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Abstract


Vascularization remains a fundamental bottleneck in tissue engineering, as the absence of functional vascular networks limits oxygen and nutrient delivery, resulting in necrotic cores and poor host integration. While structural scaffold design and cell sourcing have advanced considerably, emerging evidence indicates that paracrine signaling, rather than direct cell contact or scaffold architecture alone, is the primary driver of angiogenesis and vasculogenesis within engineered constructs. Key cell types, including endothelial cells (ECs) and mesenchymal stem cells (MSCs), engage in bidirectional paracrine crosstalk through the secretion of vascular endothelial growth factor (VEGF), angiopoietins, hepatocyte growth factor, and platelet-derived growth factor, among other mediators. While researchers have long focused on improving scaffold structure and cell selection, growing evidence shows that the chemical messages cells send to one another play a far more important role in driving blood vessel formation than previously appreciated. This review explores how cells embedded within engineered scaffolds communicate through secreted signals to coordinate the growth of new blood vessels. Two cell types, MSCs and ECs, are central to this process: cells that line blood vessels and bone marrow-derived stem cells. These cells exchange a variety of chemical messages that instruct neighboring cells to multiply, move, and organize into vessel-like structures. Importantly, the material properties of the scaffold itself, including its stiffness, surface texture, and degradation over time, influence the signals cells produce and how those signals spread through the tissue. Strategies to amplify paracrine signaling include growth factor-loaded delivery systems, hypoxic and genetic preconditioning of MSCs, and perfusion bioreactor culture. In vitro and in vivo evidence consistently demonstrates that coculture systems leveraging paracrine interactions produce superior vascular outcomes compared to single-cell or acellular constructs. Despite this progress, challenges related to signaling complexity, reproducibility, and clinical translation persist. Integration of transcriptomic and proteomic profiling, computational modeling, and machine learning approaches offers a path toward rationally designed scaffolds that recapitulate the spatiotemporal dynamics of native vascular signaling and ultimately support functional tissue regeneration.
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1. Introduction


The long-term success of tissue-engineered constructs depends on their ability to establish a functional vascular network [1,2]. Without adequate vascularization, engineered tissues suffer from insufficient oxygen and nutrient transport, leading to necrosis and poor integration with host tissue [1]. Although advances in scaffold fabrication and cell sourcing have significantly improved construct design, vascularization remains a central bottleneck, particularly for thick or metabolically demanding tissues [2]. As a result, understanding the biological mechanisms governing vascular formation in engineered environments has become a critical focus in tissue engineering research.



Early strategies to address this challenge largely emphasized structural solutions, such as increasing scaffold porosity, incorporating pre-formed channels, or seeding constructs with endothelial cells [3,4]. While these approaches improved perfusion in some contexts, they often failed to produce stable, mature vascular networks after implantation [5,6]. Increasing evidence now suggests that vascularization is not driven solely by cell presence or scaffold architecture, but by dynamic biochemical communication between cells and their surrounding materials [7]. In native tissues, angiogenesis and vasculogenesis are regulated through tightly coordinated signaling processes in which cells continuously exchange soluble cues that guide migration, proliferation, and differentiation [8]. Replicating these signaling environments within engineered scaffolds is therefore essential for achieving robust and durable vascularization [2]. Figure 1 illustrates the mechanisms by which scaffold vascularization is achieved through paracrine signaling, highlighting the key molecular interactions and cellular responses involved.



Paracrine signaling plays a central role in this process [8]. Cells embedded within or recruited to biomaterial scaffolds secrete growth factors, cytokines, and chemokines that act locally to influence endothelial behavior and vascular patterning [9]. These signals do not operate in isolation. Instead, their production, spatial distribution, and temporal dynamics are strongly influenced by the physicochemical properties of the surrounding biomaterial [10]. Scaffold stiffness, surface chemistry, degradation behavior, and microarchitecture can all modulate cellular phenotype and secretory profiles, thereby shaping the angiogenic microenvironment [7,10]. In this way, biomaterials function not only as structural supports but also as active regulators of intercellular communication [11].



Despite growing recognition of the importance of paracrine signaling in scaffold vascularization, the underlying mechanisms by which cell–biomaterial interactions regulate these signaling pathways remain incompletely understood [12]. Many studies report enhanced angiogenesis following specific material or coculture designs. However, fewer explicitly interrogate how biomaterial cues alter paracrine factor secretion, signaling pathway activation, or temporal coordination between cell populations [7,12]. This lack of mechanistic clarity limits the rational design of vascularized scaffolds and contributes to variability across experimental systems [2].



This review focuses on mechanistic insights into paracrine signaling in cell–biomaterial interactions that drive scaffold vascularization. We examine how key cell types, including endothelial cells and mesenchymal stem cells, communicate through soluble signaling pathways within engineered environments [9], and how biomaterial properties modulate these interactions [11]. By synthesizing current evidence across in vitro and in vivo studies, this review aims to clarify how paracrine signaling governs vascular network formation and to highlight design principles that can be leveraged to improve vascularization outcomes in tissue-engineered scaffolds.




