally recognized as having unique advantages. This review will summarize the research progress on SDVGs that blend ES matrices and different kinds of SCs (in line with the differentiation potential of SCs from high to low in turn: pluripotent stem cells, multipotent stem cells, and unipotent stem cells) together with SC-derived preparations (such as the differentiated cells, the gene-editted cells, the cell spheroids, and the extracellular vesicles) (Figure 1), and analyze the challenges and prospect the future directions of electrospining matrix/stem cell blending SDVGs (ES/SC SDVGs).
2 PLURIPOTENT STEM CELLS IN ES/SC SDVGS
Pluripotent stem cells (PSCs) are a kind of cell holding the ability to proliferate indefinitely and differentiate into all types of in-body cells. According to the sources, PSCs include embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs). ESCs are isolated from early embryos or primordial gonads, while iPSCs are established by reprogramming somatic cells by importing specific exogenous genes or treating with a delicate set of chemical molecules, rendering them have similar properties to ESCs. PSCs are valuable cell sources for vascular and other tissue engineering for they are really abundant in sources and plastic to differentiate into multiple target cells, and what’s more for the iPSCs, they also effectively avoids immune rejection and ethical issues belonging to ESCs when implanted into homogenic hosts. It has been reported that ESCs and iPSCs can be effectively induced to differentiate into vascular endothelial cells (ECs) and smooth muscle cells (SMCs) in a suitable environment both in vivo and in vitro (Yamamoto et al., 2005; Ji et al., 2023). A number of reports have demonstrated the feasibility of PSCs in SDVGs (Ji et al., 2023). It noted that to avoid the tumorigenicity and differentiatial uncertainty, PSCs are mostly not directly implanted into the VGs, but instead its further differentiated cells.
First of all, the performance of ES SDVGs may be improved by PSC-derived cells. Tang et al. constructed ES PCL randomly distributed fiber meshes with different mass denstiy (37.7 ± 16.3, 103.8 ± 16.3, 198.2 ± 40.0, and 471.8 ± 32.7 μg/cm2, respectively) and found the second mesh was most conductive to a variety of behaviors of human iPSC-derived MSCs (iMSCs) seeded on it, including cell adhesion, spreading, migration, contraction, proliferation, collagen secretion, actin polymerazation, as well as Yes-associated protein (YAP) nuclear import and the following transcriptional regulation. These results illustrated the link between the cell behavior and the ES mesh density, laying a foundation for vascular regeneration applications (Tang et al., 2020). Wu et al. co-cultured human umbilic vein endothelial cells (HUVECs) with iMSCs on PCL ES meshes with aligned or randomly distributed fibers. Micro vessels formed well on both meshes and the vessels on the former were also distributed along the fibers in an aligned manner. These properties provided multiple choices for the construction of pre-vascularized SDVGs (Wu et al., 2017). The graft exhibited great cell viability and compatibility, suggesting a potentially available VG for application. Li et al. applied a novel seed cell source, iPSC-derived neural crest stem cells (NCSCs) (iNCSCs), on the lumen of the ES poly (lactide) (PLA) tubular scaffolds with different stiffnesses to construct the SDVG (Figure 2) (Li et al., 2020) Compared with the soft matrix, the hard matrix drove iNCSCs to differentiate into SMCs, and TGF-β1 addition further enhanced this differentiation. The VGs were then implanted into the left common carotid artery replacement models of athymic rats for 3 months. The results showed that the ES fibers offered an excellent VG scaffold. and iNCSCs could be used as a promising autologous cell source for SDVGs when combined with physical (scaffold stiffness) and chemical (TGF-β1) signals that enhance SMC differentiation and graft mechanical strength.
[image: Figure 2]FIGURE 2 | Application of pluripotent stem cells (iNCSCs herein) in ES/SC SDVGs. (A) ES VG with an inner diameter of 1 mm and wall thickness of 100 µm. (B) SEM image of a cross section of nanofibrous vascular scaffold. (C–D) SEM images of longitudinally aligned fibers in luminal layer (C) and circumferentially aligned fibers in outer layer (D). (E) The iNCSC seeded VG after 3 months of implantation. (F) H&E and CD31 staining of a cross section of the VG after 3 months of implantation. Reprinted with permission from reference (Li et al., 2020). Copyright 2020, Mary Ann Liebert.
Second, ES matrices provide physical cues for promoting PSCs and PSC-derived cells to differentiate into vascular cells. It was demonstrated that compared with culture dish surfaces, PCL ES mats promoted iPSC towards vascular EC differentiation (Kim et al., 2017). During a 5-day differentiation process, vascular EC markersnif were sigicantly upregulated in the ES mat culture group, including the gene expression of CD31 (∼11 folds), CD144 (>7 folds), endothelial nitric oxide synthase (eNOS) (>7 folds), protein expression of CD31 (>3 folds), nitric oxide (NO) gas production (∼4 folds). Wang et al. presented that amino acid substituted poly (organophosphazene) polymer ES matrix boosted iMSCs for mature contractile vascular SMC differentiation (Wang M. et al., 2022). The transcription level of early to late smooth muscle marker proteins on the ES fiber mats was significantly increased.
Last but not least, ES matrices provide a protective engraftment environment for PSCs or PSC-derived vascular cells. Hoveizi et al. found that compared with casted flat mats, ES PCL mats were beneficial to the adhesion and proliferation of human iPSCs (Hoveizi et al., 2015). Yu et al. prepared ES polyurethane (PU)/fibroin tubular scaffolds with parallel mechanical properties to native blood vessels, and then loaded iPSC-derived ECs (iECs) to construct SDVGs (Yu et al., 2016). Tan et al. have reported that prolonged survival time of iECs in vivo could be achieved by culturing them on PCL/gelatin (70:30) ES scaffolds in a wound healing model (Tan et al., 2018). Compared with the cells directly injected, the survival period of iECs implanted on the scaffold could be improved from several hours to up to 3 days, and micro blood vessel perfusion, expression of vascular endothelial growth factor (VEGF) and placental growth factor, and macrophage recruitment were increased in the healing would.
3 MULTIPOTENT STEM CELLS IN ES/SC SDVGS
Multipotent SCs, with a lower differentiation potential compared to PSCs, can only be specialized into one type or two closely related types of cells. Multipotent SCs are mainly isolated from different human tissues, so they are also called tissue-specific SCs. According to their tissue sources, the multipotent SCs used in ES/SC SDVGs mainly include bone marrow mesenchymal stem cells (BMMSCs), adipose mesenchymal stem cells (ADMSCs), placenta-derived mesenchymal stem cells (such as umbilical cord mesenchymal stem cells (UCMSCs) and amniotic mesenchymal stem cells (AMMSCs)), and some others.
3.1 Bone marrow mesenchymal stem cells
BMMSCs, one of the most intensively applied MSCs, are isolated from bone marrow tissues. As an important cell source for tissue repair, BMMSCs have been proved to have the potential to differentiate into vascular ECs and SMCs (Cho et al., 2005). Mounting reports have presented that BMMSCs have shown excellent regenerative potentials in ES/SC SDVGs.
In the first place, BMMSCs have shown superior performance in in-vivo implantation of ES/SC SDVGs. It has been reported that compared with acellular grafts, human BMMSC-seeded PLA ES SDVGs with aligned nanofibers inhibited platelet adhesion and thrombus formation, accelerated cell in-growth and extracellular matrix remodeling, and promoted organized formation of EC and SMC layers, thus assuring long-term patency of the graft when applied in an athymic rat common carotid artery replacement model (Hashi et al., 2007). Surface heparan sulfate proteoglycans of BMMSCs were evidenced to play important roles on the platelet resistance and antithrombogenic property of the graft. BMMSC (from allogeneic rat) seeding also promoted the remodeling of ES PCL/gelatin VG coated with a thin strengthening sheath of ES PCL (Figure 3) (Johnson et al., 2021) After 4.5 months of implantation in abdominal aorta replacement models in rats, compared with acellular grafts, the cell-seeded grafts showed prominent cell ingrowth and ECM deposition, in which collagen and especially elastin content and arrangement are much more similar to native arteries. It was supposed that nutritional capacity of BMMSCs to stimulate the cells of recipient rats may be the reason on the refined regeneration. BMMSCs even exhibited their effectiveness in aged animal models. Madhavan et al. implanted a multilayer, compliant SDVGs with ES fibers composed of collagen/chitosan shell encapsulating heparin core into a senescent sheep carotid artery replacement model (Madhavan et al., 2018). After 1 month, all grafts retained patents and no stenosis happened. In contrast to acellular ones, the cellular grafts showed less anastomotic stenosis and IH, as well as more EC regeneration. The results highlighted the strong healing capacity of BMMSCs. In the last example, BMMSCs were seeded on SDVGs made of a poly (urethane) urea tube by thermally induced phase separation and an external ES layer by the same material to enhance the mechanical property (Colunga and Dalton, 2018). After implanted into the abdominal aorta of rats for 8 weeks, the cellular grafts possessed continuous EC layers in the lumen and no evidence of IH, while the acellular control group showed platelet and fibrin deposition.
