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Scaffold porosity is a critical factor in replicating the complex in vivo microenvironment, directly influencing cellular interactions, migration, nutrient transfer, vascularization, and the formation of functional tissues. For optimal tissue formation, scaffold design must account for various parameters, including material composition, morphology, mechanical properties, and cellular compatibility. This review highlights the importance of interconnected porosity and pore size, emphasizing their impact on cellular behavior and tissue formation across several tissue engineering domains, such as skin, bone, cardiovascular, and lung tissues. Specific pore size ranges enhance scaffold functionality for different tissues: small pores (∼1–2 µm) aid epidermal cell attachment in skin regeneration, moderate pores (∼2–12 µm) support dermal migration, and larger pores (∼40–100 µm) facilitate vascular structures. For bone tissue engineering, multi-layered scaffolds with smaller pores (50–100 µm) foster cell attachment, while larger pores (200–400 µm) enhance nutrient diffusion and angiogenesis. Cardiovascular and lung tissues benefit from moderate pore sizes (∼25–60 µm) to balance cell integration and nutrient diffusion. By addressing critical design challenges and optimizing pore size distributions, this review provides insights into scaffold innovations, ultimately advancing tissue regeneration strategies.
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1 INTRODUCTION
Tissue engineering (TE) applications involve using three-dimensional (3D) scaffolds, which are crucial for creating appropriate microenvironments. This environment is conducive to integrating cells and growth factors, thereby facilitating the regeneration of impaired tissues or organs. The ability of scaffolds to emulate the natural in vivo microenvironment is essential because it dictates cellular interactions and responses to mechanical stimuli from their 3D surroundings. Therefore, the material properties of these scaffolds are essential for influencing cellular activity and tissue formation outcomes. The 3D scaffolds are typically characterized by high porosity and interconnected pore morphology. Optimization of scaffold interconnected porosity and pore sizes is essential for facilitating cellular infiltration, migration, vascularization, and efficient diffusion of nutrients, oxygen transport, and waste removal (Hernandez and Woodrow, 2022). Moreover, along with biocompatibility, artificial 3D scaffolds must exhibit sufficient mechanical robustness and temporal integrity to withstand external loading stress and degradation in an aqueous environment.
Several reviews over the past few years have discussed scaffold fabrication methods (Loh and Choong, 2013; Akilbekova et al., 2017, 2023) and the role of inner morphology in biological effects and cellular behavior for TE applications, yielding diverse conclusions for different tissues and organs (Abbasi et al., 2020; Alkentar et al., 2022; Bartoš et al., 2018; Bružauskaitė et al., 2015; Farazin et al., 2023; Flores-Jiménez et al., 2023; Jafari et al., 2017; Kilic Bektas et al., 2018; Liu et al., 2023; Lutzweiler et al., 2020; Murphy and O’Brien, 2010; Perez and Mestres, 2016; Pok et al., 2013; Tytgat et al., 2020; Xia and Luo, 2022; Yadav et al., 2020; Zhang et al., 2022a; Zhang et al., 2022b; Zhong et al.,2020). These studies shed light on the diverse strategies employed to optimize scaffold design and the relationship between scaffold properties, such as morphology, mechanical strength, and cellular behavior, including attachment, proliferation, and differentiation. Although the surveyed papers offer valuable insights into various aspects, such as the selection of scaffold materials and design for different tissue types, it seems that there is no consensus on the optimal pore size to be used for each due to the complexity in the balance between mechanical and biological effects induced by the pore sizes at different phases of tissue formation.
This review provides a comprehensive overview of current advances concerning the influence of scaffold pore size and porosity on guiding tissue formation. We summarized recent studies on skin, bone, cardiovascular, and lung tissue engineering applications, highlighting the complexities associated with developing an ideal scaffold, emphasizing the major parameters for facilitating tissue development, and the role of the pore size in these processes. These specific tissues were chosen due to their varied porosity characteristics, highlighting pore size’s critical role in their respective regenerative processes. The optimal pore size in tissue-engineered scaffolds for a specific tissue type was also discussed in each section.
2 THE ROLE OF PORE SIZE IN TISSUE ENGINEERING
Porosity, interconnectivity, and pore size play a crucial role in tissue regeneration due to their direct impact on cellular infiltration, proliferation, nutrient and oxygen diffusion, extracellular matrix (ECM) formation, and vascularization (Bartoš et al., 2018; Murphy and O’Brien, 2010). Pores’ spatial distribution and geometry are critical determinants of cellular penetration, attachment, proliferation, and differentiation capabilities and, therefore, directly affect ECM deposition, vascularization, mineralization (in bone TE), and, consequently, functional tissue formation. Scaffolds of variable materials and inner morphology with a wide range of pore sizes (from sub-micron to hundreds of micrometers) were demonstrated to form tissues of different types successfully. To exemplify the influence of pore size on tissue development at various stages, we will examine key findings from bone tissue engineering studies utilizing synthetic scaffolds. In bone regeneration, porous scaffolds have been shown to significantly enhance osteogenesis compared to nonporous solid implants (Kuboki et al., 1998).
Furthermore, a higher cell concentration was observed in the scaffolds with relatively small pores, while cell migration occurred more rapidly within the scaffolds with larger pores (Akay et al., 2004). Also, large pores facilitated vascularization and high oxygenation, showing better efficacy in integration on the bone-implant interface due to unimpeded nutrient and oxygen transport (Abbasi et al., 2020; Lutzweiler et al., 2020; Murphy and O’Brien, 2010). In contrast, smaller pores were shown to promote osteochondral ossification (Karageorgiou and Kaplan, 2005). On the other hand, exceptionally large pores that exceed a few hundred microns were demonstrated to enhance angiogenesis and higher efficiency of bone ingrowth along with enhanced chondrogenesis and alkaline phosphatase levels, affecting cell shape, which may indirectly indicate stress and general condition of cells in a given environment. Scaffolds with a 50–700 µm pore size range are commonly used in bone tissue engineering. This range represents attempts to balance between biological aspects and physical properties of the construct during tissue growth, as pore sizes were shown to impact the scaffold’s structural integrity and degradation rate (Alkentar et al., 2022; Bružauskaitė et al., 2015; Perez and Mestres, 2016; Zhang et al., 2022a).
In comparison, Yannas et al. demonstrated that skin regeneration on a porous scaffold was feasible only with pore sizes ranging from 20 to 120 µm (Yannas et al., 1989). Like bone tissue, O’Brien et al. found that cell adhesion depends on the available surface area, demonstrating a decrease in cell adhesion as pore diameter increases (O'Brien et al., 2005). While scaffolds with pores of 20–50 µm demonstrate improved attachment of cells to the scaffold, larger pore diameters enable better fibroblast migration, enhancing vascularization and facilitating nutrient transfer while maintaining dermis formation integrity in a skin substitute (Kilic Bektas et al., 2018). Successfully engineered cardiac tissue is characterized by well-organized vascular networks that supply oxygen and nutrients to the cells. This fact imposes specific requirements on the scaffold’s pore sizes to ensure both capillary formation and the infiltration of endothelial cells. Therefore, scaffolds of high porosity and pore sizes ranging from 20 to 300 µm are frequently used to facilitate unimpeded vascularization as a priority (Pok et al., 2013; Rouwkema et al., 2008). Similarly, high porosity scaffolds with a lower pore size range are commonly used for lung tissue engineering to promote vascular structure formation and blood circulation in the lung tissue.
Optimizing pore size or narrowing the range of pore sizes can significantly impact tissue engineering by customizing the scaffold’s structure to meet the specific needs of different tissues (Abbasi et al., 2020; Perez and Mestres, 2016; Zhang et al., 2022a). Selecting a scaffold with the optimal pore size for a particular tissue type can balance cellular attachment, migration, and nutrient transport. This improves the predictability of scaffold performance and enhances tissue formation and regeneration. Such optimization efforts can lead to more effective scaffold designs, facilitating faster healing, better integration with host tissue, and improved functionality in tissue-engineered constructs.
While this review primarily focuses on optimizing scaffold pore size, it is important to acknowledge that other critical properties, such as pore shape and geometry (Flores-Jiménez et al., 2023; Zhao et al., 2021), interconnectivity (Calore et al., 2023; Jia et al., 2021), mechanical properties (Chao et al., 2021; Sabree et al., 2015), biodegradability (Martin et al., 2014; Wang et al., 2017), microarchitecture (Cavo and Scaglione, 2016; Eichholz et al., 2022), and surface chemistry (Dave and Gomes, 2019; Zhao et al., 2016) can notably influence scaffold performance and tissue formation.
3 PORE SIZE IN SKIN TISSUE ENGINEERING
3.1 Porous anatomical features of the skin
The skin, an essential barrier and regulatory organ, plays critical roles in preventing infection, mitigating mechanical damage, and controlling moisture and heat loss, thereby regulating the body temperature. It comprises three distinct layers: epidermis, dermis, and hypodermis.
The epidermis, the outermost layer, consists of five tightly interconnected stratified sublayers of keratinocytes and lacks blood or lymphatic vessels. It relies on the diffusion from the underlying dermis for nutrient acquisition, oxygenation, and waste removal. The thickness of the epidermis varies significantly, ranging from 30 to 600 µm. Beneath the epidermis lies the dermis, characterized by two layers with unique structures. The upper layer, known as the stratum papillare, exhibits a spongy composition, primarily consisting of loosely woven collagen fibers and ECM, which facilitates extensive vascularization. This layer also projects to the epidermis to enhance the exchange of nutrients and oxygen. The deeper layer, the stratum reticulare, is distinguished by its dense network of elastic and collagen fibers, imparting the properties of firmness, extensibility, and elasticity to the dermis. The dermis varies in thickness from 2 to 6 mm. The innermost layer, the hypodermis or subcutaneous layer, anchors the dermis to underlying musculoskeletal structures. This well-vascularized, loosely textured layer is rich in large nerves, blood vessels, connective tissue, and predominantly white adipose tissue.