2. Fundamentals of Scaffold Vascularization


The formation of a functional vascular network remains a central challenge in tissue engineering. In native tissues, vascularization occurs through two primary processes: vasculogenesis and angiogenesis. Vasculogenesis refers to the de novo formation of blood vessels from endothelial progenitor cells during embryonic development. In contrast, angiogenesis involves the sprouting, branching, or remodeling of existing vasculature and predominates in adult tissues (Figure 2). These processes are orchestrated by a complex interplay of molecular cues, among which vascular endothelial growth factor (VEGF) plays a pivotal role by regulating endothelial cell proliferation, migration, and survival [8,13]. Hypoxic tissue (low oxygen, O2) releases VEGF, forming a concentration gradient that increases away from the existing blood vessel. Endothelial cells lining the vessel sense this gradient via VEGFR2 (Vascular Endothelial Growth Factor Receptor 2); the cell with the highest VEGFR2 activation becomes the “tip cell,” which activates Notch signaling, specifically through its ligand DLL4 (Delta-Like Ligand 4), in its neighboring cells. This DLL4-Notch signaling suppresses VEGFR2 and upregulates sVEGFR1 (soluble Vascular Endothelial Growth Factor Receptor 1), a decoy receptor that sequesters VEGF, in adjacent cells, preventing them from becoming tip cells. The selected tip cell then extends filopodia and sprouts toward the VEGF source, while the neighboring “stalk cells” follow behind to elongate the new vessel branch.



In engineered constructs, vascularization remains a persistent barrier to the successful regeneration of thick or metabolically demanding tissues. Due to the limited diffusion range of oxygen and nutrients, cells within the core of avascular scaffolds are often necrotic approximately 100 to 200 µm from a capillary [4]. Figure 3 shows the diffusion limitations in scaffolds, which represent a critical barrier in tissue engineering, as the inability to transport oxygen and nutrients throughout the scaffold architecture efficiently leads to cell death and compromised tissue formation in regions beyond the diffusion threshold.



Moreover, even when angiogenic signals are incorporated into scaffolds, integration with the host vasculature via anastomosis can be delayed or incomplete, impairing long-term graft survival and function. Strategies such as prevascularization, coculture systems, and spatiotemporal delivery of growth factors have improved outcomes, but translation to clinical settings remains hindered by challenges related to immune responses, vascular stability, and control over neovascular patterning.




3. Paracrine Signaling in Cell–Biomaterial Interactions


A growing body of evidence suggests that the regenerative potential of cell-based therapies is largely mediated through paracrine signaling rather than direct cell integration. Paracrine signaling involves the local release of bioactive factors by cells that modulate the behavior of neighboring cells within the tissue microenvironment. In engineered tissues, this mode of communication governs key regenerative processes, including angiogenesis, immune modulation, and extracellular matrix remodeling [14].



Table 1 shows the key cell types and their paracrine contributions in scaffold vascularization. Multiple cell types contribute to paracrine signaling within scaffolds. Endothelial cells, for instance, are a primary source of VEGF and angiopoietins that initiate vascular sprouting and lumen formation [15]. Mesenchymal stem cells (MSCs), widely used in regenerative medicine, exert broad paracrine effects by secreting cytokines, chemokines, and growth factors that influence not only endothelial behavior but also fibroblast recruitment, macrophage polarization, and matrix deposition [16]. In bone tissue engineering contexts, osteoblasts contribute to both osteogenesis and angiogenesis by releasing interleukin-6 (IL-6), bone morphogenetic proteins, and other osteoinductive factors [17].



The biophysical and biochemical properties of scaffolds themselves can modulate paracrine signaling. Surface chemistry governs protein adsorption and cell adhesion, thereby altering the secretory profile of attached cells [18]. Figure 4 shows the angiogenesis process within the cells. VEGF activates two receptor systems, VEGFR2 and a co-receptor complex of NRPs (Neuropilins) with Integrins (α and β subunits), which signal through parallel cascades: VEGFR2 via Src (Src proto-oncogene tyrosine kinase) → Rho (Ras Homolog family member GTPase) → actomyosin, and NRPs/Integrins via FAK (Focal Adhesion Kinase) → Rac (Ras-related C3 botulinum toxin substrate GTPase) → PAK (p21-Activated Kinase) → Merlin (Moesin-Ezrin-Radixin-Like protein/Neurofibromin 2), both of which normally inhibit LATS (Large Tumor Suppressor kinase) and thereby restrain YAP/TAZ (Yes-Associated Protein/Transcriptional co-Activator with PDZ-binding motif); however, the red “X” marks indicate that these inhibitory checkpoints, including the GAPs (GTPase-Activating Proteins) feedback loops, are disrupted, allowing YAP/TAZ to escape suppression, partner with TEAD (TEA Domain transcription factor) in the nucleus, and drive gene expression that promotes angiogenesis and self-renewal. Substrate stiffness has been shown to influence mechanotransduction pathways, such as YAP/TAZ, which, in turn, regulate the expression of angiogenic cytokines, such as VEGF, and matrix metalloproteinases [19]. Additionally, nanoscale topographical features have been demonstrated to enhance the secretion of proangiogenic factors, indicating that scaffold microarchitecture can be harnessed to direct paracrine-mediated regeneration [20].




4. Major Paracrine Factors and Pathways


The paracrine factors involved in scaffold vascularization encompass a broad range of growth factors, cytokines, and chemokines, each acting through distinct but interconnected pathways. VEGF remains the most extensively studied, exerting potent effects on endothelial proliferation, permeability, and tube formation [13]. Fibroblast growth factor-2 (FGF-2) acts synergistically with VEGF to enhance endothelial proliferation and stabilize newly formed vasculature [21]. Platelet-derived growth factor (PDGF) contributes to vessel maturation by recruiting pericytes and smooth muscle cells to nascent capillaries [22], while transforming growth factor-beta (TGF-β) plays a dual role by promoting extracellular matrix deposition and modulating immune responses [23].