[image: Figure 3]FIGURE 3 | Application of multipotent stem cells (BMMSCs herein) in ES/SC SDVGs. (A) Illustration of arterial graft design (the top panel) and experimental group design (the bottom panel). (B) TEM image showing the coaxial nanostructure of PCL/gelatin fibers. (C) Representative SEM image of the crosslinked coaxial fiber scaffolds. (D) The cumulative heparin release profiles of heparin-immersed (HI) and heparin-impregnated (HIP) grafts. (E) Illustration of the centrifugal seeding of BMMSCs onto the graft lumen, which are visible with crystal violet stain. (F) Representative pictures showing the implantation and explanation of interpositional artery grafts in a rat abdominal aorta replacement model. Reprinted with permission from reference (Johnson et al., 2021). Copyright 2021, Elsevier.
Dynamic perfusion/rotating bioreactors are important biomechanical mimicking devices in blood vessel study and BMMSCs have also shown pro-regenerative effects on the ES/SC SDVGs cultured in these devices. For instance, Rekabgardan et al. prepared human BMMSC-seeded PGS/PU ES scaffolds with an ideal elastic modulus close to that of human saphenous vein and with anti-platelet adhesion property (Rekabgardan et al., 2022a). When applying shear stress of ∼15 dyn/cm for 24 h to the scaffold in a perfusion bioreactor, the expression of VEGFR-2, vWF and PCAM-1 in BMMSCs was significantly increased compared with that in static culture. Therefore, the scaffold could support the endothelial differentiation of the MSCs under shear stress without any growth factors. In another study, Kim et al. placed the human BMMSC-seeded PLCL ES SDVGs in a perfusion system to test the effect of two different force giving modes (SS only mode or SS + CS mode) on cell differentiation (Kim et al., 2016). They found that in the latter mode, EC markers expressed more lastingly compared to the former, indicating that SS + CS was a better condition for vascular EC differentiation on the scaffold. In the third study, Wang et al. setup PECUU ES SDVGs seeded with BMMSCs by electrospray on a rotating bioreactor (Wang et al., 2013). After 2 weeks of culture, cells maintained their viability and proliferation. These properties, together with the good antithromboticity, fast fabrication within 40 min, and similar mechanical properties to natural arteries, indicated this design might be promising in the regeneration of functional vessels.
The regenerative effect of BMMSCs on ES matrices is supported by membrane culture experiments as well. Firstly, ES mats are supportive substrates for BMMSC growth. It has been reported that ES fibroin nanofibers supported human BMMSC attachment, spreading and growth (Jin et al., 2004). In another case, eNOS gene modified rat BMMSCs could also maintain good activity when they were seeded on ES poly (propylene carbonate) nanofibrous mats (Zhang et al., 2006). The mats promoted the survival and proliferation of transfected MSCs, and the level of NO produced by MSCs was rather high, similar to that of freshly collected arterial ECs. Adequate modification of ES materials would improve their performance. It has been illustrated that proliferation of BMMSCs and HUVECs in egg white/polyvinyl acetate (PVA) ES mats was promoted by the addition of graphene oxide (GO), suggesting biocompatibility of the mats was enhanced by GO modification (Wang et al., 2021). Similarly, a SDVG ES PLCL modified by substance P (SP) maintained biological activity and homing of human BMMSCs (Shafiq et al., 2015). In addition, RGD (Arg-Gly-Asp) peptides fixed on the PCL/gelatin ES nanofibers improved the cell adhesion and proliferation (Mota et al., 2014). Intriguingly, regenerative effects of BMMSCs on ES mats were also influenced by ES fiber diameters. Human BMMSCs were planted on PLA ES mat with different diameters (440, 865 and 2,142 nm), and compared with control group PLA casting flat mat and cultured on the surface of polystyrene, the cells showed ECM secretion in hBMSCs grown on PLA ES mat were higher than those on PLA mats (Liu et al., 2022). The levels of soluble collagen and sulfate mucopolysaccharide decreased with the increase of PLA fiber diameter. Therefore, nanoscale ES PLA scaffolds seemed to be more suitable for promoting the formation of ECM components. ES matrices are in support of endothelial differentiation of BMMSCs. Rekabgardan et al. cultured BMMSCs on a double-layered mat design with good mechanical properties, hydrophilicity and biodegradability, whose upper layer was ES PGS/PU and lower layer was ES pure PU (Rekabgardan et al., 2022b). The expression of platelet endothelial cell adhesion molecule-1, von Willebr factor (vWF) and VEGF receptor two showed that the ES scaffold supported the endothelial differentiation of the seeded BMMSCs. Others found that the proliferation of BMMSCs and endothelial differentiation on PLA/collagen nanofibers was higher than those on pure PLA nanofibers (Jia et al., 2013). Thus, collagen co-ES may further improve the performance of polymer ES SDVGs. Likewise, ES mats could be used for directing SMC differentiation of BMMSCs. ES mats composed of fibers containing PCL/gelatin as the shell and silk fibroin/VEGF as the core, human BMMSCs cultured on the mats showed the differentiation of SMCs through the controlled release of VEGF in core/shell nanofibers (Ezhilarasu et al., 2019). Lastly, ES mat stiffness affected the BMMSC differentiation. Pectin hydrogel nanofiber mats with different oxidation degrees (25% and 50%) were prepared by periodate oxidation, ES and dihydrazide adipate crosslinking (Li et al., 2019). The stiffness of the mats was controlled by adjusting the oxidation and crosslinking levels of pectin gel. Although human BMMSCs cultured on both pectin gel fiber mats for 14 days had high viability, the harder scaffold promoted the differentiation of MSCs into vascular SMCs, whereas the softer fibrous mat promoted the differentiation of MSCs into ECs.
3.2 Adipose mesenchymal stem cell
ADMSCs, another widely used MSCs, are isolated from adipose tissues. Since they can be acquired from the discarded adipose of liposuction, ADMSCs have the advantages of rich sources, easy access, and low invasion. ADMSCs, able to be differentiated into vascular ECs and SMCs under proper conditions, (Yogi et al., 2021), have been proved an excellent cell source in ES/SC SDVGs.
ES matrix provided a sound support for growth and vascular lineage differentiation of ADMSCs. For instance, lysozyme-conjugated heparin functionalized PLA and segmented PU (50:50) ES scaffolds increased hydrophilicity and water absorption of culture surface, and promoted the adhesion and proliferation of human ADMSCs. In addition, the functionalization endowed the scaffold great anti-coagulation, anti-microbe, and hemocampatibility (Caracciolo et al., 2017). Sun et al. coated rat ADMSC-derived EPCs and PCL ES matrix with sodium alginate solution and then the EPCs were immediately cross-linked to the ES matrix to form a confluent layer. Compared with the EPCs and ES matrix without sodium alginate coating (namely, natural sedimentation), the coated group exhibited much quicker adhesion and proliferation, suggesting that alginate modification might accelerate the formation of endothelial layer of SDVGs (Sun et al., 2015). Such a usage of alginate would also circumvent its known drawback that alginate is not conducive for cell attachment (Raus et al., 2021). In a following work, it was presented that ADMSC proliferation could be realized on polyhydroxybutyrate (PHB)/poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHB-HV) (30:70) ES matrix for up to 21 days. Moreover, endothelial differentiation of ADMSCs was achieved on the matrix (Zonari et al., 2012). Smooth muscle differentiation on ES matrix were also been completed. It was found that mechanical stretching and biochemical factors played a synergistic role on the smooth muscle differentiation of human ADMSCs in an elastic PLCL (50:50) ES scaffold (Park et al., 2012). In the culture without stretching, the smooth muscle differentiation factors had a significant elevation on α-smooth muscle actin (α-SMA) expression, but myosin heavy chain (MHC) expression were not affected, whereas in the stretching culture, the expression of α-SMA and MHC was both highly lifted by smooth muscle differentiation factors. This study provided a useful method for the application of SCs in mechanically activated tissue engineering.