To replicate skin grafts for therapeutic applications, it is essential to emulate these distinct layers (Figure 1). The epidermis-analogous layer should primarily host keratinocytes, whereas the dermal substitute should incorporate a spongy structure conducive to fibroblast habitation and extensive vascularization, with increased density at the deeper part. Furthermore, the bottom layer, resembling the hypodermis, should have a loosely textured framework supporting larger nerves and blood vessels. Critical to the design of such bioengineered scaffolds is the incorporation of a porous architecture aptly tailored for the seeding and attachment of diverse cells, including keratinocytes, fibroblasts, and hair follicle bulge stem cells (HFBSCs), with pore sizes ideally ranging between 5 and 18 µm. Additionally, scaffolds should guide cellular responses, including collagen formation and organization, mimicking the behavior seen in functional tissues (Akilbekova et al., 2018; Boddupalli et al., 2020). Achieving a normal human dermal tissue porosity distribution and average pore diameter can help fabricate artificial dermal scaffold materials.
[image: Figure 1]FIGURE 1 | Schematic of the skin tissue structure and mimicking materials.
3.2 Recent advances in mimicking skin tissue
Scaffolds with small pore sizes are commonly used to replicate skin tissue structures and serve as models for wound healing. Kumar et al. (2022) developed a three-layered electrospun scaffold using a dual protein-based blend of silk fibroin and silk sericin, combined with PVA and silver sulfadiazine as an antibacterial agent. The multilayered structure was designed to mimic the epidermis, dermis, and subcutaneous tissues, giving the scaffold distinct morphologies that closely resemble native skin architecture. This design enables the scaffold to replicate the transport properties of natural skin. The upper and middle layers featured thin fibers, approximately 170–230 nm in diameter, with interfiber pore sizes around 1 µm as shown by SEM images. The bottom layer comprised thicker fibers (about 1.5 µm in diameter) with internal pores of around 0.3 µm for drug release and interfiber pores ranging from 2 to 4 µm. The materials and sub-micrometer pore sizes of the nanofibrous scaffold led to excellent wettability and a controlled degradation rate, with 48% weight loss observed after 18 days in vitro. In vivo testing on mouse models showed 95% wound closure by day 12, significantly outperforming the control group, which achieved only 68% closure. Micro-CT imaging and histological analysis confirmed accelerated wound healing and the formation of new skin tissue, with the scaffolds promoting the development of the epidermis, dermis, blood vessels, and hair follicles. Despite the small pore size, the study demonstrated adequate cell infiltration, proliferation, ECM secretion, and the regeneration of skin structures, including the epidermis, dermis, and hair follicles. However, the authors primarily focused on the impact of drug concentration and its release on cell viability and wound healing, without addressing how such a dense electrospun mesh facilitated fibroblast infiltration and proliferation, given that fibroblast dimensions are significantly larger than the fabricated pores. This aspect remains unexplained and warrants further investigation.
In contrast, using a freeze-drying synthesis approach, Yang et al. (2019a) fabricated a highly porous scaffold from a silk fibroin/hyaluronic acid/sodium alginate polymer mixture. The obtained scaffold, with an average pore diameter of 93 μm, demonstrated negligible degradation of ca. 2% weight over 15 days. Yet the fabricated scaffolds, seeded with NIH-3T3 fibroblasts, showed decent cell attachment, proliferation, and growth. In vivo studies on mice showed improved re-epithelization, significant ECM remodeling, and enhanced angiogenesis.
It should be noted that some works report fabrication of scaffolds with extremely large pore sizes, 200–400 μm, and their successful implementation for skin tissue regeneration applications, including cell attachment, proliferation, ECM deposition, and angiogenesis (Chu et al., 2021; Ramasamy et al., 2021). However, due to the ambiguous definition of pores (Trifonov et al., 2024), one should pay attention that the reported pore size refers to the distance between the fibers (voids) created by 3D printing deposition, whereas interconnected, inner-morphology interconnected porosity of nanofiber-based polymer material, used for the fabrication of scaffolds is not reported.
One of the popular and successful strategies for mimicking natural skin layers is the fabrication of multilayered scaffolds with different pore sizes that fit the structural properties of separate skin layers. Zandi et al. fabricated a bilayered, Laponite-doped scaffold using GelMA hydrogel and electrospun gelatin nanofibers for wound treatment and skin regeneration applications, with average pore sizes of ca. 12 and 2 μm, respectively, to mimic different skin layers and thus to increase the efficacy of mass transport and maintaining barriers for undesired infiltration of cells (Zandi et al., 2021). The pore size gradient also enables the seeding of cells of different types and sizes on the scaffold, and the interconnection of the pores allows for better cell-cell interactions and formation of the distinct epidermal, dermal, and reticular layers. Sumathy and Nair (Sumathy and Nair, 2020) developed a trilayer gelatin-PEG dimethacrylate scaffold with graded interfiber pore sizes corresponding to different skin layers. In this case, variability in polymer concentration controlled the resulting pore sizes. The obtained pores showed relatively minor differences in diameter, ranging from ca. 1.5–2.2 µm, and were populated with keratinocytes, hair follicle bulge-derived stem cells (HFBSCs), and fibroblasts. Histology showed that the fabricated structure supports the formation of continuous epidermal and distinct dermal layers.
Larger pore sizes are generally beneficial for promoting vascularization and enhancing nutrient transport within scaffolds. This concept is based on diffusion principles and the relative sizes of nutrients, cells, and bioactive molecules, such as vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF), which must efficiently diffuse through the scaffold to reach cells deep within the structure. Fibroblasts can migrate without compromising dermal formation in skin substitutes with pore diameters >100 µm (Kilic Bektas et al., 2018). However, cell migration in the scaffolds with pore diameters >200 µm is too extensive and leads to a lower cell density. Incorporation of nanofibrous membranes with sub-micron pores in the bottom layer was shown to have a positive effect on cell adhesion, significantly increasing collagen formation and angiogenesis, outperforming the scaffold without the membrane (Tavakoli et al., 2023).
Furthermore, additional architectural parts can be added to mimic the dermal layer more accurately. Micro-pits with 40–100 µm in diameter were embedded into the scaffolds to form hair follicles (Sumathy and Velayudhan, 2023). A bilayer nanofibrous scaffold was fabricated, consisting of a top layer with a pore size of 2.5 µm and a bottom layer with a pore size of 1.5 µm, featuring complementary micro-pits. The top layer was seeded with keratinocytes, the bottom layer was seeded with dermal fibroblasts, and the HFBSCs were embedded in the micropits. The results indicated the formation of distinct epidermal and dermal layers with HFBSCs in the micro-pits by day 14. Choi et al. (2021) fabricated electrospun polycaprolactone (PCL)/keratin multilayered scaffold on 3D printed support for skin tissue regeneration applications. The resulting scaffold consisted of microfibrous, with pore diameters ranging from 4.5–6.4 µm, and nanofibrous membranes with sub-micrometer pores. Human dermal fibroblasts were seeded on the microfibrous parts, and after 3 days, human immortalized keratinocytes were added to the nanofibrous layers. The scaffold demonstrated excellent cell attachment and prevention of cell infiltration between the domains, generating distinct epidermal and dermal layers. Also, the authors reported very high stability of the scaffold, demonstrating only ca. 10% degradation by weight after 30 days.
Table 1 summarizes the studies focusing on the development of advanced skin tissue engineering scaffolds, emphasizing the role of pore size in facilitating skin regeneration.
TABLE 1 | Summary of representative studies on skin tissue generation within porous scaffolds.
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Based on the literature discussed, we suggest that the ideal scaffold structure used for skin tissue regeneration involves a multilayered design with variable pore sizes that replicate the distinct characteristics of the epidermal and dermal layers of the skin. The specific demands for each layer and the biological processes involved in skin regeneration support the need for carefully tailored pore sizes. Pore gradients within scaffolds enable better organization of various cell types, promoting the creation of distinct epidermal and dermal layers while maintaining the functional integrity of the growing tissue. Small pore sizes, typically in the sub-micrometer to 2 µm range, are beneficial for mimicking the epidermis, promoting cell attachment, and facilitating organized skin layer formation. Moderate pore sizes, around 2–12 μm, are more suited to the dermal layer, allowing for proper cell migration, nutrient transport, enhanced deposition of ECM, and organization of skin structures. Larger pores, typically in the range of 40–100 μm, are favorable for supporting specialized structures such as blood vessels and hair follicles. Based on the reviewed works, we do not see any sizable advantages in using scaffold layers with pores that significantly exceed the diameter of 100 µm. A balanced, multilayered scaffold design with tailored pore sizes for different skin layers offers the most promising approach to achieving complete and functional skin regeneration.
However, it is important to note that the existing literature has not systematically assessed the effects of different pore sizes across varying conditions and cell types. To derive more balanced conclusions, future research should focus on conducting controlled studies that systematically evaluate the impact of pore size variations on skin regeneration outcomes. Investigating how different pore sizes interact with various cell types, growth factors, and physiological conditions could provide valuable insights into optimizing scaffold design for enhanced functionality and efficacy in skin tissue engineering.
4 PORE SIZE IN BONE TISSUE ENGINEERING
4.1 Porous anatomical features of bone tissue
Bone tissue engineering endeavors to replicate the intricate structures of compact and cancellous bones to enhance bone regeneration and integration. Compact (cortical) bone forms the outer layer of bone tissue and is characterized by its dense, tightly packed structure. This layer is primarily composed of osteons and the Haversian system, which includes Haversian canals. These canals are essential for housing blood vessels and nerves, facilitating the supply of nutrients, and removing waste products. Compact bone plays a vital role in the skeletal system’s overall durability and stability due to its mechanical strength and resistance to compression. The inner layer, known as cancellous (spongy) bone, plays a vital role in the metabolic activity of the tissue. This layer comprises a network of trabeculae, which are interconnected struts of bone that provide structural support while also allowing the adaptability of bones to mechanical changes. The porous nature of cancellous bone enables it to house a significant number of blood vessels, ensuring an efficient nutrient supply to bone tissue (Figure 2). Within this spongy matrix, bone marrow is a crucial element for blood formation (Cooper et al., 2013).