Proinflammatory cytokines such as IL-6 also exhibit proangiogenic activity, primarily through activation of the STAT3 pathway, which promotes endothelial cell survival and migration [24]. Chemokines such as monocyte chemoattractant protein-1 (MCP-1) recruit monocytes and macrophages to the injury site, where these immune cells subsequently release additional angiogenic factors and facilitate vessel remodeling [25]. These signaling molecules are tightly regulated and context-dependent, underscoring the importance of scaffold design in orchestrating their spatial and temporal presentation.



Underlying these paracrine responses are several well-characterized intracellular signaling cascades. Table 2 presents paracrine factors and signaling pathways along with their respective roles in vascularization. The PI3K/Akt pathway mediates survival and proliferation responses in endothelial cells, promoting nitric oxide production and vascular remodeling [26]. The MAPK/ERK pathway is activated by FGF and VEGF, regulating mitogenic and morphogenic outcomes [27]. Notch signaling, particularly via Delta-like ligand 4 (Dll4), governs endothelial cell fate decisions and branching morphogenesis during angiogenesis [28]. Furthermore, hypoxia-inducible factor 1-alpha (HIF-1α) is stabilized under low-oxygen conditions common in early scaffold environments and drives transcription of VEGF and other proangiogenic genes [29].



Together, these pathways represent a dynamic network of feedback and feedforward loops that determine the regenerative success of tissue-engineered constructs. Modulating these pathways through both biological and materials engineering approaches holds promise for advancing scaffold vascularization and ultimately improving clinical outcomes.




5. Mechanistic Insights


Understanding the mechanisms by which paracrine signaling mediates scaffold vascularization requires examining the cellular crosstalk between key cell types, the regulatory influence of biomaterials, and the temporal progression of signaling events. Among these, the interactions between mesenchymal stem cells (MSCs) and endothelial cells (ECs) are especially critical. MSCs have been shown to enhance endothelial tube formation by secreting VEGF, hepatocyte growth factor (HGF), and angiopoietin-1, even without direct contact. Conversely, ECs can influence MSC differentiation and survival by releasing nitric oxide and extracellular vesicles containing regulatory microRNAs [30,31]. This bidirectional paracrine crosstalk underpins the cooperative behavior observed in many coculture systems (Figure 5). This figure compares four HUVEC (Human Umbilical Vein Endothelial Cell)-MSCs coculture configurations: in “Direct Coculture,” both cell types are seeded together as a mixed monolayer in direct physical contact at the bottom of a well; in “Indirect Coculture,” a transwell insert separates an MSC layer on the porous membrane from a HUVEC layer at the well bottom, allowing only soluble-factor (paracrine) communication without direct contact; in “Direct Coculture on Scaffold,” no insert is used, and a porous scaffold is seeded with HUVECs on its lower surface and MSCs on its upper surface, placing both cell types in direct contact through the scaffold; and in “Indirect Coculture on Scaffold,” a transwell insert holds the MSC layer above a scaffold-covered HUVEC layer at the well bottom, enabling diffusion-based crosstalk across the scaffold while keeping the two cell populations physically separated.



Scaffold properties strongly modulate these interactions. Material stiffness can regulate cell phenotype and secretory activity through mechanotransduction pathways such as integrin-FAK signaling and YAP/TAZ nuclear localization [19,32]. Porosity and degradation rate affect nutrient diffusion and the dynamic release of embedded factors, while biochemical functionalization of scaffolds can sequester or present paracrine cues in a spatially organized manner [7]. Thus, the material microenvironment acts not merely as a passive support, but as an active regulator of cell signaling.



The temporal dynamics of paracrine signaling also play a vital role in neovascularization. Early stages are characterized by proangiogenic factors, such as VEGF, IL-8, and MCP-1, which promote endothelial migration and sprouting. As vascular structures stabilize, the secretion of anti-permeability and maturation cues such as angiopoietin-1, PDGF-BB, and TGF-β increases [33]. Mimicking this time-dependent pattern through biomaterial and cell-based engineering is a key goal in achieving functional vascular networks.




6. Strategies to Enhance Paracrine Signaling


To harness paracrine signaling effectively, both material and biological strategies have been developed. One widely adopted approach is to incorporate bioactive molecules directly into scaffolds via immobilization or encapsulation, allowing for localized and sustained release. For instance, VEGF-loaded hydrogels or microspheres can recreate concentration gradients that mimic physiological angiogenesis [34]. Moreover, scaffolds functionalized with peptides such as RGD or heparin can promote cell adhesion and retain growth factors within the matrix [35].



On the cellular side, preconditioning strategies have shown promise in enhancing paracrine potency. Hypoxic preconditioning of MSCs, for example, leads to upregulation of HIF-1α and subsequent increases in VEGF, IL-6, and angiogenin secretion [36]. Genetic modification offers another avenue, with MSCs engineered to overexpress proangiogenic genes such as VEGF or Ang-1, resulting in superior vascular outcomes [37]. While these approaches enhance secretion, they must be carefully evaluated for safety, immunogenicity, and regulatory compliance.



Dynamic culture systems further augment paracrine signaling by providing mechanical and biochemical cues. Perfusion bioreactors improve oxygen and nutrient transport while introducing shear stress, which enhances endothelial differentiation and VEGF secretion [38]. Mechanical stimulation, such as cyclic strain or compression, has also been shown to upregulate the release of angiogenic factors from both MSCs and osteoblasts, suggesting that biophysical stimuli can be leveraged as therapeutic inputs [39].