On the other hand, the function of vascular ECs can be enhanced when co-culturing with ADMSCs on ES matrices. For instance, co-culture of ADMSCs and HUVECs on ES PCL/gelatin scaffolds could significantly promote the proliferation and angiogenesis of HUVECs. HUVECs co cultured produced mature and functional microvessels, as well as higher expression of vascular markers such as platelet endothelial cell adhesion molecule-1 and calyx protein (Kook et al., 2018). Both the direct interaction with ADMSCs and the paracrine signals from ADMSCs are the key factors in microvessel assembly. By producing the same material-derived ES scaffolds plus heparin modification, researchers illustrated that the 7-day co-culture enhanced CD31 expression of HUVECs and healthy cobblestone HUVEC morphology could be achieved, indicating that the co culture system could promote the endothelialization of vascular matrix (Joshi et al., 2020). Material composition also played roles on the co-culture system. Kenar et al. prepared a kind of PLCL/collagen/HA (90/9.5/0.5 w/w/w) ES scaffold. Compared with the bare PLCL ES scaffold, the collagen and HA addition increased the total length of vascular network in the co-culture (1.6 folds), improved the water absorption capacity (from 66% to 103%), and lowered Young’s modulus (from 1.31 to 0.89 MPa) (Kenar et al., 2019). It was noteworthy that the collagen and HA were derived from xenogeneic human umbilical cord, which could avoid the immune reaction and the spread of animal borne diseases of animal-derived ones. Overall, the co-culture system of HUVECs and ADMSCs might have the advantages of rapid endothelialization and promoting angiogenesis.
Interestingly, ES matrix also benefit for the functioning of the ADMSC-derived spheroids, another novel important application form of ADMSCs, which are famous for their potent angiogenic factor release (Lee et al., 2020). To achieve the sustained release of these factors, Lee et al. seeded the spheroids on a 3D printed alginate mat with micro-sized grooves and ridges and then employed ES alginate nanofibers to firmly entrapped the spheroids. Compared to the single-type cell-seeded counterpart, co-culture of HUVECs formed much more capillary-like structures in the spheroid-seed 3D printing/ES alginate scaffold. These results suggested a new system for SC-containing ES VGs.
3.3 Placenta-derived mesenchymal stem cells
Placenta-derived MSCs such as UCMSCs and AMMSCs, are MSCs isolated from placenta, a traditionally clinical waste tissue abandoned by pregnant women after delivery. Thus, they have many advantages like high activity, low immunogenicity, source abundance, easy collection and transportation, and no ethical disputes. It has been proved that UCMSCs and AMMSCs have the potential to differentiate into vascular ECs (Chen et al., 2009).
A few studies have demonstrated the positive regenerative potential of these MSCs in ES/SC SDVGs. For instance, chitosan (CS)/PVA ES nanofiber scaffolds were prepared and confirmed good crystalline properties, hydrophilic properties, biodegradability, swelling and mechanical properties (Agrawal and Pramanik, 2016). UCMSCs implantation tests demonstrated that the scaffold has sufficient biocompatibility and cell supporting properties in vitro. As for AMMSCs, ES PLCL scaffolds was used as the substrate to compare with the commercially available collagen/elastin scaffold (matriderm) (Vonbrunn et al., 2020). Human AMMSCs adhered on and infiltrated well into both scaffolds and on the third day, more cells were observed on PLCL than on matriderm. The cell seeded patches were used to cover the skin wound in mouse models. PLCL scaffolds showed higher cell retention than matriderm. Therefore, SDVGs based on human AMMSCs/ES complex had great potential. In the end, it is worth mentioning that MSC-derived extracellular vesicles (EVs) have been incorporated into ES SDVGs. EVs are nanoscale vesicles containing bioactive molecules such as proteins and nucleic acids, which can recapitulate the major functions of origin cells. EVs of human placenta-derived MSCs (the specific portion of placenta was not described) were used to decorate heparin-modified ES PCL SDVGs (Wei et al., 2019). The graft showed significant enhancement of vascular cell regeneration, inhibition of inflammation, thrombosis and calcification, and hence great patency in a 3-month rat abdominal artery replacement model with high cholesterol. Bioactive factors in the EVs like miR-145, miR-126, and VEGF played a crucial role in vascular regeneration.
3.4 Other multipotent stem cells
There are some other kinds of multipotent stem cells applied in ES/SC SDVGs, including pericytes, dental pulp MSCs (DPMSCs), embryonic multipotent mesenchymal progenitor cells (EMMPCs), and muscle-derived stem cells (MDSCs). Besides, we also included application of bone marraw mononuclear cells (BMMNCs) in ES/SC SDVGs in this review, because BMMNCs show similar functions as MSCs in SDVG settings and contain MSC fractions.
Pericytes are cells that surround vascular ECs in capillaries and veins, which usually perform a variety of functions in angiogenesis, including vascular stability, matrix protein synthesis, tissue homeostasis, and macrophage-like properties. They were considered to be a MSC recently, due to their potential to differentiation into a variety of cell types, including vascular ECs and SMCs (Krawiec and Vorp, 2012). He et al. deposited ES poly (ester carbamate) urea (PEUU) nanofibers on the thermally induced phase separation tubular scaffold and pericytes were seeded on the scaffolds and cultured in a rotating flask for 2 days before being implanted into rat aortic replacement models (He et al., 2010). 8 weeks post-implantation, compared with SDVGs without cells, the cellular grafts showed a much higher patency rate (100% vs. 38%), and extensive EC/SMC layer remodeling and collagen/elastin deposition, as well as evenly distributed pericytes sustaining their intrinsic phenotype markers.
Dental pulp MSCs (DPMSCs) are obtained from soft teeth pulp tissue within the dental pulp cavity. Teeth that naturally fall off in children and wisdom teeth that need to be extracted in adults both contain abundant DPMSCs. Braghirolli et al. found that copolymers with different trimethylene carbonate/lactide ratios ES SDVGs supported the adhesion and growth of DPMSCs, umbilical cord blood EPCs, and primary aortic SMCs, and promoted the differentiation of DPMSCs into vascular SMCs (Braghirolli et al., 2019). The same group also evaluated the effect of DPMSCs on another kind of SDVGs composed of heparin/VEGF-modified PCL ES fibers. Studies have shown that heparin and VEGF functionalization exhibited antithrombotic properties and the ability to promote DPMSCs growth and umbilical cord blood EPCs endothelialization, which were conducive to the formation of endothelial cell layer of vascular scaffolds and the regeneration of damaged vessels.
Embryonic multipotent mesenchymal progenitor cells (EMMPCs) are extracted from early embryo, and have very high proliferation and differentiation activity. Kiros et al. prepared tubular ES polyester amide fibers from biodegradable biomaterials derived from L-phenylalanine, and seeded with mouse EMMPCs and ES fiber scaffold (Kiros et al., 2020). The scaffold showed the ability to differentiate EMMPCs into vascular SMCs, and the differentiated MSCs produced crucial extracellular proteins such as elastin and fibrillin-1.
Muscle-derived stem cells (MDSCs) are a kind of adult stem cell found in skeletal muscle, serving as important coordinators for muscle regeneration and repair. Nieponice et al. constructed PEUU tubes by thermally induced phase separation (TIPS) with ES reinforcing layers outside, and seeded with MDSCs (Nieponice et al., 2010). The construct was implanted into the abdominal aorta of rats for 8 weeks. The cell inoculated constructs showed a higher patency rate than the non-seeded control: 65% (cellular ES + TIPS group) vs. 53% (cellular TIPS group) vs. 10% (acellular TIPS group). The mechanical failure rate of tips stent was 50%, aneurysms were formed, but no expansion was observed in the mixed stent. SMC and EC layers within the cellular SDVG, while the acellular control showed platelet and fibrin deposition.
At last, BMMNCs are cells with a single nucleus in bone marrow, which are a mixed cell populations typically including monocytes and lymphocytes. They have strong cellular immunologic functions and have been employed in the application of SDVGs. It seems that the function of BMMNCs in SDVGs resembles BMMSCs. In PLCL ES SDVGs, the seeded BMMNCs could prevent stenosis by regulating the function of host macrophages and platelets, indicating that BMMNC inoculation into the ES scaffold potentiated a favorable SDVGs (Yao et al., 2018). Fukunishi et al. fabricated mouse BMMNC-seeding ES polyglycolic acid (PGA)/PLCL SDVGs and transplanted them into mouse infrarenal inferior vena cava replacement models for 6 months (Fukunishi et al., 2017). Compared to acellular alternatives, the cell-seeding ones greatly improved the patency (9/10 vs. 1/10) and showed increased EC/SMC coverage and collagen-rich ECM deposition. The mechanism was linked to the fact that the BMMNCs could decrease the activation of platelets and increase the M2 macrophage content.
4 UNIPOTENT STEM CELLS IN ES/SC SDVGS
Unipotent stem cells, possessing even lower differentiation potential compared to multipotent stem cells, can only be specialized into one defined type of mature cells. Unipotent stem cells used in SDVGs mainly refer to endothelial progenitor cells (EPCs) and smooth muscle progenitor cells (SMPCs) that can exclusively differentiate into mature vascular ECs and SMCs, respectively. These progenitor cells mainly originate from bone marrow and exist in a small amount in the peripheral blood in adults (Colunga and Dalton, 2018). Under the stimulation of physiological or pathological factors, they can be mobilized from bone marrow to peripheral blood to participate in the repair of injured blood vessels. In ES/SC SDVG applications, there have been plentiful studies regarding EPCs due to the close relationship between EPCs and ECs, while the applications on SMPCs are still underexplored. It is of special note that as cells existing in the blood circulation, EPCs or SMPCs could also be recruited to the SDVGs in situ after graft transplantation.