[image: Figure 2]FIGURE 2 | Scanning electron micrograph (SEM) of bone, reproduced with permission from Ishikawa (Ishikawa, 2010), copyright 2010, MDPI, and schematic of the bone tissue structure.
The porosity and pore size of bone tissues significantly influence their structural integrity and functionality. Compact bone porosity primarily arises from the Haversian system, with canals typically ranging from to 20–100 µm in diameter, interconnected by Volkmann’s canals (Jones et al., 2004). The spaces between the lamellae, known as lacunae and house-osteocytes, are connected by canals called canaliculi. Canaliculi, which are at the submicron level, allow for the exchange of nutrients and waste products between the blood vessels and osteocytes. These microscopic channels contribute to overall porosity and are critical for bone metabolic activity (Smit et al., 2002). Cancellous bone pores, formed by spaces between trabeculae, vary widely in size depending on their location within the body and the specific function of the bone. The average pore diameter within the bone depends on multiple factors, e.g., bone function, age, and patient condition. It can vary from one individual to another, yet in general, the range spans between 10–50 μm and 300–600 μm, for cortical and trabecular regions, respectively (Currey, 2002).
4.2 Recent advances in mimicking bone tissue
Recent activities in bone tissue engineering (BTE) have concentrated on increasing the effectiveness by creating scaffolds that mimic the natural bone structures, addressing the critical requirements of biocompatibility, unimpeded mass transfer, appropriate degradation rates, mechanical stability, and promotion of bone growth and blood vessel formation (Söhling et al., 2020; Xue et al., 2022). Some studies and review articles suggest that efficient mass transfer, cell migration, and vascularization require scaffolds with open, porous structures and pore diameters in the millimeter range (Malda et al., 2007; Henkel et al., 2013) to support diffusion across the scaffold and prevent hypoxic conditions. Other sources, however, identify an optimal pore size range of 100–600 µm (or in some cases, 200–600 µm) (Abbasi et al., 2020; Palaveniene et al., 2019; Zou et al., 2016). Other works highlight that such large pore dimensions can majorly impair scaffold stability and significantly reduce cell attachment. Therefore, interconnected pores with dimensions of tens to hundreds of micrometers should also be considered to enhance cell attachment and increase seeding efficiency (Einhorn and Gerstenfeld, 2015; Loi et al., 2016).
For example, Cidonio et al. (2019) fabricated a Laponite/gellan gum scaffold with interconnected homogeneous porosity with a diameter of ca. 100 μm. They reported excellent attachment and cell density of mouse promyoblast C2C12 (able to differentiate into osteoblasts) seeded on the scaffold, with angiogenetic evidence, yet a small number of penetrating vessels in vivo. Gayer et al. (2019) fabricated Polylactide/calcium carbonate scaffolds via selective laser sintering with interconnected pores in the range of 20–120 µm to facilitate cell attachment, and the designed open channels of ca. 1 mm in diameter to increase its potential for angiogenesis and unimpeded transport of nutrients. The authors reported good biocompatibility of the material using MG-63 osteoblast-like cells and highlighted excellent mechanical properties of the scaffold, comparable with those of the native human bone (up to 100 MPa), without providing any data on scaffold degradation rate, and its bio-inductive properties, including seeding efficiency, cell distribution, proliferation, ECM deposition or vascularization. Demir et al. (2018) fabricated Sr-doped chitosan/montmorillonite scaffold with 45–75 μm pores, demonstrating its high efficacy for osteoblasts attachment, proliferation, and bioactivity over 14 days, yet with no evidence for efficient ECM deposition or vascularization. Shahin-Shamsabadi et al. (2018) developed a PCL/Zn-modified bioactive glass scaffold with excellent mechanical properties, reaching Young’s modulus of ca. 45 MPa and pores <100 μm, evidenced by SEM images. The authors reported decent attachment of MG-63 cells to the scaffold and their enhanced mineralization, yet no evidence for vascularization was demonstrated.
In other studies, scaffolds with higher pore diameters but no interconnected porosity were fabricated for bone tissue regeneration applications. For example, a scaffold made of polyurethane foam, with an average pore diameter of ca. 400 μm was modified with hydroxyapatite (HAp) nanoplates, which sizably increased the roughness of the material, creating a porous surface with pore diameter <10 μm (Meskinfam et al., 2018). The fabricated scaffold showed excellent cytocompatibility (ca. 100%), and efficient cell attachment and further bioactivity, yet no evidence of ECM deposition or vascularization in vivo was demonstrated. Liu et al. (2019) used PCL/Sr-modified HAp 3D printed scaffold with open channels of ca. 200 μm diameter for bone regeneration. They showed evidence of efficient cell attachment and their further differentiation. However, no evidence of ECM deposition or angiogenesis was demonstrated. On the other hand, a scaffold produced from gelatin/β-tricalcium phosphate (TCP) (Gu et al., 2019), with 400 μm designed voids, along with interconnected pores with a diameter of ca. 10 μm, exhibited excellent mechanical properties, suitable for temporary substitution of native load-carrying bone, and demonstrated exceptional cell attachment, proliferation, differentiation, ECM deposition and evidence of angiogenesis.
Emphasis on close replicating the intricate pore structures of compact and cancellous bones can also be noted. Due to the layered structure of bone tissue, the fabrication of scaffolds comprised of two or more layers with different pore sizes allows evaluation of their role at various phases of osteogenesis. Almela et al. (2017) utilized 3D printing to create β-Tricalcium phosphate-based inks to fabricate bi-layer scaffolds via 3D printing to resemble the natural bone tissue structure, mimicking cortical and cancellous bone regions. The two distinct layers had pore sizes of ca. 240 μm and 410 μm, as a compact and cancellous layer, respectively. Mechanical characteristics of the resulting scaffolds were within the range of human cancellous bone, demonstrating Young’s modulus in an MPa range. In vitro results reported good cytocompatibility and enhanced gene expression, indicating the potential of the scaffold to serve as a synthetic graft material. Di Luca et al. introduced hierarchical scaffolds with a tailored radial porosity gradient to approximate the radial structure of bone (Di Luca et al., 2016). The scaffold was fabricated from polyethylene oxide terephthalate/polybutylene terephthalate block co-polymer by extrusion and featured pores of varying sizes (470 µm in the outer ring, 750 µm in the middle zone, and 940 µm in the inner part), resulting in a porosity gradient that aims to mirror the natural bone structure. The authors found that the cell seeding efficiency in the outer region, with the smallest pores, was ca. 7% higher compared to the inner region and reached only ca. 25%. It was also found that pore size and location have a sizable effect on differentiation and calcification, reporting higher Runx-2 and BSP gene expression in the outer region with smaller pores. Another example of a gradient scaffold, characterized by three distinct yet seamlessly interconnected porous regions with pore diameters of ca. 20 μm, 120 μm, and 200 μm, was fabricated from gelatin/oxidized alginate hydrogel compositions (Mukasheva et al., 2024). The resulting scaffold showed superior stability, yet mechanical properties, incomparable with the natural bone, do not allow for the implementation of load-bearing bone regeneration. However, the realization of a pore size gradient allowed demonstrating an excellent attachment and proliferation of rMSC mainly in the small and medium size pores regions, leaving the potential of enhanced vascularization (was not demonstrated) to larger pores. Additionally, it was shown that introducing 20 µm-size pores improves cell seeding efficiency, serving as a trap for the cells and preventing their washing out at the initial stages and improving cell seeding efficiency from ca. 25%–45%.
It should be noted that none of the cited works investigated or optimized the pore sizes systematically.
Table 2 summarizes the studies focusing on the development of scaffolds for bone tissue engineering applications, emphasizing the role of pore size in facilitating bone tissue formation.
TABLE 2 | Summary of representative studies on bone tissue generation within porous scaffolds.
[image: Table 2]4.3 Critical evaluation: the optimal pore size for BTE
Based on the literature, there is no consensus on the ideal pore sizes and scaffold inner morphology, and summarizing the results, one can find that a broad range of pore sizes (20–1,500 µm) is reported as potentially beneficial for BTE applications. The variability in the recommended pore sizes can be attributed to differences in the research methodologies, materials utilized, and specific biological processes under scrutiny. However, some general conclusions can be derived based on the experimental observations. For instance, the lowest pore size, mentioned in multiple studies with experimental evidence, suggests consideration of pores >100 μm to allow efficient nutrient and waste transport and maintain decent cell migration within the scaffold. Scaffolds with pore sizes below these values provide only limited experimental data and frequently highlight the potential of the fabricated constructs in BTE, without experimentally observing a complete cycle of tissue formation at its different phases (Farazin et al., 2023; Lutzweiler et al., 2020). A relatively broad range of pore diameters is mentioned regarding cell attachment and seeding efficiency, and diameters from 20 to 400 μm are frequently reported. Since the affinity of cells to the scaffold is highly dependent on the material properties rather than on pore size, pores with diameters <100 μm can be efficient for increasing seeding efficiency and enhanced cell attachment (Murphy et al., 2010), yet it is highly recommended combining it with pores of higher dimensions to support tissue development at later stages efficiently, e.g., vascularization. For example, gradient or hierarchical design seems to be a highly efficient approach in scaffold fabrication. It allows for maximizing the osteoconductive and osteoinductive properties of the scaffold. Whereas the upper limit in pore dimensions seems to be very broad and large pores do not impose any biological restrictions (Büyük et al., 2022; Gupte et al., 2018), it is worth considering mechanical aspects of the scaffold when pore sizes of interconnected internal porosity exceed several hundreds of micrometers, which may lead to structural collapse of the scaffold. At the cellular level, osteoblasts, which typically measure approximately 50 μm, prefer larger pore sizes, ranging from 100 to 200 μm, during the regeneration of mineralized bone post-implantation. These dimensions facilitate macrophage infiltration and promote the entry of additional cellular growth factors essential for tissue colonization, migration, and vascularization in vivo (Shahin-Shamsabadi et al., 2018; Grémare et al., 2017).