The pathways, scaffold properties, and strategies discussed above target vascularization at different levels and timescales. Various signaling cascades control a hypoxia-driven master switch, the early sprouting phase, and Notch/DLL4 acts later to restrain tip-cell selection and coordinate branching, meaning interventions targeting these pathways address sequential rather than competing stages. Scaffold properties show a similar division: porosity and degradation rate govern fast, diffusion-based factor delivery, stiffness modulates slower YAP/TAZ-driven phenotypic changes, and surface functionalization (e.g., RGD, heparin) bridges the two by controlling adhesion and localized factor retention. Enhancement strategies likewise trade off differently; material-based approaches (encapsulation, gradients) offer strong spatial control but limited post-implantation flexibility, cell-based approaches (preconditioning, genetic modification) offer strong secretory control but less spatial precision, and dynamic culture systems (bioreactors, mechanical stimulation) balance both at the cost of added complexity. Overall, no single pathway, scaffold parameter, or strategy is sufficient alone; robust vascularization likely requires combinatorial designs pairing early HIF-1α-driven cues with spatially controlled scaffold gradients and late-stage maturation signals like PDGF and TGF-β.




7. Current Advances and Experimental Evidence


A growing body of experimental evidence has substantiated the central role of paracrine signaling in scaffold vascularization. In vitro coculture systems have shown that mesenchymal stromal cells (MSCs) and endothelial cells (ECs) seeded together on decellularized or perfusion-cultured scaffolds achieve more robust, stable endothelialization than ECs cultured alone. This enhancement is largely attributable to MSC-derived paracrine mediators, particularly VEGF-A, which attenuate inflammatory activation and reduce endothelial cell death induced by perfusion-associated shear stress [40]. Notably, these beneficial effects are sustained even under conditions of limited direct cell–cell contact, supporting the conclusion that soluble signaling factors, rather than physical intercellular interactions, represent the principal drivers of the vascularization response.



Complementary in vivo evidence further underscores the functional significance of this paracrine crosstalk. Prevascularized constructs co-seeded with MSCs and ECs demonstrate superior perfusion and host integration relative to acellular scaffolds or those seeded with a single cell type. In immunodeficient murine models of hindlimb ischemia, implantation of pre-cultured, cell-encapsulating microbead constructs has been shown to accelerate inosculation with host vasculature, enhance macroscopic tissue reperfusion, and improve limb salvage outcomes compared with cellular controls lacking an established microvascular network prior to implantation [41].



Collectively, these findings support the primacy of secreted signaling molecules in driving angiogenesis within tissue-engineered constructs. Although direct intercellular contact mechanisms, such as gap junction communication, may exert modulatory effects, secreted paracrine factors remain the dominant determinant of vascular outcomes. This body of evidence lends strong support to the therapeutic rationale for cell-free strategies that recapitulate these paracrine mechanisms, including the use of bioprinted extracellular vesicles engineered to enable spatially controlled, localized delivery of regenerative cargo [42].




8. Challenges and Future Directions


Despite these advances, several challenges remain. The complexity of paracrine signaling networks, which involve redundant, overlapping, and sometimes antagonistic factors, complicates precise manipulation. Moreover, paracrine activity is highly context-dependent, influenced by cell source, culture conditions, and scaffold composition, making reproducibility across laboratories difficult. Standardizing protocols for cell isolation, scaffold fabrication, and in vivo assessment will be essential to improve comparability and reproducibility. Table 3 outlines the key challenges in tissue engineering and the corresponding strategies developed to address them.



Emerging technologies offer new opportunities to address these limitations. High-throughput “omics” approaches, including transcriptomics, proteomics, and secretomics, enable comprehensive profiling of paracrine factor networks in different scaffold environments [43]. Computational modeling and systems biology frameworks can integrate these datasets to predict optimal scaffold and culture conditions for vascularization. More recently, artificial intelligence and machine learning are being applied to design scaffolds with predictive control over cell behavior and paracrine dynamics, accelerating the design–build–test cycle in tissue engineering [44,45].



Despite mechanistic progress, several limitations constrain the reliability and clinical readiness of paracrine-based vascularization strategies. Reproducibility remains a persistent issue, as paracrine signaling networks involve redundant and sometimes antagonistic factors whose net effect is difficult to isolate or predict across different experimental systems. This is compounded by variability in cell sources, since MSCs and other paracrine-active cell populations differ in secretory profile depending on donor age, tissue origin, isolation method, and passage number, making outcomes inconsistent even within similar scaffold designs. Vascular stability presents an additional challenge, as newly formed vessels are often immature and prone to regression once growth factor delivery ceases, indicating that current strategies are better at initiating angiogenesis than sustaining it long-term. Finally, clinical translation is hindered by practical and regulatory barriers, including the complexity of manufacturing and quality control of cell-based or genetically modified constructs, uncertainty around the regulatory pathway for combination cell–biomaterial interactions, and the difficulty of scaling prevascularization or bioreactor-based approaches to clinically relevant sizes. Together, these limitations suggest that advancing beyond proof-of-concept studies will require not only mechanistic refinement but also standardized protocols for cell sourcing and scaffold fabrication, as well as strategies to promote long-term vascular maturation.