EPCs have played pro-regenerative roles in ES/SC SDVGs under static culture. It is presented that EPCs can adhere and grow on the PHA (PHB and PHBV) ES mats without cytotoxicity and normal marker expression and biological function during a 7-day culture (Yao et al., 2018). The PHA ES mats also had good mechanical properties. Therefore, they might be ideal biopolymers for EPC-seeded SDVGs. In another study, ES polymer scaffolds were coated with decorin, an important leucine rich small proteoglycan, widely existing in the ECM of many organs and tissues (Hinderer et al., 2018). Decorin-coated scaffold promoted the proliferation of EPCs seeded, compared to uncoated control and to scaffold coated by SDF-1α, another frequently used coating agent for attracting EPCs. The researchers also found that decorin reduced T cell responses and attracted innate immune cells, which might be beneficial for ECM remodeling. In a third study, PLCL ES scaffolds modified with gelatin could not only maintain the adhesion and proliferation of EPCs, but promote their endothelial differentiation (Zhang et al., 2018). Dual component coating seemed to be a novel strategy to improve the performance of EPC-loaded ES scaffolds. Braghirolli et al. reported that PCL ES fiber scaffolds were functionalized with heparin and VEGF, and human EPCs were seeded on the scaffolds to form an endothelial layer (Braghirolli et al., 2017). The scaffolds showed mechanical properties compatible with natural arteries and the proliferation of EPCs was promoted by combination of heparin and VEGF coating. Chen et al. encapsulated heparin and VEGF into the core of poly PLCL ES nanofibers to test their feasibility in SDVGs. The released heparin performed well as an anticoagulant, and the released VEGF promoted the growth of EPC on the fiber scaffold, indicating that the scaffolds have great potential in the development of SDVGs (Chen et al., 2015). In the fourth case, zwitterionic poly (carboxybetaine methacrylate) (PCBMA) and TPS peptide dual modified ES PCL mats were prepared (Li et al., 2013). PCBMA could inhibit platelet adhesion and improve the hydrophilicity, when TPS peptide not only maintained platelet adhesion resistance, but showed specificity in EPC capture. Thus, the ES scaffolds had the potential to be used as a vascular graft for rapid endothelialization. At the end, Dai et al. have encapsulated polyethylene glycol (PEG) coated ceria nanoparticles and VEGF into PU ES scaffolds (Dai et al., 2017). The sustainably released the nanoparticles retained the anti-apoptotic effect induced by oxidative stress to EPCs and enhanced the effect of VEGF on the mobilization and differentiation of EPCs. This scaffold had the potential to achieve in situ endothelialization.
EPCs seeded ES/SC VGs have also demonstrated their application potential in the perfusion culture system. For instance, lecithin modified PCL ES SDVGs has good biocompatibility and in a perfusion bioreactor, the seeded peripheral blood derived EPCs had the ability to differentiate into mature vascular ECs under the effect of mechanical factors and VEGF (Xing, 2008).
Furthermore, EPC-derived ECs are a novel seed cell source for ES SDVGs. Ju et al. developed a type of ES double-layer SDVG, and autologous EPC-derived ECs and antologous SMCs were employed to form structurally mimicking VGs (Ju et al., 2017). Following pretreated in a pulsatile bioreactor for layer fusion, the completely cellular vascular structure was tested in the sheep carotid artery replacement model, the cellular structure maintained structural integrity with a high degree of graft patency, and did not cause inflammatory reaction during 6 months in sheep. It has been demonstrated the feasibility of EPC-derived EC to produce functional endothelium on biodegradable polyester elastomer poly (1,8-octyl glycol-co-citrate) (POC) ES matrix (Allen et al., 2010). The phenotype and function of the differentiated cells showed characteristic cobblestone morphology of ECs and positive staining of EC markers such as vWF, vascular endothelial cadherin, Flk-1 and CD31. In addition, the derived ECs cultured on POC ES fiber scaffolds expressed eNOS levels similar to those of aortic vascular ECs.
It is worth noting that the unipotent SCs would not only be pre-seeded before SDVG implantation as above mentioned, but be recruited in situ onto the SDVGs in hosts, because EPCs and SMPCs are circulating cells in blood. For instance, stromal cell derived factor 1α (SDF-1α) and VEGF loaded ES PU SDVGs were found to promote the adhesion and endothelial differentiation of EPCs in vitro. When the grafts were engrafted in the canine femoral artery for 6 months, the SDVGs showed excellent compliance, histocompatibility, and endothelialization of the attracted EPCs (Guo et al., 2017). Compared SDVGs without cytokines, those containing cytokines showed an extremely higher long-term patency rate (67.5% vs. 0%). In a second example, PLCL ES SDVG was immobilized with the cyclic RGD peptide cGRGDdvc (LXW7) peptides, an integrin αVβ3 inhibitor with strong and precise EPC and EC capture function. Unlike traditional RGD peptides, LXW7 containing a circular RGD domain, showed much weaker binding with platelets, but much stronger binding affinity with EPCs and ECs, and no binding with inflammatory monocytes (Hao et al., 2020). After implanted into the left common carotid artery of rats, LXW7-modified grafts showed much less thromobosis, more new capillary formation in the vascular wall, and especially much higher patency rate (5/6 vs. 1/6) after 6 weeks, compared to unmodified ones. Wu et al. tried to recruit EPCs by conjugating protrusion protein-1 derived VEGF binding peptides and SDF-1α peptides in PCL ES SDVGs to improve the performance of the grafts (Wu et al., 2023). Compared with pure PCL transplantation, dipeptide modified transplantation showed good patency and tissue regeneration at 4 weeks after implantation, as indicated by stem cell recruitment, rapid endothelialization and formation of functional SMC layer. ES PCL grafts were functionalized by immobilizing biotin/avidin coupled stem cell antigen-1 (SCA-1) antibody, which was proved to specifically recruit SCA-1 positive SMPCs under static and dynamic flow culture (Figure 4) (Wang H. et al., 2022) In a rat abdominal aorta replacement model, the grafts initiated rapid re-endothelialization and smooth muscle regeneration by actively recruiting and capturing SMPCs from resident tissues and circulation, finally forming new tissues that were very structurally similar to natural arterial tissues. In another study, Yu et al. coated heparin on ES SDVGs and then stably grafted SDF-1α on heparin (Yu et al., 2012). SDF-1α increased the recruitment of both SMPCs and EPCs to the lumen, and SMPCs differentiated into SMCs in rat models and in vitro under static and flowing conditions, thus accelerating endothelialium and smooth muscle formation of the grafts. In addition, SDF-1α immobilized grafts had significantly higher elasticity after remodeling. Despite this, the limited remodeling of the electrospun layer in this study would be noted, which would be a challenge for many current studies.
[image: Figure 4]FIGURE 4 | Application of unipotent stem cells (SMPCs herein) in ES/SC SDVGs. Reprinted with permission from reference (Wang H. et al., 2022). Copyright 2022, E.lsevier.
5 CONCLUDING REMARKS
SC and ES represent the cutting-edge technologies with practical medical promise in the fields of cell therapy and biomaterial, respectively. Their advancement has brought new hopes for many refractory diseases. SC-based regenerative medicine is called as the “third medical revolution” due to the self-renewal, differentiation, and secretion features of SCs. SCs have received extensive attention in the field of SDVG for they can offer excellent seed cell sources (Askari et al., 2017). ES is a simple, universal and large-scale material preparation technology developed in recent years. It can realize good control of material fibers and prepare ECM-like structures. ES substrates have been recognized as excellent materials for SDVGs (Wang et al., 2023). As summarized above, the ES/SC blending SDVGs may combine the advantages from both sides, which may contribute to the address of the core challenges in SDVG field, such as lumen stenosis, intimal hyperplasia, and occlusion, providing a new idea for the construction of SDVGs with compelling functions. In such VGs, ES scaffolds and SCs form an organic unity. The ES matrices provide biocampatible substrates for the SDVGs, which could realize flexible modification, refine cell survival environment, improve the mechanical property of the graft, promote vascular differention of the SCs, accelarate cell ingrowth, recruit host healing cells, increase ECM deposition, etc. While, the SCs provide valuable seed cells for the SDVGs, which could reduce inflammation, reduce intimal hyperplasia formation, anti-microbe, resist thrombosis formation, increase pro-regenerative biofactors and NO gas production, improve angiogenesis, etc. Some of the merits of ES scaffolds and SCs are overlapped. Collectively, these merits make the ES/SC SDVGs higer patency, less stenosis and better regeneration outcome (Figure 1).