In conclusion, considering the anatomical structure of bone, which includes both dense and spongy regions characterized by varying porosity and pore sizes, as well as experimental findings that demonstrate successful bone tissue formation on scaffolds mimicking natural bone structure, it is evident that multi-layered scaffolds with different pore diameters can offer significant benefits. Smaller pores, 50 < d < 100 μm, promote better cell attachment, seeding efficiency, and proliferation, while larger pores, 200 < d < 400 μm, create optimal nutrient diffusion and angiogenesis conditions. Larger pores facilitate the infiltration of capillaries and arterioles/venules up to 10 and 200 μm, respectively, essential for long-term nutrient delivery, while reducing diffusion resistance and promoting efficient transport to deeper regions of the scaffold. These variations in pore size, influenced by key biological processes such as alkaline phosphatase activity, extracellular matrix deposition, calcification, and angiogenesis, ensure the scaffolds support bone tissue formation effectively. Therefore, a scaffold design that incorporates regions with both smaller and larger pores can provide an ideal environment for bone regeneration. Using scaffolds with pores that exceed the recommended size of ca. 400 μm does not offer significant proven benefits, especially in the case of interconnected porosity, where such large pores can lead to structural and mechanical weakness.
5 PORE SIZE IN CARDIAC TISSUE ENGINEERING
5.1 Porous anatomical features of cardiac tissue
Heart failure, a major cause of global mortality, stems from the heart’s inability to pump blood effectively, often due to structural damage in the myocardium. The heart’s mechanical integrity relies on a collagen-rich ECM that supports fibroblasts and myocytes. The ECM displays a significant hierarchical structure, demonstrating key organizational levels across various scales (Figure 3). This matrix, crucial for tissue repair and signaling, consists of three layers: the endocardium, myocardium, and epicardium, each about 100 µm thick. The endocardium and epicardium are composed of collagen and elastin, while the myocardium, the heart’s functional layer, contains aligned cardiomyocytes, making up about 70% of its volume (Tadevosyan et al., 2021).
[image: Figure 3]FIGURE 3 | Schematic of the cardiac tissue structure and SEM image of the ECM structure in rabbit and canine myocardium. The SEM image was reproduced with permission from Nordsletten et al. (2021), Copyright 2021, Elsevier.
Cardiomyocytes are responsible for generating electrical signals that synchronize the heart’s contractions, ensuring effective blood circulation (Holzapfel and Ogden, 2009). These cells are embedded in the ECM, which organizes them into 3D structures and facilitates electrical conduction (Vunjak-Novakovic et al., 2010). The ECM also supports a capillary network essential for delivering nutrients to the high-metabolism myocardium. Pore sizes in the ECM range from 10 to 50 μm, providing spaces for myocytes and coronary microvessels.
The heart exhibits poromechanical properties due to fluid movement through its porous ECM and the ECM’s viscoelasticity. During heart failure, pathological ECM remodeling, marked by fibrosis and collagen buildup, stiffens the myocardial tissue and disrupting heart function. The dynamic role of the ECM in cell signaling and tissue structure highlights its potential as a target for therapies aimed at reversing adverse remodeling. Understanding these processes is critical for advancing treatments, such as regenerative medicine and engineered scaffolds to restore heart function.
5.2 Recent advances in mimicking cardiac tissue
Myocardial infarction, characterized by diminished blood flow to the myocardium, affects millions of individuals annually and leads to a high mortality rate. The urgent need to regenerate infarcted heart tissue, which relies heavily on successful vascularization post-implantation, drives the search for effective medical interventions. Myocardial regeneration remains a focal point in contemporary research, with efforts primarily directed towards the regeneration of cardiomyocytes. The principal challenge in myocardial regeneration is the negligible proliferative capacity of the mature myocardium, which is terminally differentiated and exhibits a limited capacity for proliferation and regeneration following injury, prompting efforts to replace damaged myocardial tissue with cultured cardiomyocytes through cell injections or engineered sheets.
Cardiac tissue engineering (CTE) attempts to create biomaterials that emulate the ECM of the myocardium to foster cell growth and organ repair (Coulombe and Murry, 2014). Significant progress has been made in cell therapy, particularly in the transplantation of cardiomyocytes derived from human stem cells, which shows promise for heart regeneration (Jackman et al., 2015; Liu et al., 2022; Masumoto et al., 2014; Tenreiro et al., 2021; Pezhouman et al., 2023). However, these therapies face notable challenges, including low cell viability after transplantation and cell leakage from the implantation site (Vagnozzi et al., 2020; Menasché, 2018). Moreover, the injured myocardium’s hostile microenvironment, characterized by insufficient nutrient and oxygen supply due to poor vascularization, creates additional barriers to successful cell engraftment. Despite these hurdles, research continues to focus on developing new cell sources, improving the delivery of biophysical and biochemical stimuli delivery, and designing sophisticated 3D scaffolds replicating the native extracellular environment. A key goal of these efforts is to create biomaterials that foster the formation of a dense, functional microvasculature similar to that of healthy myocardium, essential for restoring damaged heart tissue (Shou et al., 2023). Engineered cardiac tissues require well-organized vascular networks to provide oxygen and nutrients to all residing cells. The human heart boasts a dense network of 2,000–3,000 capillaries/mm2; however, the microvascular density of present-day implantable heart constructs is approximately 7-fold lower than that of the natural heart (Liu et al., 2022). This discrepancy underscores the urgent necessity for therapeutic angiogenesis and creation of cardiac tissues that promote angiogenesis through in vitro methods.
In CTE, scaffold porosity and pore size are critical parameters influencing cell growth, tissue formation, and vascularization. Some studies report that for optimal cardiac tissue regeneration, the porosity of a scaffold should be around 90%–96% to allow for a sufficient cell migration, nutrient diffusion, and oxygen supply (Sadeghi et al., 2019; Tamimi et al., 2020). High cell density and cell-to-cell communication are also one of crucial requirements for establishing efficient electrical coupling and signal transduction in cardiac tissue. However, different pore sizes have been found to optimize various regenerative processes. For example, Pham et al. (2006), Fang et al. (2022), Navaei et al. (2016) experimentally identified 10 μm pores as a minimally critical value for efficient cellular infiltration, proliferation, and cardiac tissue remodeling, although the average diameters of cardiomyocytes, endothelial cells, and fibroblasts are usually bigger than the reported values (10–25 μm diameter). Liu et al. (2017), Yang et al. (2019b) showed that microfibrous matrices with pores of ca. 25 μm facilitated the alignment of cells into multicellular bundles and supported unimpeded cellular infiltration into scaffold layers and enhanced the structural integrity, beneficial for preventing blood vessel rupture. Thomson et al. (2013) demonstrated a high-density microtemplated fibrin scaffold with 60 μm parallel microchannels and an interconnected porous network of 27 μm pores to enhance cell retention and integration with host tissue. Seeded with cardiomyocytes, endothelial cells, and fibroblasts, the scaffold mimicked the structure and composition of native cardiac tissue. In vitro, results demonstrated excellent cell seeding density, survival, organization, and significant ECM deposition. Notably, endothelial cell-lined lumens formed within the scaffold channels, indicating successful revascularization. Scaffold stiffness increased by approximately 210% over 10 days. Although the authors did not provide quantitative cell seeding efficiency, fluorescent microscopy images showed a densely populated scaffold matrix. These findings align with Madden et al. (2010), who identified 60 μm pores as optimal for cell penetration and retention, while smaller interconnected pores were found to minimize the immune response by reducing fibrous capsule formation in myocardial implants (Baei et al., 2016).
It was claimed that pores with a diameter bigger than the diameter of the endothelial cells could be problematic for vascularization since endothelial cells cannot bridge the pores greater than the cell diameter (Chen et al., 2008; Zimmermann et al., 2006). However, multiple studies suggested that scaffolds with larger pores provide a better balance between cell interconnectivity and nutrient diffusion. For example, using a melt electrospinning writing, Castilho et al. (2017) fabricated a scaffold from hydroxyl-functionalized polyester and (poly(hydroxymethylglycolide-co-ε-caprolactone) blend, with pores in the range of 100–300 μm, mounted on collagen hydrogel, and reported efficient alignment of cells with directionality along fibers (4–7 µm) and significant improvement of cellular response to mechanical anisotropy. It should be noted that the reported pore sizes refer to the fabricated open channels. In contrast, the interconnected porosity of the material is demonstrated as a misalignment of the fibers, creating openings between the scaffold walls that divide its sections into designated polymeric cells. Despite the demonstration of cell alignment along the microfibers, microscopic images show that most of the cells were located on the collagen pad rather than on the scaffold. Janarthanan et al. (2022) demonstrated hydrogel scaffolds fabricated from various alginate compositions and hyaluronic acid blends, supported by ionic crosslinking via Ca2+, with potential implementation for cardiac or muscle tissue regeneration. The fabricated scaffolds were characterized by pronounced interconnected porosity, with pore sizes of ca. 180 μm. The authors demonstrated in vitro and in vivo cytocompatibility (from ca. 70%–100%) of the scaffolds, efficient attachment of cells, proliferation, and enhanced angiogenesis after 4 weeks. Similarly, Martins et al. (2014) fabricated chitosan/carbon conductive scaffolds for cardiac tissue applications with pore sizes ranging from 120 to 150 μm, demonstrating that these scaffolds supported neonatal rat myocyte attachment and proliferation while enhancing cardiogenic properties, including a 1.2 to 5-fold increase in the expression of cardiac genes and elevated production of the cardiac proteins Tnnc1 and Cx43, all without the need for exogenous electrical stimulation. Likewise, Bahrami et al. (2019) reported graphene foam scaffolds with pore sizes between 100 and 300 µm were effective for myocytes seeding, proliferation, ECM deposition, and enhanced vascularization.
Table 3 summarizes the selected studies on the advances in cardiac tissue engineering, focusing on the significance of the pore sizes.
TABLE 3 | Summary of representative studies on cardiac tissue generation within porous scaffolds.