9. Conclusions


Vascularization remains a critical challenge in tissue engineering, and this review underscores that paracrine signaling, not scaffold architecture or direct cell contact alone, is the primary driver of angiogenesis in engineered constructs. Endothelial cells, MSCs, osteoblasts, and macrophages coordinate vessel formation through overlapping secretory factors and shared pathways, while scaffold properties shape these signaling dynamics rather than serving as passive supports. Strategies including growth factor delivery, MSC preconditioning, coculture systems, and bioreactor culture have improved vascular outcomes, yet reproducibility, immune compatibility, and scalability remain key translational hurdles. Advancing the field will require integrating omics profiling with computational and machine learning approaches to enable rationally designed scaffolds that better replicate native vascular signaling and support functional, clinically translatable vascularization.







Author Contributions


Conceptualization, A.C. and N.S.; methodology, A.C.; validation, A.C. and N.S.; writing—original draft preparation, A.C.; writing—review and editing, N.S.; visualization, A.C. and N.S.; supervision, N.S.; funding acquisition, N.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by PVAMU’s RISE Undergraduate Program, which funded a research assistantship.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


No new data were created.




Acknowledgments


Chat-GPT by OpenAI and Claude AI (Anthropic; accessed 30 May, & 7 July 2026) were used in a limited capacity under direct author supervision to support language refinement, structural clarity, and reference formatting. All AI-assisted content was independently reviewed and revised by the authors, who bear full responsibility for the accuracy and integrity of the final manuscript. Figures were produced using BioRender (BioRender.com) under an institutional license and are cited accordingly. The authors acknowledge the RISE Undergraduate Program at Prairie View A&M University for the research assistantship.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Novosel, E.C.; Kleinhans, C.; Kluger, P.J. Vascularization is the key challenge in tissue engineering. Adv. Drug Deliv. Rev. 2011, 63, 300–311. [Google Scholar] [CrossRef]

	



Rouwkema, J.; Khademhosseini, A. Vascularization and angiogenesis in tissue engineering: Beyond creating static networks. Trends Biotechnol. 2016, 34, 733–745. [Google Scholar] [CrossRef]

	



Eugenis, I.; Wu, D.; Hu, C.; Chiang, G.; Huang, N.F.; Rando, T.A. Scalable macroporous hydrogels enhance stem cell treatment of volumetric muscle loss. Biomaterials 2022, 290, 121818. [Google Scholar] [CrossRef]

	



Liu, X.; Jakus, A.E.; Kural, M.; Qian, H.; Engler, A.; Ghaedi, M.; Shah, R.; Steinbacher, D.M.; Niklason, L.E. Vascularization of Natural and Synthetic Bone Scaffolds. Cell Transplant. 2018, 27, 1269–1280. [Google Scholar] [CrossRef] [PubMed]

	



Yang, G.; Mahadik, B.; Choi, J.Y.; Fisher, J.P. Vascularization in tissue engineering: Fundamentals and state-of-the-art. Prog. Biomed. Eng. 2020, 2, 012002. [Google Scholar] [CrossRef]

	



Osaki, T.; Sivathanu, V.; Kamm, R.D. Crosstalk between developing vasculature and optogenetically engineered skeletal muscle improves muscle contraction and angiogenesis. Biomaterials 2018, 156, 65–76. [Google Scholar] [CrossRef] [PubMed]

	



Abdulghani, S.; Mitchell, G.R. Biomaterials for In Situ Tissue Regeneration: A Review. Biomolecules 2019, 9, 750. [Google Scholar] [CrossRef] [PubMed]

	



Omorphos, N.P.; Gao, C.; Tan, S.S.; Sangha, M.S. Understanding angiogenesis and the role of angiogenic growth factors in the vascularisation of engineered tissues. Mol. Biol. Rep. 2021, 48, 941–950. [Google Scholar] [CrossRef] [PubMed]

	



Rady, D.; Abbass, M.M.S.; El-Rashidy, A.A.; El Moshy, S.; Radwan, I.A.; Dörfer, C.E.; Fawzy El-Sayed, K.M. Mesenchymal Stem/Progenitor Cells: The Prospect of Human Clinical Translation. Stem Cells Int. 2020, 2020, 8837654. [Google Scholar] [CrossRef] [PubMed]

	



Wilems, T.; Vardhan, S.; Wu, S.; Sakiyama-Elbert, S. The influence of microenvironment and extracellular matrix molecules in driving neural stem cell fate within biomaterials. Brain Res. Bull. 2019, 148, 25–33. [Google Scholar] [CrossRef] [PubMed]

	



Watt, F.M.; Huck, W.T. Role of the extracellular matrix in regulating stem cell fate. Nat. Rev. Mol. Cell Biol. 2013, 14, 467–473. [Google Scholar] [CrossRef] [PubMed]

	



Sultana, N. Bone Tissue Engineering: Scaffold Design Principles, Biomaterial Advances, and Strategies for Functional Regeneration and Clinical Translation. Bioengineering 2026, 13, 514. [Google Scholar] [CrossRef] [PubMed]

	



Ferrara, N. Molecular Basis of Angiogenesis and its Application. Keio J. Med. 2024, 73, 12. [Google Scholar] [CrossRef] [PubMed]

	



Caplan, A.I.; Correa, D. The MSC: An injury drugstore. Cell Stem Cell 2011, 9, 11–15. [Google Scholar] [CrossRef] [PubMed]

	