Despite this, there are still many challenges for ES/SC SDVGs in preclinical studies and there is still no clinical trials regarding ES/SC SDVGs registered on the ClinicalTrials.gov website, suggesting the difficulty and researchers’ discretion to apply this kind of SDVG to clinical trials. The major translational challenges come from the fact that the long-term patency and regenerative outcome of this SDVG in animal models are still underexplored and the action mechanism of the SCs in such VG regeneration is largely unclear. Future prospects for overcoming these challenges are also proposed here. These challenges and prospects are described from three aspects:
i) The seed cell. Although SCs show excellent regeneration ability, they also have different degrees of shortcomings. The intrinsic problems for ESCs are the ethical problems for obtaining them by destroying early embryos and their tumorigenicity. iPSCs effectively avoids the immune rejection and ethical problems in ESCs, and can also retain a patient’s healthy or diseased phenotype for future personalized therapy development. They however, face problems including: 1) reprogramming efficiency is too low; 2) the optimal combination of inducible factors remains to be studied, and the insertion of exogenous vectors and genes has potential tumorigenicity; 3) the safety and reliability evaluation system for clinical application of iPSCs needs to be improved; 4) the mechanism of transcription factors reprogramming somatic cells into iPSCs is not yet clear. One of the effective use fashions for ESCs and iPSCs to avoid tumorigenicity is to differentiate them into down-steam cells. Simultaneously, studies on the transforming efficiency improvement for iPSCs and mechanism thereof should be strengthened. For BMMSCs and EPCs, their content is rather low in bone marrow/peripheral blood, which restricts their clinical applications, so it is necessary to isolate, purify and expand the two SCs in vitro to reach the required order of magnitude. In addition, invasive acquisition and too complex purification steps further increase the obstacles for BMMSC and EPC application. Besides finding better expanding and extracting methods for them, exploiting SCs without these issues is another strategy. Non-invasively available SCs such as UCMSCs, AMMSCs, and DPSCs, are excellent alternative cell sources. Another fascinating strategy to fully make use of EPCs is to capture them in situ and thus better recruiting agent is needed. Furthermore, to improve the performance of SCs, gene editting can be used to enhance their activity. From another angle, each SC has its unique advantages. Thus, exploiting the advantages of existing stem cells for proper application condition is also one of the solutions. For instance, the multipotency of ADMSCs has been proved to be independent of the age of the donor compared to BMMSCs and EPCs (Zhang et al., 2011; Pashneh-Tala et al., 2016). Since most vascular transplantation operations are performed in elderly patients, the use of ADMSCs may have special advantages. Finally, the use of new forms of SCs exosomes or spheroids/organoids to replace the corresponding stem cells has also shown promise.
ii) The ES system. The composition, structure and configuration of innovative materials are also conducive to the improvement of the performance of ES SDVGs. For example, the application of some ES materials will promote the transformation of macrophages from M1 type to M2 type, alleviate the inflammatory reaction of the tissue, and facilitate angiogenesis; (Wang et al., 2014); the preparation of SDVGs with spiral-like blood flow conduits will help to reduce the formation of thrombosis and IH (Li et al., 2022). The control of fiber morphology, the increase of fiber uniformity, and the reduction of environmental requirements and raw material limitations are the important directions of ES system improvement. In addition, the surface modification of ES substrates is innovated to be more conducive to the differentiation of SCs into ECs or angiogenesis. All of these may helpful to improve the long-term patency of ES/SC SDVGs.
iii) The interaction between SCs and the ES matrices. This interaction plays an important role in the fusion between SCs and ES materials, but much is still unclear for specific SC and specific ES material. It involves the processes of cell expansion, migration, and differentiation, as well as the mechanical, chemical signals and surface effects of scaffolds. It has been reported that microstructure of the ES material will affect a series of reactions such as the proliferation and differentiation of SCs (Nemani et al., 2018). Therefore, strengthening this research will help to find a better method to improve the patency of SDVGs or a new target to construct SDVGs.
Although still in its initial stages, the ES/SC SDVGs have been presented a promising candidate for next-generation SDVGs. Longer-term preclinical studies and more deeper fundamental researches are needed to compel the arrival of the clinical trials. In this course, a variety of challenges are to be overcome, especially how to choose proper combinations of SC source and ES material in conjugation with modifications to the point. We believe that with the continuous exploration of researchers, the ES/SC SDVGs will be closer and closer to the performance of natural blood vessels with high patency and tissue integrity, and provide a significant substitution for damaged small diameter blood vessels.
AUTHOR CONTRIBUTIONS
NW: Conceptualization, Data curation, Funding acquisition, Project administration, Supervision, Validation, Visualization, Writing–review and editing. JC: Data curation, Resources, Visualization, Writing–original draft. QH: Data curation, Resources, Visualization, Writing–original draft. YH: Data curation, Resources, Visualization, Writing–original draft. PS: Data curation, Resources, Visualization, Writing–original draft. DY: Data curation, Resources, Visualization, Writing–original draft. HW: Writing–original draft. DW: Writing–original draft. ZH: Funding acquisition, Project administration, Supervision, Validation, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work is financially supported by Science and Technology Foundation of Guizhou (No. QKH-JC-[2020]1Z017, QKH-JC-ZK [2023]YB586, QKH-PT-[2019]5406, and QKH-ZC-[2020]4Y192), Excellent Scientific and Technological Innovation Youth Training Program of Zunyi (No. ZSKH-HZ-(2019)48), Science and Technology Foundation of Guizhou Health Commission (No. gzwkj 2023-250), The PhD Scientific Research Start-Up Fund of Affiliated Hospital of Zunyi Medical University (No. (2018)13), Guizhou Province High Level Innovative Talent Training Program-”1,000” Talents (to NW), National Training Program of Innovation and Entrepreneurship for Undergraduates of China and Training Program of Innovation and Entrepreneurship for Undergraduates of Guizhou Province and Zunyi Medical University (No. 202310661184, ZYDC202202003, ZYDC202302172, and ZYDC202401118), National Natural Science Foundation of China (No. 32270848 and U23A20498), Collaborative Innovation Center of Chinese Ministry of Education (No. 2020-39), and University Scientific Research Project of Guizhou Provincial Department of Education (Guizhou Provincial Stem Cell Clinical Application and Drug Research and Development Engineering Research Center).
ACKNOWLEDGMENTS
We thank Wanyun Xie, Keke Long, Siyuan Zhao (from Class 23, Clinical Medicine), Chun Zhang, and Yingdi Huang (from Class 25, Clinical Medicine) in the First Clinical Institute, Zunyi Medical University for useful discussions.
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.
REFERENCES
 Agrawal, P., and Pramanik, K. (2016). Chitosan-poly (vinyl alcohol) nanofibers by free surface electrospinning for tissue engineering applications. Tissue Eng. Regen. Med. 13, 485–497. doi:10.1007/s13770-016-9092-3
 Allen, J. B., Khan, S., Lapidos, K. A., and Ameer, G. A. (2010). Toward engineering a human neoendothelium with circulating progenitor cells. Stem Cells 28, 318–328. doi:10.1002/stem.275
 Askari, F., Solouk, A., Shafieian, M., and Seifalian, A. M. (2017). Stem cells for tissue engineered vascular bypass grafts. Artif. Cells, Nanomedicine, Biotechnol. 45, 999–1010. doi:10.1080/21691401.2016.1198366
 Braghirolli, D., Caberlon, B., Gamba, D., Petry, J., Dias, M., and Pranke, P. (2019). Poly (trimethylene carbonate-co-L-lactide) electrospun scaffolds for use as vascular grafts. Braz. J. Med. Biol. Res. 52, e8318. doi:10.1590/1414-431x20198318
 Braghirolli, D., Helfer, V., Chagastelles, P., Dalberto, T., Gamba, D., and Pranke, P. (2017). Electrospun scaffolds functionalized with heparin and vascular endothelial growth factor increase the proliferation of endothelial progenitor cells. Biomed. Mater. 12, 025003. doi:10.1088/1748-605x/aa5bbc
 Caracciolo, P. C., Rial-Hermida, M. I., Montini-Ballarin, F., Abraham, G. A., Concheiro, A., and Alvarez-Lorenzo, C. (2017). Surface-modified bioresorbable electrospun scaffolds for improving hemocompatibility of vascular grafts. Mater. Sci. Eng. C 75, 1115–1127. doi:10.1016/j.msec.2017.02.151
 Chen, M.-Y., Lie, P.-C., Li, Z.-L., and Wei, X. (2009). Endothelial differentiation of Wharton's jelly–derived mesenchymal stem cells in comparison with bone marrow–derived mesenchymal stem cells. Exp. Hematol. 37, 629–640. doi:10.1016/j.exphem.2009.02.003