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In CTE, scaffold pore size plays a critical role in determining the success of myocardial regeneration by influencing cellular behavior, tissue formation, and vascularization. Smaller pores, such as those around 10–25 μm, have been shown to support efficient cellular infiltration, proliferation, and cardiac tissue remodeling. Scaffolds with pores of ca. 25 μm facilitate cell alignment into multicellular bundles, enhancing structural integrity, while 60 µm pores have been identified as optimal for cell seeding, retention, vascularization, and unimpeded transport of nutrients. Despite the claim that pores exceeding the size of endothelial cells (>25 µm) can hinder vascularization, as endothelial cells struggle to bridge larger gaps, scaffolds with larger pores (100–300 µm) were also demonstrated as an efficient morphology that offers excellent nutrient diffusion and cell interconnectivity. However, such pore sizes do not enhance cell attachment or tissue formation. Notably, scaffolds with large pore sizes exhibited significant surface roughness and contained hydrophobic and conductive materials, e.g., carbon or graphene, which compensated for the large pores and promoted efficient cell adhesion and cell-to-cell communication. In contrast, smaller pores in the range of 25–60 µm seem to strike a better balance between supporting cell attachment, enhancing vascularization, and promoting tissue regeneration, without the need for compensatory dopants, as is the case with larger pore diameters, as demonstrated across various materials in both in vitro and in vivo experiments. These pore sizes were also shown to reduce immune responses by minimizing fibrous capsule formation and macrophage infiltration, making them more suitable for cardiac tissue applications. Therefore, scaffolds with moderate pore sizes around 25–60 µm seem to be optimal for myocardial regeneration, offering both effective cell integration and sufficient nutrient and gas diffusion into the scaffold, which promotes a functional tissue formation without the need for a high surface roughness or levels of hydrophobicity, and eliminating possible drawbacks associated with the large pores.
6 PORE SIZE IN LUNG TISSUE ENGINEERING
6.1 Porous anatomical features of lung tissue
The respiratory system consists of airways and lung parenchyma. The airways include the bronchus, branching from the trachea, subdividing into bronchioles, and eventually leading to alveoli (Chaudhry and Bordoni, 2023). The lung parenchyma refers to the functional tissue of the lung involved in gas exchange, including the alveoli, alveolar ducts, and bronchioles. It has a sponge-like structure composed of bronchioles, alveoli, capillary blood vessels, and enclosed air. The alveoli, with a diameter of 200 μm, had a 3D honeycomb architecture and were the primary structural and functional units of the respiratory system, providing a large surface area for gas exchange (Figure 4).
[image: Figure 4]FIGURE 4 | Schematic of lung tissue with branching of the airways into alveolar ducts and alveoli and SEM images of rabbit (top) and human (bottom) alveolar ducts. The SEM images were reproduced with permission from Weibel (2009), Copyright 2009, EMH Swiss Medical Publishers.
In the lung’s area designated for gas exchange (the alveolar-capillary barrier, with a thickness of about 1 μm), a micro-scale membrane (ca. 0.1 μm thick) composed of fine collagen and elastin fibrils, along with infrequently present fibroblasts, acts as a separator between alveolar epithelial cells (facing the air) and capillary endothelial cells (facing the blood) (Weibel, 1970; Weibel, 2009). This membrane exhibits remarkable physicomechanical characteristics, such as exceptional stretchability and permeability, while preserving its structural integrity, which is crucial for the fragile structure of alveolar sacs. Basement membranes serve as permeable barriers featuring small minute pores. There is a lack of consensus regarding the precise permeability of this barrier, with estimates for smaller pores ranging from 0.5 to 2.5 nm and larger pores reaching 400 nm (Hermans and Bernard, 1998).
Furthermore, the lung parenchyma has a highly vascularized structure. The extensive network of capillaries surrounding each alveolus ensures that the blood is exposed to a large surface area, maximizing gas exchange efficiency. In most mammals, the ratio of capillary surface area to alveolar surface area is typically just below 1, ranging from 0.75 to 0.95 across different species (Gehr and Erni, 1980; Townsley, 2012). This indicates that the extensive capillary network covers a slightly smaller area than the alveoli.
6.2 Recent advances in mimicking lung tissue
The lung presents a formidable challenge in tissue engineering because of its intricate 3D architecture and the interconnectedness of its alveolar units with the airways and pulmonary circulation. Successful engineering of a lung requires a multifaceted matrix that not only nurtures the growth of endothelial, epithelial, and mesenchymal cells but also possesses the resilience to resist compression, the capability to facilitate efficient gas exchange, and the sophistication of developing a comprehensive vascular network. In contrast to other tissues, such as bone, cartilage, muscle, or skin, perceived as primarily solid, the alveolar lung tissue is conceptualized as a highly porous, sponge-like structure (Andrade et al., 2007; Shakir et al., 2022). The fabrication of highly porous scaffolds with appropriate mechanical characteristics has shown considerable promise over the past few decades, allowing for the replication of at least one aspect of lung tissue by effectively mimicking its highly vascular nature and stimulating blood circulation. As in other tissues, the strategy of tissue morphology mimicking underscores the necessity of a porous scaffold that can support complex functions of the lung, including the paramount task of gas exchange within the lung parenchyma.
Building on this conceptual foundation, recent studies have made significant strides in scaffold development to mimic the physical properties of lung tissue, emphasizing the critical role of pore size in facilitating lung tissue formation. This section discusses research works dedicated to developing variable scaffold designs for lung tissue engineering (LTE), including alveolar and airway regions, highlighting the role of pore dimensions in enhancing tissue regeneration.
Wang et al. (2020) developed a 3D collagen scaffold fabricated via freeze-drying of the molded construct and crosslinking using EDC/NHS, featuring a pore diameter of about 52 ± 18 μm and porosity of about 80% ± 3.6%, closely mimicking the diameter (ca. 55 ± 18 μm) and porosity (ca. 70% ± 3.6%) of natural lung tissue. The fabricated porous scaffold facilitated cell migration and provided space for their dense agglomeration, leading to the formation of capillaries along the pore walls and alveoli-like structures. Using a similar approach, O’Leary et al. (2016) fabricated a bilayer scaffold consisting of a highly porous collagen/hyaluronate matrix and nonporous film to create an epithelial barrier and efficient co-culturing of fibroblasts and bronchial epithelium. The mean pore diameter of the porous layer was ca. 70–80 μm, with porosity >98%. The authors reported successful attachment, differentiation, segregated growth of respiratory cell lines and epithelial fibroblasts, and epithelial monolayer formation. The porous structure promotes angiogenesis and guides capillary growth into separate pores, preventing disorganization. Both studies indicated that the fabricated scaffolds have comparable mechanical and structural characteristics to natural tissue. Bhowmick et al. (2018) reported successful resembling of airway epithelium, with high cell viability and enhanced marker protein expression using chitosan/collagen scaffold with a mean pore size of ca. 90 ± 7.0 μm and the porosity of ca. 80%. Due to the specific objectives of this study, no further results or characterizations, e.g., mechanical properties, ECM deposition, or angiogenesis, were provided.
Similarly, Sun et al. (2020) developed a cell-laden (embedded with live cells), gelatin-based microbubble scaffold with uniformly distributed porosity, with a mean pore diameter of ca. 110 μm (with smallest pores of ca. 80 μm) for resembling the lung alveoli in structure and mechanical properties for lung cancer treatment. The results indicated uniform cell distribution on the scaffold, excellent biocompatibility (when anti-cancer drug gemcitabine was excluded), and biological activity of the cells. However, no further evaluation of ECM formation or angiogenesis was reported due to the different focus of this work, which aimed at creating a lung tissue model for studying the potential of lung cancer drugs. Aiming to resemble alveolar ECM, Azimi et al. (2020) fabricated electrospun poly(vinylidene fluoride-co-trifluoroethylene)-based fiber mesh scaffolds using variable fabrication settings and antibacterial doping of ZnO. The obtained scaffolds exhibited an extended range of pore diameters, with ca. 80% of pores being in the sub-5 μm range, ca. 15% in the range from 10–20 μm, and a minor fraction between 20–100 μm. Due to the prevalence of microporosity, the scaffold demonstrated enhanced epithelial cell adhesion, proliferation, and significant biological activity, indicating the deposition of natural ECM. The scaffolds demonstrated minimal cytotoxicity and were found to be suitable for microvasculature infiltration, suggesting their potential to minimize the foreign body reaction due to pores that are small enough yet exceed the minimum capillary size and are compatible with red blood cell size. However, the authors indicate that the studied material demonstrates a prolonged degradation rate, which hinders the implementation of the scaffold in real in vivo experiments.
It should be noted that the trachea is fairly mentioned as part of lung tissue, yet the function and properties of cartilaginous tracheal and soft, highly porous alveolar tissues differ dramatically. Here, we discuss the progress made in fabricating the airway region.
Park et al. (2018a) demonstrated that omentum-cultured PCL scaffolds, fabricated via 3D printing with average pore sizes of approximately 70–100 μm, effectively supported the formation of new connective tissue and microcapillaries, facilitating revascularization and tracheal tissue regeneration. The authors noted that the pores were crucial for promoting rapid re-epithelialization, which is essential for preventing complications such as granulation tissue formation and stenosis post-implantation. In another study, the same research group (Park et al., 2018b) utilized a 4-axis 3D printing technique to fabricate a PCL-based tracheal scaffold. This technique incorporates an additional rotational axis, allowing for improved control of fiber deposition and, consequently, enhanced printing accuracy. This resulted in the creation of uniform square-shaped pores measuring 100 × 100 μm and a higher total porosity (up to 40%) compared to the traditional 3D printing approach, which achieved approximately 30% porosity. The authors demonstrated that consistent and uniform porosity, along with interconnectivity, significantly contributes to the mechanical resilience of the scaffolds and ensures better cell ingrowth into the porous regions, effectively mimicking the natural trachea. Gao et al. (2022) prepared a highly porous (porosity >92%) ring-shaped silk fibroin-reinforced decellularized cartilaginous matrix scaffold with an average pore diameter of ca. 200 μm for the fabrication of trachea tissue regeneration. In this work, the authors highlight the role of silk fibroin in contraction resistance capacity and the slow degradation rate of the scaffold. A comprehensive set of in vitro and in vivo data showed that the scaffolds possess negligible cytotoxicity and provide an excellent matrix for cell infiltration, attachment, proliferation, and chondrogenic capacity, successfully demonstrated in the rabbit model during segmental tracheal defect treatment. Similarly, Xu et al. (2021) achieved extensive tracheal reconstruction using chondroitin-sulfate-incorporating type-II atelocollagen ring-shaped scaffolds with pore size distribution ranging from ca. 50–100 µm. The authors also compared scaffolds of other compositions, e.g., collagen-I and collagen-II scaffolds, which are characterized by larger pore diameters (25–150 μm and 150–250 μm, respectively). The latter compositions revealed different bioresponses on the cellular level, thus the outcomes were not directly comparable due to differences in scaffold composition. Dye et al. (2020), investigated the effect of polymer type, degradation rate, and pore interconnectivity of the scaffolds on the transplantation efficiency for airway tissue regeneration. Amid conclusions, the authors found that higher interconnectivity of pores ranging from 10–100 μm promotes better fusion of lung organoids into airway-like structures, while smaller pores or less interconnected scaffolds led to less organized or smaller tissue formations.