DeCicco-Skinner, K.L.; Henry, G.H.; Cataisson, C.; Tabib, T.; Gwilliam, J.C.; Watson, N.J.; Bullwinkle, E.M.; Falkenburg, L.; O’Neill, R.C.; Morin, A.; et al. Endothelial cell tube formation assay for the in vitro study of angiogenesis. J. Vis. Exp. 2014, 91, e51312. [Google Scholar] [CrossRef]

	



Rajesh, A.; Ju, E.D.E.; Oxford, K.A.; Harman, R.M.; Van de Walle, G.R. The Mesenchymal Stromal Cell Secretome Promotes Tissue Regeneration and Increases Macrophage Infiltration in Acute and Methicillin-Resistant Staphylococcus aureus-Infected Skin Wounds In Vivo. Cytotherapy 2024, 26, 1400–1410. [Google Scholar] [CrossRef]

	



Liu, Y.; Chan, J.K.; Teoh, S.H. Review of vascularised bone tissue-engineering strategies with a focus on coculture systems. J. Tissue Eng. Regen. Med. 2015, 9, 85–105. [Google Scholar] [CrossRef] [PubMed]

	



Cai, F.; Jiang, B.; He, F. Formation and Biological Activities of Foreign Body Giant Cells in Response to Biomaterials. Acta Biomater. 2024, 188, 1–26. [Google Scholar] [CrossRef] [PubMed]

	



Dupont, S.; Morsut, L.; Aragona, M.; Enzo, E.; Giulitti, S.; Cordenonsi, M.; Zanconato, F.; Le Digabel, J.; Forcato, M.; Bicciato, S.; et al. Role of YAP/TAZ in mechanotransduction. Nature 2011, 474, 179–183. [Google Scholar] [CrossRef] [PubMed]

	



Dalby, M.J.; Gadegaard, N.; Oreffo, R.O. Harnessing nanotopography and integrin-matrix interactions to influence stem cell fate. Nat. Mater. 2014, 13, 558–569. [Google Scholar] [CrossRef] [PubMed]

	



Ornitz, D.M.; Itoh, N. The fibroblast growth factor signaling pathway. Wiley Interdiscip. Rev. Dev. Biol. 2015, 4, 215–266. [Google Scholar] [CrossRef] [PubMed]

	



Lu, W.; Li, X. PDGFs and Their Receptors in Vascular Stem/Progenitor Cells: Functions and Therapeutic Potential in Retinal Vasculopathy. Mol. Asp. Med. 2018, 62, 22–32. [Google Scholar] [CrossRef]

	



Liu, R.M.; Gaston Pravia, K.A. Oxidative stress and glutathione in TGF-beta-mediated fibrogenesis. Free Radic. Biol. Med. 2010, 48, 1–15. [Google Scholar] [CrossRef] [PubMed]

	



Scheller, J.; Chalaris, A.; Schmidt-Arras, D.; Rose-John, S. The pro- and anti-inflammatory properties of the cytokine interleukin-6. Biochim. Biophys. Acta 2011, 1813, 878–888. [Google Scholar] [CrossRef] [PubMed]

	



Sica, A.; Mantovani, A. Macrophage plasticity and polarization: In vivo veritas. J. Clin. Investig. 2012, 122, 787–795. [Google Scholar] [CrossRef] [PubMed]

	



Hohmann, N.; Xia, N.; Steinkamp-Fenske, K.; Förstermann, U.; Li, H. Estrogen Receptor Signaling and the PI3K/Akt Pathway Are Involved in Betulinic Acid-Induced eNOS Activation. Molecules 2016, 21, 973. [Google Scholar] [CrossRef] [PubMed]

	



Nimlamool, W.; Potikanond, S.; Ruttanapattanakul, J.; Wikan, N.; Okonogi, S.; Jantrapirom, S.; Pitchakarn, P.; Karinchai, J. Curcuma amarissima Extract Activates Growth and Survival Signal Transduction Networks to Stimulate Proliferation of Human Keratinocyte. Biology 2021, 10, 289. [Google Scholar] [CrossRef] [PubMed]

	



Yoshitomi, Y.; Ikeda, T.; Saito-Takatsuji, H.; Yonekura, H. Emerging Role of AP-1 Transcription Factor JunB in Angiogenesis and Vascular Development. Int. J. Mol. Sci. 2021, 22, 2804. [Google Scholar] [CrossRef] [PubMed]

	



Otto, L.; Wolint, P.; Bopp, A.; Woloszyk, A.; Becker, A.S.; Boss, A.; Böni, R.; Calcagni, M.; Giovanoli, P.; Hoerstrup, S.P. 3D-Microtissue Derived Secretome as a Cell-Free Approach for Enhanced Mineralization of Scaffolds in the Chorioallantoic Membrane Model. Sci. Rep. 2021, 11, 5418. [Google Scholar] [CrossRef] [PubMed]

	



Abdelrazik, H.; Giordano, E.; Barbanti Brodano, G.; Griffoni, C.; De Falco, E.; Pelagalli, A. Substantial Overview on Mesenchymal Stem Cell Biological and Physical Properties as an Opportunity in Translational Medicine. Int. J. Mol. Sci. 2019, 20, 5386. [Google Scholar] [CrossRef] [PubMed]

	



Madrigal, M.; Rao, K.S.; Riordan, N.H. A review of therapeutic effects of mesenchymal stem cell secretions and induction of secretory modification by different culture methods. J. Transl. Med. 2014, 12, 260. [Google Scholar] [CrossRef] [PubMed]

	