 Chen, X., Wang, J., An, Q., Li, D., Liu, P., Zhu, W., et al. (2015). Electrospun poly (l-lactic acid-co-ɛ-caprolactone) fibers loaded with heparin and vascular endothelial growth factor to improve blood compatibility and endothelial progenitor cell proliferation. Colloids Surfaces B Biointerfaces 128, 106–114. doi:10.1016/j.colsurfb.2015.02.023
 Chen, Y., Zou, Z., Tao, F., Li, Z., Zhang, Z., Zhu, M., et al. (2024). 3D printed grafts with gradient structures for organized vascular regeneration. Int. J. Extreme Manuf. 6, 035503. doi:10.1088/2631-7990/ad2f50
 Cho, S.-W., Lim, S. H., Kim, I.-K., Hong, Y. S., Kim, S.-S., Yoo, K. J., et al. (2005). Small-diameter blood vessels engineered with bone marrow–derived cells. Ann. Surg. 241, 506–515. doi:10.1097/01.sla.0000154268.12239.ed
 Colunga, T., and Dalton, S. (2018). Building blood vessels with vascular progenitor cells. Trends Mol. Med. 24, 630–641. doi:10.1016/j.molmed.2018.05.002
 Dai, W.-W., Guo, H.-F., Qian, D.-H., Qin, Z.-X., Lei, Y., Hou, X.-Y., et al. (2017). Improving endothelialization by the combined application of polyethylene glycol coated cerium oxide nanoparticles and VEGF in electrospun polyurethane scaffolds. J. Mater. Chem. B 5, 1053–1061. doi:10.1039/c6tb02391f
 Ezhilarasu, H., Sadiq, A., Ratheesh, G., Sridhar, S., RamakrishnaRahim, S. M. H., Ab. Rahim, M. H., et al. (2019). Functionalized core/shell nanofibers for the differentiation of mesenchymal stem cells for vascular tissue engineering. Nanomedicine 14, 201–214. doi:10.2217/nnm-2018-0271
 Fayon, A., Menu, P., and El Omar, R. (2021). Cellularized small-caliber tissue-engineered vascular grafts: looking for the ultimate gold standard. NPJ Regen. Med. 6 (1), 46. doi:10.1038/s41536-021-00155-x
 Fukunishi, T., Best, C. A., Ong, C. S., Groehl, T., Reinhardt, J., Yi, T., et al. (2017). Role of bone marrow mononuclear cell seeding for nanofiber vascular grafts. Tissue Eng. Part A 24 (1-2), 135–144. doi:10.1089/ten.tea.2017.0044
 Guo, H.-F., Dai, W.-W., Qian, D.-H., Qin, Z.-X., Lei, Y., Hou, X.-Y., et al. (2017). A simply prepared small-diameter artificial blood vessel that promotes in situ endothelialization. Acta Biomater. 54, 107–116. doi:10.1016/j.actbio.2017.02.038
 Hao, D., Fan, Y., Xiao, W., Liu, R., Pivetti, C., Walimbe, T., et al. (2020). Rapid endothelialization of small diameter vascular grafts by a bioactive integrin-binding ligand specifically targeting endothelial progenitor cells and endothelial cells. Acta biomater. 108, 178–193. doi:10.1016/j.actbio.2020.03.005
 Hashi, C. K., Zhu, Y., Yang, G.-Y., Young, W. L., Hsiao, B. S., Wang, K., et al. (2007). Antithrombogenic property of bone marrow mesenchymal stem cells in nanofibrous vascular grafts. Proc. Natl. Acad. Sci. 104, 11915–11920. doi:10.1073/pnas.0704581104
 He, W., Nieponice, A., Soletti, L., Hong, Y., Gharaibeh, B., Crisan, M., et al. (2010). Pericyte-based human tissue engineered vascular grafts. Biomaterials 31, 8235–8244. doi:10.1016/j.biomaterials.2010.07.034
 Hinderer, S., Sudrow, K., Schneider, M., Holeiter, M., Lee, S., Seifert, M., et al. (2018). Surface functionalization of electrospun scaffolds using recombinant human decorin attracts circulating endothelial progenitor cells. Sci. Rep. 8, 110. doi:10.1038/s41598-017-18382-y
 Hoveizi, E., Ebrahimi-Barough, S., Tavakol, S., and Nabiuni, M. (2015). In vitro comparative survey of cell adhesion and proliferation of human induced pluripotent stem cells on surfaces of polymeric electrospun nanofibrous and solution-cast film scaffolds. J. Biomed. Mater. Res. Part A 103, 2952–2958. doi:10.1002/jbm.a.35420
 Huang, W., Huo, M., Cheng, N., and Wang, R. (2022). New forms of electrospun nanofibers applied in cardiovascular field. Front. Cardiovasc. Med. 8, 801077. doi:10.3389/fcvm.2021.801077
 Ji, J., Xu, H., Li, C., and Luo, J. (2023). Small-caliber tissue-engineered vascular grafts based on human-induced pluripotent stem cells: progress and challenges. Tissue Eng. Part B Rev. 29, 441–455. doi:10.1089/ten.teb.2023.0005
 Jia, L., Prabhakaran, M. P., Qin, X., and Ramakrishna, S. (2013). Stem cell differentiation on electrospun nanofibrous substrates for vascular tissue engineering. Mater. Sci. Eng. C 33, 4640–4650. doi:10.1016/j.msec.2013.07.021
 Jin, H.-J., Chen, J., Karageorgiou, V., Altman, G. H., and Kaplan, D. L. (2004). Human bone marrow stromal cell responses on electrospun silk fibroin mats. Biomaterials 25, 1039–1047. doi:10.1016/s0142-9612(03)00609-4
 Johnson, R., Rafuse, M., Selvakumar, P. P., and Tan, W. (2021). Effects of recipient age, heparin release and allogeneic bone marrow-derived stromal cells on vascular graft remodeling. Acta biomater. 125, 172–182. doi:10.1016/j.actbio.2021.02.028
 Joshi, A., Xu, Z., Ikegami, Y., Yamane, S., Tsurashima, M., and Ijima, H. (2020). Co-culture of mesenchymal stem cells and human umbilical vein endothelial cells on heparinized polycaprolactone/gelatin co-spun nanofibers for improved endothelium remodeling. Int. J. Biol. Macromol. 151, 186–192. doi:10.1016/j.ijbiomac.2020.02.163
 Ju, Y. M., Ahn, H., Arenas-Herrera, J., Kim, C., Abolbashari, M., Atala, A., et al. (2017). Electrospun vascular scaffold for cellularized small diameter blood vessels: a preclinical large animal study. Acta biomater. 59, 58–67. doi:10.1016/j.actbio.2017.06.027
 Kenar, H., Ozdogan, C. Y., Dumlu, C., Doger, E., Kose, G. T., and Hasirci, V. (2019). Microfibrous scaffolds from poly (l-lactide-co-ε-caprolactone) blended with xeno-free collagen/hyaluronic acid for improvement of vascularization in tissue engineering applications. Mater. Sci. Eng. C 97, 31–44. doi:10.1016/j.msec.2018.12.011
 Kim, D. H., Heo, S. J., Kang, Y. G., Shin, J. W., Park, S. H., and Shin, J. W. (2016). Shear stress and circumferential stretch by pulsatile flow direct vascular endothelial lineage commitment of mesenchymal stem cells in engineered blood vessels. J. Mater. Sci. Mater. Med. 27 (3), 60. doi:10.1007/s10856-016-5670-0
 Kim, J. J., Hou, L., Yang, G., Mezak, N. P., Wanjare, M., Joubert, L. M., et al. (2017). Microfibrous scaffolds enhance endothelial differentiation and organization of induced pluripotent stem cells. Cell. Mol. Bioeng. 10, 417–432. doi:10.1007/s12195-017-0502-y
 Kiros, S., Lin, S., Xing, M., and Mequanint, K. (2020). Embryonic mesenchymal multipotent cell differentiation on electrospun biodegradable poly (ester amide) scaffolds for model vascular tissue fabrication. Ann. Biomed. Eng. 48, 980–991. doi:10.1007/s10439-019-02276-3
 Kook, Y.-M., Kim, H., Kim, S., Lee, K., Heo, C. Y., Park, M. H., et al. (2018). Promotion of vascular morphogenesis of endothelial cells co-cultured with human adipose-derived mesenchymal stem cells using polycaprolactone/gelatin nanofibrous scaffolds. Nanomaterials 8, 117. doi:10.3390/nano8020117
 Krawiec, J. T., and Vorp, D. A. (2012). Adult stem cell-based tissue engineered blood vessels: a review. Biomaterials 33, 3388–3400. doi:10.1016/j.biomaterials.2012.01.014
 La, A., and Tranquillo, R. T. (2018). Hemocompatible tissue-engineered vascular grafts using adult mesenchymal stem cells. Curr. Opin. Biomed. Eng. 5, 66–73. doi:10.1016/j.cobme.2018.02.001
 Lee, J.-S., Chae, S., Yoon, D., Yoon, D., Chun, W., and Kim, G. H. (2020). Angiogenic factors secreted from human ASC spheroids entrapped in an alginate-based hierarchical structure via combined 3D printing/electrospinning system. Biofabrication 12, 045028. doi:10.1088/1758-5090/abaf9a
 Li, N., Xue, F., Zhang, H., Sanyour, H. J., Rickel, A. P., Uttecht, A., et al. (2019). Fabrication and characterization of pectin hydrogel nanofiber scaffolds for differentiation of mesenchymal stem cells into vascular cells. ACS Biomaterials Sci. Eng. 5, 6511–6519. doi:10.1021/acsbiomaterials.9b01178
 Li, Q., Wang, Z., Zhang, S., Zheng, W., Zhao, Q., Zhang, J., et al. (2013). Functionalization of the surface of electrospun poly(epsilon-caprolactone) mats using zwitterionic poly(carboxybetaine methacrylate) and cell-specific peptide for endothelial progenitor cells capture. Mater. Sci. Eng. C 33, 1646–1653. doi:10.1016/j.msec.2012.12.074
 Li, T., Li, J., Zhang, K., Zhao, H., and Meng, K. (2022). Numerical simulation of hemodynamics in spiral artificial blood vessel. J. Text. Res. 43 (03), 17–23. doi:10.13475/j.fzxb.20211104607
 Li, X., Xu, R., Tu, X., Janairo, R. R. R., Kwong, G., Wang, D., et al. (2020). Differentiation of neural crest stem cells in response to matrix stiffness and TGF-β1 in vascular regeneration. Stem Cells Dev. 29, 249–256. doi:10.1089/scd.2019.0161
 Li, Y., Zhou, Y., Qiao, W., Shi, J., Qiu, X., and Dong, N. (2023). Application of decellularized vascular matrix in small-diameter vascular grafts. Front. Bioeng. Biotechnol. 10, 1081233. doi:10.3389/fbioe.2022.1081233
 Liu, X., Ren, Z., Meng, X., and Xu, Y. (2022). Substrate topography regulates extracellular matrix component secretion by bone marrow-derived mesenchymal stem cells. J. Sci. Adv. Mater. Devices 7, 100437. doi:10.1016/j.jsamd.2022.100437
 Madhavan, K., Elliot, W., Tan, Y., Monnet, E., and Tan, W. (2018). Performance of marrow stromal cell-seeded small-caliber multilayered vascular graft in a senescent sheep model. Biomed. Mater. 13, 055004. doi:10.1088/1748-605x/aac7a6
 Mota, A., Lotfi, A. S., Barzin, J., Hatam, M., Adibi, B., Khalaj, Z., et al. (2014). Human bone marrow mesenchymal stem cell behaviors on PCL/gelatin nanofibrous scaffolds modified with a collagen IV-derived RGD-containing peptide. Cell J. (Yakhteh) 16, 1–10. 