Table 4 summarizes the selected publications on the advances in lung tissue engineering, focusing on the significance of the pore sizes.
TABLE 4 | Summary of representative studies on lung tissue generation within porous scaffolds.
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Based on the reviewed literature on lung tissue regeneration, relatively few studies report porosity characteristics and pore dimensions or examine their impact on biological responses and tissue formation efficiency. However, some conclusions can still be drawn. Unlike other tissue types, alveolar tissue regeneration uses scaffolds with more homogeneous pore sizes, typically between 50 and 100 μm. These pore sizes are frequently reported to facilitate cell migration, capillary formation, and native tissue restructuring while maintaining suitable mechanical properties such as elasticity and structural stability. Scaffolds with smaller pores, below 5 μm, as reported by Azimi et al. (2020), have been shown to enhance cell adhesion and seeding efficiency, which aligns with general findings in other studies discussed earlier. However, a significant fraction of pores in the 20–100 μm range suggests that pores within this size range are crucial for successful tissue formation and adequate vascularization. Therefore, to mimic alveolar tissue effectively, scaffolds with highly interconnected porosity and pore sizes ranging from a few to tens of micrometers are considered optimal, as they maximize cell adhesion, ensure efficient nutrient flow, and provide sufficient space for vascularization.
For trachea-mimicking tissue, higher variability of pore sizes is presented, ranging from 10 to 200 μm, and reported as suitable for epithelial cell attachment, differentiation, and revascularization. While trying to evaluate the necessity or favorable effects of different pore sizes, taking into account generally considered aspects of cell adhesion, cell-to-cell communication, nutrition/waste diffusion, and vascularization, we did not see significant advantages of using pores >100 μm, as Dye et al. (2020) demonstrated. Conversely, pores <10 μm in diameter should also be avoided to maximize the efficiency of tissue formation, ideally sticking to the middle range pores used, >50 μm.
7 DISCUSSION AND FUTURE DIRECTIONS
The literature shows no consensus on the ideal pore size and scaffold morphology, with a wide range of reported pore sizes. Tissue formation and associated biological processes are complex and cannot be reduced to a single factor. Several scaffold features contribute to the outcomes, including mechanical properties, morphology, material composition, roughness, porosity, pore interconnectivity, and degradation characteristics. Scaffolds are used to cultivate various tissue types, and many have regions with different mechanical and morphological properties within the same tissue. This complexity makes analyzing scaffold-cell interactions more challenging.
Mimicking the natural morphology of tissues is widely considered the most promising approach. Scaffolds with varied designs - from simple structures with uniform morphology to advanced, multilayered designs with different pore sizes and gradients - promote biological responses and improve tissue formation efficiency. However, this mimicking is not always fully implemented, likely due to challenges in balancing the bioinductive and cytocompatible properties of the materials with their physical characteristics. These limitations often lead to compromises in scaffold design and morphology. Additionally, fabrication methods and chemical processes, such as UV crosslinking or cryogelation, can affect the scaffold’s porosity and pore sizes, deviating from the initial design. Thus, it is crucial to carefully evaluate the reported results and terminology, as significant variability exists across studies. Scaffolds intended for the same tissue type can exhibit pore sizes that differ by orders of magnitude.
For example, lung tissue scaffolds favor uniform pore sizes in the alveolar and airway regions. In contrast, bone, cartilage, and skin tissue engineering pore sizes range from sub-micron to over 400 µm. Despite this variation, successful tissue development has been reported in many studies. This suggests that the relationship between scaffold properties and tissue growth is multifaceted and dynamic. Key physiological processes standard to all tissues, such as cell adhesion, infiltration, cell-to-cell communication, nutrient and waste transport, gas diffusion, ECM deposition, and vascularization are influenced by scaffold pore size and porosity (Loh and Choong, 2013; Xia and Luo, 2022; Murphy et al., 2010).
Several general observations from the reviewed studies can be highlighted:
a) Cells adhere better to scaffolds with high surface roughness and interconnected pores similar in size to the cells.
b) Smaller pores enhance cell seeding efficiency, increase cell density, and promote cell-to-cell communication.
c) Cell infiltration and the transport of nutrients, growth factors, and gases are limited when pore sizes are smaller than the diffusing substances.
d) Incorporating larger channels can improve mass transport and vascularization in scaffolds with interconnected pores smaller than 100 µm.
e) Pores larger than 100 µm generally support vascularization.
f) In hydrogels and polymer-based scaffolds, porosity, and pore size significantly affect scaffold stability and degradation rate.
Despite using scaffolds with suboptimal pore sizes (either too small for cell infiltration or too large for effective nutrient diffusion), some studies have reported outcomes comparable to those achieved with “optimal” pore sizes. This observation leads to two key conclusions: first, porosity and pore size are dynamic properties, often influenced by the material’s swelling behavior in physiological conditions. Materials with high swelling capacity can reveal much smaller pores than observed during initial characterization. Second, pore size and degradation rate are interconnected (Molina et al., 2021). In hydrogels, larger pores accelerate degradation due to a higher surface area-to-volume ratio, which enhances hydrolysis. While large pores may lead to faster scaffold breakdown, they can also increase in size over time, making them more conducive to vascularization.
Based on these insights, three key takeaways can be summarized:
1. Gradients and Layering: Multilayered and gradient scaffold designs that incorporate regions with both small and large pores consistently outperform scaffolds with uniform pore sizes. This strategy promotes cell attachment, migration, and vascularization more effectively by mimicking natural tissue structures.
2. Size Ranges: Smaller pores (<100 µm) enhance cell attachment and early tissue formation, while larger pores (100–400 µm) support nutrient transport, vascularization, and long-term tissue stability. However, excessively large pores (>400 µm) offer limited benefits and may weaken scaffold mechanical properties.
3. Material and Morphology Interaction: The relationship between scaffold material properties (roughness, hydrophobicity, and degradation rate) and pore size is crucial. These material properties can compensate for non-ideal pore sizes and significantly affect scaffold performance.
While this review provides recommendations for scaffold pore dimensions in tissue engineering, it is essential to recognize that porosity and pore size change over time during tissue cultivation. Scaffold designs must be tailored to the target tissue’s specific biological and mechanical needs. Advanced designs, such as gradients in pore size or material composition, should be optimized to support each phase of tissue regeneration (Karageorgiou and Kaplan, 2005; Tavakoli et al., 2023; Di Luca et al., 2016).
Future research in scaffold development should focus on several key areas. First, advanced fabrication techniques should be prioritized to improve control over scaffold morphology, particularly in creating gradient and multilayered designs that mimic natural tissues. Techniques like 3D printing, bioprinting, and hybrid manufacturing methods can allow for precise adjustments in pore size distribution and material properties, enhancing tissue integration and function (Adel et al., 2022; Kalogeropoulou et al., 2024; Koyyada and Orsu, 2021). Second, more research is needed to understand the dynamic changes in scaffold properties, such as pore size and interconnectivity during degradation. Developing scaffolds that adapt over time could optimize nutrient diffusion and vascularization during different stages of tissue growth. Third, material characteristics like surface roughness, hydrophobicity, and degradation rate must be systematically explored with pore size. These factors can be tailored to improve scaffold performance, even when pore sizes are suboptimal. Lastly, scaffold designs should be further refined based on the specific needs of different tissue types. Bone, cartilage, cardiac, and lung tissues have unique requirements, and scaffold properties must be tailored to ensure long-term tissue stability, integration, and vascularization. Future research can significantly improve outcomes in tissue engineering by advancing scaffold designs to mimic the dynamic nature of biological tissues better.
8 CONCLUSION
This review systematically examines the role of scaffold pore size and porosity across various fields of tissue engineering, including skin, bone, cardiovascular, and lung tissue regeneration. The literature reviewed highlights the critical influence of pore characteristics in replicating the native microenvironment essential for optimal cell function and integration. Specifically, scaffold porosity is discussed in relation to key processes such as cellular interactions, migration, adhesion, proliferation, and differentiation, which are crucial for successful tissue regeneration. Although the optimal pore size varies across tissues, some general conclusions can be drawn, reflecting the complex interplay between scaffold properties and biological needs. The studies underscore the importance of tailoring scaffold design, with pore size and structure being central to tissue regeneration. However, this review focuses solely on the aspect of porosity and should not be viewed as a comprehensive guide for scaffold selection in tissue engineering applications.
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NIH-3T3 fibroblasts