Engler, A.J.; Sen, S.; Sweeney, H.L.; Discher, D.E. Matrix elasticity directs stem cell lineage specification. Cell 2006, 126, 677–689. [Google Scholar] [CrossRef] [PubMed]

	



Potente, M.; Gerhardt, H.; Carmeliet, P. Basic and therapeutic aspects of angiogenesis. Cell 2011, 146, 873–887. [Google Scholar] [CrossRef] [PubMed]

	



Wagner, M.E.H.; Kampmann, A.; Schumann-Moor, K.; Gellrich, N.C.; Tavassol, F.; Schmeltekop, F.; Rücker, M.; Lanzer, M.; Gander, T.; Essig, H. Cell Seeding Accelerates the Vascularization of Tissue Engineering Constructs in Hypertensive Mice. Hypertens. Res. 2021, 44, 23–35. [Google Scholar] [CrossRef] [PubMed]

	



Lee, K.; Silva, E.A.; Mooney, D.J. Growth factor delivery-based tissue engineering: General approaches and a review of recent developments. J. R. Soc. Interface 2011, 8, 153–170. [Google Scholar] [PubMed]

	



Yang, Y.; Lee, E.H.; Yang, Z. Hypoxia-Conditioned Mesenchymal Stem Cells in Tissue Regeneration Application. Tissue Eng. Part B Rev. 2022, 28, 966–977. [Google Scholar] [CrossRef] [PubMed]

	



Kwon, H.M.; Hur, S.M.; Park, K.Y.; Kim, C.K.; Kim, Y.M.; Kim, H.S. Multiple paracrine factors secreted by mesenchymal stem cells contribute to angiogenesis. Vasc. Pharmacol. 2014, 63, 19–28. [Google Scholar] [CrossRef]

	



Marassi, V.; Giordani, S.; Kurevija, A.; Panetta, E.; Roda, B.; Zhang, N.; Azzolini, A.; Dolzani, S.; Manko, D.; Reschiglian, P.; et al. The Challenges of O2 Detection in Biological Fluids: Classical Methods and Translation to Clinical Applications. Int. J. Mol. Sci. 2022, 23, 15971. [Google Scholar] [CrossRef] [PubMed]

	



Kim, B.C.; Kwack, K.H.; Chun, J.; Lee, J.H. Comparative Transcriptome Analysis of Human Adipose-Derived Stem Cells Undergoing Osteogenesis in 2D and 3D Culture Conditions. Int. J. Mol. Sci. 2021, 22, 7939. [Google Scholar] [CrossRef] [PubMed]

	



Choi, M.; Yang, Y.-B.; Park, S.; Rahaman, M.S.; Tripathi, G.; Lee, B.-T. Effect of Coculture of Mesenchymal Stem Cell and Glomerulus Endothelial Cell to Promote Endothelialization Under Optimized Perfusion Flow Rate in Whole Renal ECM Scaffold. Mater. Today Bio 2022, 17, 100464. [Google Scholar] [CrossRef] [PubMed]

	



Friend, N.E.; Beamish, J.A.; Margolis, E.A.; Schott, N.G.; Stegemann, J.P.; Putnam, A.J. Pre-Cultured, Cell-Encapsulating Fibrin Microbeads for the Vascularization of Ischemic Tissues. J. Biomed. Mater. Res. A 2024, 112, 549–561. [Google Scholar] [CrossRef] [PubMed]

	



Jiao, K.; Liu, C.; Basu, S.; Raveendran, N.; Nakano, T.; Ivanovski, S.; Han, P. Bioprinting Extracellular Vesicles as a “Cell-Free” Regenerative Medicine Approach. Extracell. Vesicles Circ. Nucleic Acids 2023, 4, 218–232. [Google Scholar] [CrossRef] [PubMed]

	



Hayes, C.N.; Nakahara, H.; Ono, A.; Tsuge, M.; Oka, S. From Omics to Multi-Omics: A Review of Advantages and Tradeoffs. Genes 2024, 15, 1551. [Google Scholar] [CrossRef] [PubMed]

	



Kang, Y.; Datta, P.; Shanmughapriya, S.; Ozbolat, I.T. 3D bioprinting of tumor models for cancer research. ACS Appl. Bio Mater. 2020, 3, 5552–5573. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.J.; Seo, E.; Gwak, H.; Lee, J.; Kim, H.J.; Jeong, S.; Kim, J.; Lee, S.; Cho, J. Angiogenesis Induction Using Organoid-Tissue Modules: A Platform for Modular Vessel Construction. J. Tissue Eng. 2025, 16, 20417314251376104. [Google Scholar] [CrossRef] [PubMed]








[image: Biomimetics 11 00492 g001] 