 Nemani, S. K., Annavarapu, R. K., Mohammadian, B., Raiyan, A., Heil, J., Haque, M. A., et al. (2018). Surface modification of polymers: methods and applications. Adv. Mater. Interfaces 5, 1801247. doi:10.1002/admi.201801247
 Nieponice, A., Soletti, L., Guan, J., Hong, Y., Gharaibeh, B., Maul, T. M., et al. (2010). In vivo assessment of a tissue-engineered vascular graft combining a biodegradable elastomeric scaffold and muscle-derived stem cells in a rat model. Tissue Eng. Part A 16, 1215–1223. doi:10.1089/ten.tea.2009.0427
 Park, I. S., Kim, S. H., Heo, D. N., Jung, Y., Kwon, I. K., Rhie, J.-W., et al. (2012). Synergistic effect of biochemical factors and strain on the smooth muscle cell differentiation of adipose-derived stem cells on an elastic nanofibrous scaffold. J. Biomaterials Sci. Polym. Ed. 23, 1579–1593. doi:10.1163/092050611x587538
 Pashneh-Tala, S., MacNeil, S., and Claeyssens, F. (2016). The tissue-engineered vascular graft—past, present, and future. Tissue Eng. Part B Rev. 22, 68–100. doi:10.1089/ten.teb.2015.0100
 Raus, R. A., Nawawi, WMFW, and Nasaruddin, R. R. (2021). Alginate and alginate composites for biomedical applications. Asian J. Pharm. Sci. 16 (3), 280–306. doi:10.1016/j.ajps.2020.10.001
 Rekabgardan, M., Parandakh, A., Shahriari, S., Koohpar, Z. K., Rahmani, M., Ganjouri, C., et al. (2022a). An electrospun PGS/PU fibrous scaffold to support and promote endothelial differentiation of mesenchymal stem cells under dynamic culture condition. J. Drug Deliv. Sci. Technol. 72, 103383. doi:10.1016/j.jddst.2022.103383
 Rekabgardan, M., Rahmani, M., Soleimani, M., Zadeh, S. H., Roozafzoon, R., Parandakh, A., et al. (2022b). A Bilayered, electrospun poly (glycerol-sebacate)/polyurethane-polyurethane scaffold for engineering of endothelial Basement membrane. ASAIO J. 68, 123–132. doi:10.1097/mat.0000000000001423
 Seifu, D. G., Purnama, A., Mequanint, K., and Mantovani, D. (2013). Small-diameter vascular tissue engineering. Nat. Rev. Cardiol. 10, 410–421. doi:10.1038/nrcardio.2013.77
 Shafiq, M., Jung, Y., and Kim, S. H. (2015). In situ vascular regeneration using substance P-immobilised poly (L-lactide-co-ε-caprolactone) scaffolds: stem cell recruitment, angiogenesis, and tissue regeneration. Eur. Cell Mater 30, 282–302. doi:10.22203/ecm.v030a20
 Shi, Y., Zhang, H., Huang, S., Yin, L., Wang, F., Luo, P., et al. (2022). Epigenetic regulation in cardiovascular disease: mechanisms and advances in clinical trials. Signal Transduct. Target. Ther. 7, 200. doi:10.1038/s41392-022-01055-2
 Shu, Y., Ma, H., Cao, K., Cheng, Y. Y., Jia, Z., Ma, X., et al. (2024). Three-dimensional printing and decellularized-extracellular-matrix based methods for advances in artificial blood vessel fabrication: a review. Tissue Cell 87, 102304. doi:10.1016/j.tice.2024.102304
 Sun, K.-H., Liu, Z., Liu, C.-J., Yu, T., Shang, T., Huang, C., et al. (2015). Alginate hydrogel conglutinate cells on the surface of polycaprolactone vascular scaffolds fabricated by electrospinning. J. Biomaterials Tissue Eng. 5, 64–70. doi:10.1166/jbt.2015.1283
 Tan, R. P., Chan, A. H., Lennartsson, K., Miravet, M. M., Lee, B. S., Rnjak-Kovacina, J., et al. (2018). Integration of induced pluripotent stem cell-derived endothelial cells with polycaprolactone/gelatin-based electrospun scaffolds for enhanced therapeutic angiogenesis. Stem Cell Res. Ther. 9, 70–15. doi:10.1186/s13287-018-0824-2
 Tang, H., Yi, B., Wang, X., Shen, Y., and Zhang, Y. (2020). Understanding the cellular responses based on low-density electrospun fiber networks. Mater. Sci. Eng. C 119, 111470. doi:10.1016/j.msec.2020.111470
 Vonbrunn, E., Mueller, M., Pichlsberger, M., Sundl, M., Helmer, A., Wallner, S. A., et al. (2020). Electrospun PCL/PLA scaffolds are more suitable carriers of placental mesenchymal stromal cells than collagen/elastin scaffolds and prevent wound contraction in a mouse model of wound healing. Front. Bioeng. Biotechnol. 8, 604123. doi:10.3389/fbioe.2020.604123
 Wang, F., Li, Z., and Guan, J. (2013). Fabrication of mesenchymal stem cells-integrated vascular constructs mimicking multiple properties of the native blood vessels. J. Biomaterials Sci. Polym. Ed. 24, 769–783. doi:10.1080/09205063.2012.712029
 Wang, H., Xing, M., Deng, W., Qian, M., Wang, F., Wang, K., et al. (2022b). Anti-Sca-1 antibody-functionalized vascular grafts improve vascular regeneration via selective capture of endogenous vascular stem/progenitor cells. Bioact. Mater. 16, 433–450. doi:10.1016/j.bioactmat.2022.03.007
 Wang, M., Lin, S., and Mequanint, K. (2022a). Electrospun biodegradable α-amino acid-substituted poly (organophosphazene) fiber mats for stem cell differentiation towards vascular smooth muscle cells. Polymers 14, 1555. doi:10.3390/polym14081555
 Wang, N., Tang, L., Zheng, W., Peng, Y., Cheng, S., Lei, Y., et al. (2016). A strategy for rapid and facile fabrication of controlled, layered blood vessel-like structures. RSC Adv. 6, 55054–55063. doi:10.1039/c6ra12768a
 Wang, N., Wang, H., Weng, D., Wang, Y., Yu, L., Wang, F., et al. (2023). Nanomaterials for small diameter vascular grafts: overview and outlook. Nanoscale Adv. 5, 6751–6767. doi:10.1039/d3na00666b
 Wang, W., Liu, J., Yang, Y., Lu, T., Liu, Y., Zhu, K., et al. (2021). Preparation and in vitro biocompatibility of egg white/polyvinyl alcohol/graphene oxide composite fiber scaffolds based on electrospinning. Chin. J. Tissue Eng. Res. 25 (28), 4497–4503. doi:10.12307/2021.064
 Wang, Z., Cui, Y., Wang, J., Yang, X., Wu, Y., Wang, K., et al. (2014). The effect of thick fibers and large pores of electrospun poly (ε-caprolactone) vascular grafts on macrophage polarization and arterial regeneration. Biomaterials 35, 5700–5710. doi:10.1016/j.biomaterials.2014.03.078
 Wei, Y., Wang, F., Guo, Z., and Zhao, Q. (2022). Tissue-engineered vascular grafts and regeneration mechanisms. J. Mol. Cell. Cardiol. 165, 40–53. doi:10.1016/j.yjmcc.2021.12.010
 Wei, Y., Wu, Y., Zhao, R., Zhang, K., Midgley, A. C., Kong, D., et al. (2019). MSC-derived sEVs enhance patency and inhibit calcification of synthetic vascular grafts by immunomodulation in a rat model of hyperlipidemia. Biomaterials 204, 13–24. doi:10.1016/j.biomaterials.2019.01.049
 Wu, Y., Song, L., Shafiq, M., Ijima, H., Kim, S. H., Wei, R., et al. (2023). Peptides-tethered vascular grafts enable blood vessel regeneration via endogenous cell recruitment and neovascularization. Compos. Part B Eng. 252, 110504. doi:10.1016/j.compositesb.2023.110504
 Wu, Z., Yang, T., Bao, C., Li, M., Xu, H. H. K., Liao, X., et al. (2017). Effect of electrospun fibrous scaffolds with different fiber orientations on the alignment of microvessel-like structures. J. Med. Biol. Eng. 38 (26), 106–115. doi:10.1007/s40846-017-0284-7
 Xing, B. (2008) 利用力学因素和干细胞的组织工程小口径血管研究. Master dissertation. Nankai Unversity. doi:10.7666/d.y1798143
 Yamamoto, K., Sokabe, T., Watabe, T., Miyazono, K., Yamashita, J. K., Obi, S., et al. (2005). Fluid shear stress induces differentiation of Flk-1-positive embryonic stem cells into vascular endothelial cells in vitro. Am. J. Physiology-Heart Circulatory Physiology 288, H1915–H1924. doi:10.1152/ajpheart.00956.2004
 Yao, C.-L., Chen, J.-H., and Lee, C.-H. (2018). Effects of various monomers and micro-structure of polyhydroxyalkanoates on the behavior of endothelial progenitor cells and endothelial cells for vascular tissue engineering. J. Polym. Res. 25, 187–214. doi:10.1007/s10965-017-1341-1
 Yogi, A., Rukhlova, M., Charlebois, C., Tian, G., Stanimirovic, D. B., and Moreno, M. J. (2021). Differentiation of adipose-derived stem cells into vascular smooth muscle cells for tissue engineering applications. Biomedicines 9, 797. doi:10.3390/biomedicines9070797
 Yu, E., Zhang, J., Thomson, J., and Turng, L.-S. (2016). Fabrication and characterization of electrospun thermoplastic polyurethane/fibroin small-diameter vascular grafts for vascular tissue engineering. Int. Polym. Process. 31, 638–646. doi:10.3139/217.3247
 Yu, J., Wang, A., Tang, Z., Henry, J., Lee, B. L.-P., Zhu, Y., et al. (2012). The effect of stromal cell-derived factor-1α/heparin coating of biodegradable vascular grafts on the recruitment of both endothelial and smooth muscle progenitor cells for accelerated regeneration. Biomaterials 33, 8062–8074. doi:10.1016/j.biomaterials.2012.07.042
 Zhang, J., Qi, H., Wang, H., Hu, P., Ou, L., Guo, S., et al. (2006). Engineering of vascular grafts with genetically modified bone marrow mesenchymal stem cells on poly (propylene carbonate) graft. Artif. organs 30, 898–905. doi:10.1111/j.1525-1594.2006.00322.x
 Zhang, P., Moudgill, N., Hager, E., Tarola, N., Dimatteo, C., McIlhenny, S., et al. (2011). Endothelial differentiation of adipose-derived stem cells from elderly patients with cardiovascular disease. Stem Cells Dev. 20 (6), 977–988. doi:10.1089/scd.2010.0152
 Zhang, X., Zheng, L.-L., LiuY, M. Y., He, H.-J., and Hu, Y.Effect of poly (L-lactic acid caprolactone)/gelatin blend electrospun on angiogenesis of rat bone marrow-derived endothelial pro6genitor cells. 2018, 38(5): 499–504. 
 Zonari, A., Novikoff, S., Electo, N. R., Breyner, N. M., Gomes, D. A., Martins, A., et al. (2012). Endothelial differentiation of human stem cells seeded onto electrospun polyhydroxybutyrate/polyhydroxybutyrate-co-hydroxyvalerate fiber mesh. PLoS One 7, e35422. doi:10.1371/journal.pone.0035422
GLOSSARY
[image: ]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.
Copyright © 2024 Wang, Chen, Hu, He, Shen, Yang, Wang, Weng and He. 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/fbioe-12-1385032-g004.gif