NIH-3T3 fibroblasts

HUVEC, Human Splenic
Fibroblasts, HaCaT

Fibroblasts, Keratinocytes

No cell

HFBSCs, keratinocytes,
fibroblasts

Human keratinocytes and
fibroblasts

1929 fibroblasts

HEBSCs, keratinocytes,
fibroblasts

Human dermal fibroblasts,
human epidermal
keratinocytes

Electrospinning

Freeze-drying

SLg peptide, GelMA

PCl, collagen

Electrospinning,
freeze-drying

Electrospinning

Freeze-drying

Electrospinning,
freeze-drying

Electrospinning,
casting

Electrospinning, 3D
printing

Silk fibroin, Silk sericin,
PVA, PCL

Silk fibroin, Hyaluronic
acid, Sodium alginate

3D printing, freeze-
drying

3D bioprinting

Gelatin, GelMA/
Laponite

Gelatin, PEGDMA

NaCMC, Collagen

PAAm, Aloe vera
(powder)

Gelatin-PEG
Methacrylate, PVA

PCL, keratin

03 um

~93 pm

200-400 pm

1958 +
9.1 ym

~10 pm

16-25 pm

75-123 pm

~230 pum

15-25 pm

45-64 um

‘The microporous layer prevents bacteral invasion,
and the nanofibers enhance fibroblast adhesion
and proliferation, wound closure, and skin tissue
formation

‘The scaffold facilitated cell adhesion and
proliferation, supported increased collagen
deposition, and demonstrated the fastest wound
healing rate, with enhanced angiogenesis and the
formation of new epidermis closely aligned with
the neonatal dermis layer

Inflammatory cells filled the pores, where later
collagen fibers and blood vessels were formed, and
thus, led to the growth of skin tissue

‘The scaffold supported growth of fibroblasts and
keratinocytes and further formation of dermal and
epidermal layers with tight junction between them

‘The bilayer scaffold, made of hydrogel and
nanofibers, showed superior performance in
wound closure, tissue granulation, and skin
appendage formation compared to the individual
layers

Small pore sizes regulate keratinocyte growth and
promote epidermis formation

Keratinocytes in small pores and fibroblasts in
large pores achieved paracrine signaling, but the
high-water content in the large pores deteriorated
fibroblast attachment

‘The combination of macropores and nanopores
supported fibroblast proliferation, collagen
secretion, angiogenesis, and the formation of
epidermal and keratin layers

Gradient in pores size facilitates the targeted
delivery of distinct cell types specific to cach skin
layer. The micro-pits aid in formation of skin
appendages

Fibroblasts demonstrated enhanced growth on
microfibers, whereas keratinocytes proliferated
better on nanofibers with a smaller pore size

Kumar et al.
(2022)

Yang et al. (2019a)

Chu et al. (2021)

Ramasamy et al.
(2021)

Zandi et al. (2021)

Sumathy and Nair
(2020)

Kilic Bektas et al.
(2018)

Tavakoli et al.
(2023)

Sumathy and
Velayudhan
(2023)

Choi et al. (2021)
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Lung

‘Tracheobronchial
region

Human lung cancer
cells A549, rat alveolar
type two epithelial cell
line

Calu-3 bronchial
epithelium cells,
‘Wi38 human
embryonic lung
fibroblasts

Freeze-drying

Evaporation,
freeze-drying

Collagen

Collagen-
hyaluronate

52,67 + 18.39 um

70-80 pm

The implanted scaffold supported cell
infiltration, formation of micro-
vessels and alveolar-like structures,
and lung regeneration

‘The cells differentiated, accompanied
by elevated mucin production, greater
ciliation, and the development of tight
intercellular junctions forming a
submucosal tissue-like structure

Andrade
et al. (2007)

Shakir et al.
(2022)

Lower airway
epithelium

Lung alveoli

Lung alveoli

Trachea

HSAEpCs

A549 cloned with
luciferase gene

A549 lung cancer cells

No cells. Cultivation in
omentum

Phase-separation,
freeze-drying

Microfluidic
channel, gas
foaming

Electrospinning

3D bioprinting

Chitosan-collagen

Gelatin

P(VDE-TrFE)

PCL

Major pores of 91.61 +
7.64 pm, minor pores
of 54.33 + 7.11 pm

~113.62 pm

<5 um

0.0043 mm? superior
~0.0049 mm? inferior
~0.0058 mm? anterior
~00162 mm? inner

‘The scaffold facilitated the formation
of a uniform cell layer that closely
‘mimics the in vivo small airway
epithelium, actingas a barrier between
the circulation and the external
environment

The scaffold possessed favorable
biocompatibility and cellular response
and mimicked the structure of lung
alveoli