Figure 1. Method of Scaffold Vascularization via Paracrine Signaling. Cells seeded on a macroporous scaffold secrete the paracrine factors VEGF, IL-6, and TGF-β, which act on a coculture of endothelial and osteogenic cells to stimulate vessel formation, driving new vessel growth in the scaffold. Created in BioRender. Sultana, N. (2026) https://BioRender.com/v607mzi. 
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Figure 2. Angiogenesis process in a healthy blood vessel. (1) Angiogenic stimuli: Hypoxia (low O2) in surrounding tissue induces VEGF secretion, establishing a VEGF concentration gradient toward the existing blood vessel. (2) Endothelial tip cell competition: VEGF binds VEGFR2 on endothelial cells, activating Notch signaling, which upregulates soluble VEGFR1 (sVEGFR1) and downregulates VEGFR2 in neighboring cells—restricting tip cell fate to the cell with the highest VEGFR2 signaling. (3) Sprouting: The selected tip cell extends filopodia and migrates toward the VEGF gradient, guiding trailing endothelial stalk cells to form a new vascular sprout. Created in BioRender. Sultana, N. (2026) https://BioRender.com/0psnf6o. 
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Figure 3. Diffusion Limitation in Scaffolds. Created in BioRender. In a 3-D scaffold with peripheral capillaries, oxygen/nutrient diffusion is limited to ~100–200 μm, maintaining a viable cell region near the surface while cells beyond this distance form a necrotic core due to insufficient supply. Created in BioRender. Sultana, N. (2026) https://www.biorender.com/gtr7wga. 
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Figure 4. Angiogenesis process within the cells. VEGF activates two parallel signaling branches: VEGFR2 triggers Src-Rho-mediated actomyosin activity, while NRP/integrin complexes trigger FAK-Rac-PAK-Merlin signaling. Both branches converge to inhibit LATS, blocking the Hippo pathway’s suppression of YAP/TAZ. This allows YAP/TAZ-TEAD to remain active in the nucleus, driving cytoskeletal remodeling, GAP expression, and transcription of genes promoting angiogenesis and cell self-renewal. Created in BioRender. Sultana, N. (2026). https://BioRender.com/0psnf6o. 
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Figure 5. Strategy of four experimental groups and culture conditions for HUVECs and MSCs on composite electrospun scaffolds. Four culture configurations: (1) HUVEC + MSC direct coculture, (2) HUVEC + MSC indirect coculture (transwell, no scaffold), (3) HUVEC + MSC direct coculture on scaffold, and (4) HUVEC + MSC indirect coculture on scaffold (transwell), comparing direct versus paracrine-mediated HUVEC-MSC interactions with and without the scaffold. Created in BioRender. Sultana, N. (2026) https://BioRender.com/0nk8nyi. 
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Table 1. Key cell types and their paracrine contributions in scaffold vascularization. Summary of the major cell types involved in scaffold vascularization, their key secreted paracrine factors, and their primary roles in driving angiogenesis and vascular integration within tissue-engineered constructs.
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	Cell Type
	Key Secreted Factors
	Primary Function in Vascularization





	Endothelial Cells
	Vascular endothelial growth factor (VEGF), Angiopoietins
	Initiate vessel sprouting and lumen formation [8,13].



	Mesenchymal Stem Cells (MSCs)
	VEGF, releasing interleukin-6 (IL-6); Transforming growth factor β (TGF-β)
	Support angiogenesis, modulate immune response, enhance tissue repair [9].



	Osteoblasts
	IL-6; Bone Morphogenetic Proteins (BMPs)
	Promote osteogenesis and vascular coupling in bone tissue [17].



	Macrophages
	VEGF; Tumor Necrosis Factor Alpha (TNF-α), IL-1β
	Regulate inflammation and angiogenic signaling [16].










 





Table 2. Paracrine factors, signaling pathways, and their role in vascularization. Summary of key paracrine factors involved in scaffold vascularization, their associated intracellular signaling pathways, and their specific roles in regulating endothelial cell behavior, vessel maturation, and vascular remodeling.
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	Paracrine Factor
	Signaling Pathway
	Role in Vascularization





	Vascular endothelial growth factor (VEGF)
	Phosphoinositide 3-Kinase (PI3K)/Protein Kinase B (Akt), Mitogen-Activated Protein Kinase (MAPK)/Extracellular signal-Regulated Kinase (ERK)
	Promotes endothelial proliferation, migration, and tube formation [13,26].



	Fibroblast growth factor-2 (FGF-2)
	MAPK/ERK
	Enhances angiogenesis and stabilizes vascular structures [21,27].



	Platelet-derived growth factor (PDGF)
	Platelet-Derived Growth Factor Receptor (PDGFR) signaling
	Recruits pericytes and smooth muscle cells for vessel maturation [22,28].



	transforming growth factor-beta (TGF-β)
	Suppressor of Mothers against Decapentaplegic (SMAD) pathway
	Regulates extracellular matrix deposition and vascular remodeling [23,29].



	Interleukin-6 (IL-6)
	Signal Transducer and Activator of Transcription 3 (STAT3) pathway
	Supports endothelial survival and proangiogenic responses [17,29].



	Monocyte chemoattractant protein-1 (MCP-1)
	C-C Chemokine Receptor type 2 (CCR2) signaling
	Recruits monocytes/macrophages to support angiogenesis [25].










 





Table 3. Challenges and engineering strategies to mitigate the challenges. Summary of key barriers to achieving functional vascularization in tissue-engineered scaffolds, along with corresponding engineering strategies designed to address each challenge and improve vascular network formation, stability, and integration with host tissue.
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	Challenge
	Description
	Engineering Strategy





	Diffusion limitation
	Oxygen/nutrient transport limited to ~100–200 µm
	Prevascularization, microchannel design



	Poor host integration
	Delayed or incomplete anastomosis
	Coculture systems, angiogenic factor delivery



	Lack of vascular stability
	Immature vessels regress over time
	Controlled release of growth factors (e.g., VEGF, PDGF)



	Immune response
	Inflammation disrupts vascular formation
	Immunomodulatory biomaterials



	Spatial control of signaling
	Difficulty replicating natural gradients
	Gradient delivery systems, bioreactors
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