OPS/images/fbioe-12-1385032-g002.gif





OPS/images/fbioe-12-1385032-g003.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Small diameter vascular grafts: progress on electrospinning matrix/stem cell blending approach		1 Introduction		1.1 Small-diameter vascular grafts: a demanding clinical need

		1.2 Electrospinning: a favorable preparation method for SDVGs

		1.3 Stem cells loaded ES SDVGs: unique advantages





		2 Pluripotent stem cells in ES/SC SDVGs

		3 Multipotent stem cells in ES/SC SDVGs		3.1 Bone marrow mesenchymal stem cells

		3.2 Adipose mesenchymal stem cell

		3.3 Placenta-derived mesenchymal stem cells

		3.4 Other multipotent stem cells





		4 Unipotent stem cells in ES/SC SDVGs

		5 Concluding remarks

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References

		Glossary









OPS/images/cover.jpg
& frontiers | Frontiers in Bioengineering and Biotechnology






OPS/images/fbioe-12-1385032-001.jpg
CVD

VG

SDVG

3D

IH

ES

sC

ES/SC SDVG
PCL

PSC

iPSC

SMC
MSC
PU
iEC
NCSC
INCSC
PLA
PGA
TGF-B1
ECM
eNOS
NO
iMSC
VEGF
PGS
PLCL
PLGA
PVA
GO

sp

PHB
PHB-HV
a-SMA

MHC

EV
DPMSC
MDSC
BMMNC
EMMPC
PEUU
TIPS
EPC
SMPC
SDF-1a
SCA-1
PCBMA
PEG
POC
TEM
SEM

CD
BMMS
ADMSC
UCMSC
AMMSC
HI

HIP
VEGFR-2
PECAM-1
PECUU
HUVEC
RGD
LXW7
TPS
Flk-1

YAP

Cardiovascular disease
vascular graft

small diameter vascular graft
three-dimensional

intimal hyperplasia
electrospinning

stem cell

electrospining matrix/stem cell blending SDVG
polycaprolactone

pluripotent stem cell

induced pluripotent stem cell
embryonic stem cell
endothelial cell

smooth muscle cell
mesenchymal stem cell
polyurethane

iPSC-derived EC

neural crest stem cell
iPSC-derived NCSC

poly (lactide)

polyglycolic acid
transforming growth factor p1
extracellular matrix
endothelial nitric oxide synthase
nitric oxide

iPSC-derived MSC

vascular endothelial growth factor
poly (glyceryl carbate)

poly (lactide-co-caprolactone)
poly (lactic-co-glycolic acid)
polyvinyl acetate

graphene oxide
substance P

von Willebr factor

polyhydroxybutyrate

poly (3-hydroxybutyrate-co-3-hydroxyvalerate)
a-smooth muscle actin

myosin heavy chain

hyaluronic acid

chitosan

extracellular vesicle

dental pulp MSC

muscle-derived stem cell

bone marraw mononuclear cell

embryonic multipotent mesenchymal progenitor cell
poly (ester carbamate) urea

thermally induced phase separation
endothelial progenitor cell

smooth muscle progenitor cell

stromal cell derived factor la

stem cell antigen-1

poly (carboxybetaine methacrylate)
polyethylene glycol

poly (1,8-octyl glycol-co-citrate)
transmission electron microscope

scanning electron microscope

cluster of differentiation

bone marrow mesenchymal stem cell
adipose mesenchymal stem cell

umbilical cord mesenchymal stem cell
amniotic mesenchymal stem cell
heparin-immersed

heparin-impregnated

vascular endothelial growth factor receptor-2
platelet endothelial cell adhesion molecule
polyethercarbonate urethane

human umbilic vein endothelial cell
arginine-glycine-aspartic acid

the cyclic RGD peptide ¢<GRGDdve

tissue polypeptide specific antigen

fetal liver kinase 1

Yes-associated protein





OPS/images/fbioe-12-1385032-g001.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