‘The scaffold supported cell growth,
showed adequate mechanical strength
and piezoclectricity, and exhibited
immunomodulatory and antibacterial
properties

‘The scaffold demonstrated rapid cell
infiltration and formation of the
highly organized tissue consisting of
ciliated respiratory epithelium and
submucosal part

Wang et al.
(2020)

O'Leary
etal. (2016)

Bhowmick
etal. (2018)

Sun et al.
(2020)

Trachea

NIH3T3

3D bioprinting

PCL

‘The scaffold integrated well with host
tissue and showed improved
mechanical properties, cell ingrowth,
and formation of new epithelium with
neocartilage regeneration

Azimi et al.
(2020)

Trachea

Trachea

Lung organoids

BMSCs

BMSCs

Human embryonic
stem cells

Freeze-drying

Freeze-drying

Gas foaming,
particulate
leaching

Silk fibroin,
decellularized
cartilaginous
‘matrix

Collagen

PLG, PCL, PEG

~2067 + 125 pm

ca. 50-100 pm

10-100 pm

‘The scaffold showed negligible
cytotoxicity and provided an excellent
‘matrix for cell infiltration,
attachment, proliferation, and
chondrogenic capacity

‘The scaffold demonstrated enhanced
chondrogenic capacity, rigidity of the
lumen, flexibility along its length, and
sufficient vascular perfusion

‘The organoids replicated both the
architecture and cellular diversity of a
‘mature airway attributed to pore
interconnectivity and polymer
degradation

Park et al.
(20182)

Park et al.
(2018b)

Gao et al.
(2022)
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Immortalized mouse
premyoblast C2C12

Human osteosarcoma
cells MG-63

3 days printing

Selective laser
sintering

Laponite nanoclay/gellan
gum in agarose fluid gel

PLA/CC composite powders

100 pm

20-120 pm interconnected
porosity and ca. 1 mm
diameter designed voids

‘The fabricated scaffold,
surrounded by the agarose gel
demonstrated decent cell viability
(80%) and significant increase in
cell density over time and
enhanced angiogenesis

‘The cell culture with MG-63
osteoblast-like cells exhibited
biological activity for up to
10 days in all specimens. No
information on scaffold

degradation

Cidonio et al. (2019)

Gayer et al. (2019)

Human primary
osteoblasts

Freeze-drying

Strontium-doped chitosan/
‘montmorillonite

45-75 um

‘The developed chitosan/
montmorillonite scaffolds
supported osteoblast attachment,
proliferation, and bioactivity over
14 days. No mechanical
characterization,
cytocompatibility, degradation
rate, ECM deposition, or
vascularization were
demonstrated

Demir et al. (2018)

Human osteosarcoma
cells MG-63

Bone marrow

mesenchymal stem cells

Bone marrow-derived

mesenchymal stem cells

(BMSCs)

"hBMSCs, human
umbilical vein
endothelial cells

Human osteoblasts

hMSCs

rat MSCs

Solvent casting/
molding

Gas foaming

3 days printing

Cryogenic 3D
printing

3D bio plotting

3D printing

3D printing

PCL/bioactive Zn-modified
glass 58852

Polyurethane/
hydroxyapatite plates

Polycaprolactone/
Strontium-containing
hydroxyapatite

Gelatin/Mg-doped p-
tricalcium phosphate

p-tricalcium phosphate

Poly(ethylene oxide
therephtalate), Poly(butylene
therephtalate)

Gelatin, Oxidized alginate

<100 pm

400 pm, with sub-pm cavities

Fabricated 200 um channels
with no interconnected

porosity

400 pm voids with ca. 10 um
interconnected porosity

2422 + 243, 4105 £ 27.9
pm

475+4,750 £ 26,939 £ 20 um

~20, 120, 200 pm

‘The scaffolds exhibited excellent
mechanical properties,
comparable to load-bearing bones
and demonstrated high cell
attachment, density, proliferation,
and mineral deposition. No
degradation rate was reported

‘The fabricated PU scaffolds,
deposited with hydroxyapatite
demonstrated excellent
mechanical properties, cell
attachment, viability of ca. 100%,
and evidence of biological activity
over 14 days. No degradation rate
was reported, as well as evidence
of ECM deposition or
vascularization

SEM analysis showed well-defined
orthogonal structures with MPa
range stress values over 40% range
of strain. The scaffold allowed
unimpeded cell infiltration,
attachment on the deposited
flaments, cell growth, and
osteogenic differentiation over

21 days. No information on the
biodegradation rate of the scaffold
was provided. No evidence for
ECM deposition or
vascularization

‘The scaffolds are composed of
high-roughness filaments and
supported cell attachment,
migration, demonstrated excellent
proliferation evidence of ECM
deposition, osteo- and
angiogenesis

‘The bi-layer scaffold replicated
the architecture and mechanical
properties of the cancellous and
cortical parts of bone tissue

A porosity gradient of the scaffold
supported the osteogenic
differentiation, gene expression,
and secretion of calcium and

phosphate mineral deposits

‘The hydrogel scaffold with
interconnected gradient pore sizes
showed improved mechanical
stability, cell-seeding efficiency,
osteodifferentiation, and
mineralization

Shahin-Shamsabadi
et al. (2018)

Meskinfam et al.
(2018)

Liu et al. (2019)

Gu et al. (2019)

Almela et al. (2017)

Di Luca et al. (2016)

Mukasheva et al.
(2024)
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Pore size

hBMSCs

Rat marrow stromal cell

1In vivo host cells

Neonatal rat ventricular
cardiomyocytes

Sonication, freeze-
drying

Elecrtrospinning

Elecrtrospinning

Lyophilization, UV
light

Alginate, chitosan

Poly(epsilon-caprolactone)

‘Thermoplastic poly(cther
urethane), poly(e-caprolactone)

GelMA-GNR

50-226 pum

10-45 pm

11.80 +

0.85 um

8-12 um

The scaffold showed enhanced
tensile strength, cell proliferation
and penetration inside the scaffold,
and higher secretion of cardiac
marker

Nanofibers mimicked native ECM,
while microfibers supported cell
migration, and cells in the scaffold
proliferated, differentiated, and
infiltrated through the pores

‘The scaffold demonstrated
improved mechanical strength,
puncture resistance, anti-
thrombosis ability, cell infiltration,
and neotissue formation without
calcification

“The nanorod-incorporated
hydrogels showed superior
electrical and mechanical
properties when compared to pure
hydrogels

Shou et al. (2023)

Sadeghi et al.
(2019)

Tamimi et al.
(2020)

Pham et al. (2006)

HUVEGs, CMs, CFs

Electrospinning

Poly(ethylene glycol)-poly(DL-

lactide)
(PELA)

25.6 % 64 um

‘The scaffold exhibited better
mechanical properties, enhanced
cell viability, and abundant
capillary-like network formation
with spontancous beating rates
similar to those observed in adult or
neonatal rats

Fang et al. (2022)

In vivo host cells

Rat ventricular cardiomyocytes,
cardiac fibroblasts, aortic
endothelial cells

Human cardiomyocytes

Mesenchymal stem cells (MSCs)

Cardiac progenitor cells (CPCs)

MC3T3, C20A4 cells

Neonatal rat heart cells

HUVECs, neonatal rat
cardiomyocytes

Electrospinning

Sintering

Microtemplating

Heat-induced
gelation

Melt electrospinning
writing

3D printing, freeze-
drying

Freeze-drying

Chemical vapor
deposition

PCL, decellularized vascular graft

Polycarbonate, PMMA

Poly(2-hydroxyethyl
‘methacrylate-co-methacrylic acid

CS-GNP

PHMGCL, PCL

Alginate, hyaluronic acid

Chitosan, carbon nanofibers

Nanostructured graphene foams

~27 pm

~60 pm

25 um

150 pm

113-270 pm

120-150 pm

100-300 um

‘The scaffold possessed enhanced
mechanical properties, supported
sustained drug release, and

mitigated neo-intimal hyperplasia

The scaffold replicated the
structure and composition of native
cardiac tissue and enhanced cell
retention and integration with host
tissue with significant ECM
deposition and vascular tissue
regeneration

“The larger pore size allowed for cell
penetration and retention, while
smaller pores prevented immune
response and supported
angiogenesis

The scaffold possessed the
improved electrical conductivity,
structural integrity, and
biomechanical compatibility with
native myocardium facilitating cell
survival and proliferation

The scaffold closely mimicked the

mechanical properties of native
myocardial tissue and facilitated
cell alignment along the scaffold’s
long axis

‘The scaffold showed
cytocompatibility and high cell
viability, biocompatibility,
increased angiogenesis, and
reduced macrophage infltration

Carbon nanofibers within the
scaffold enhanced the transmission
of electrical signals between the
cells, myocardial cell attachment
and proliferation

‘The scaffolds were biocompatible
and provided an electroactive
environment suitable for
cardiomyocyte adhesion and
proliferation, ECM deposition, and
improved vascularization

Navaei et al. (2016)

Liu et al. (2017)

Yang et al. (2019b)

‘Thomson et al.
(2013)

Chen et al. (2008)

Zimmermann et al.
(2006)

Castilho et al.
(2017)

Janarthanan et al.
(2022)
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