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ABSTRACT: Polymeric scaffolds are now widely used in biomedical engineering to reconstruct tissues as well as other
corrective medical applications. They are designed to promote the proliferation of the host cell and provide load-bearing
capabilities. Through tailored fabrication methods and material compatibility, polymeric scaffolds can be applied either
temporarily or permanently, and successful applications have resulted in commercialized products. Currently, there is
a high interest in tissue scaffolds that combine both effective mechanical performance with efficient surface response
functionalities. In this work, we performed an in-depth comparative analysis of tissue scaffolds made from renewable
parent materials, their production routes, and performance at laboratory scale, patents, and commercialized products.
From the literature reviewed, natural polymer-based scaffolds demonstrate superior vascularization whereas the
partially biosourced constructs exhibit mechanical advantage. These suggest that combining optimized features from
both material classes could yield scaffolds with enhanced stress-strain properties, high vascularization and porosity. To
tailor scaffold performance, we found that the flexibility of 3-Dimensional (3D) printing particularly precision laser
writing technology, offers a more efficient fabrication approach as it enables the production of hierarchical scaffold
capable of performing different functions across different size scales. We found a gap in (i) the knowledge of leveraging
the similarities between plant and animal cellularized systems, (ii) the use of self-healing and shape-memory smart
materials, and (iii) ex vivo culturing in bioreactor systems and subsequent seeding. To date, most tissue scaffold
engineering research work remains at the laboratory scale, therefore, more effort is needed in upscaling, as well as in
research and development. Diverse methodologies and materials still need to be explored for fit-for-purpose tissue
scaffolds that can meet future needs.
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1 Introduction

Tissue engineering has emerged as a promising approach in regenerating tissues and organs. Compared
to traditional therapies, such as drug administration and transplantation, tissue engineering enables auto-
grafts and tuneable cell growth [1]. Tissues can be engineered by both in vivo, where an implanted scaffold
augments cell generation and growth, leading to tissue formation, and in vitro, where cells are seeded onto a
scaffold under controlled conditions to promote proliferation and migration [2,3].

Copyright © 2026 The Authors. Published by Tech Science Press. This work is licensed under a Creative Commons Attribution 4.0 International
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://www.techscience.com/journal/JRM
https://www.techscience.com/
https://doi.org/10.32604/jrm.2026.02025-0198
https://www.techscience.com/doi/10.32604/jrm.2026.02025-0198
mailto:emmanuel.abu-danso@uef.fi
mailto:holger.ruckdaeschel@uni-bayreuth.de

2 ] Renew Mater. 2026;14(8):3

The term “tissue engineering” was officially introduced at a workshop by the United States National
Science Foundation and formally recognized as an engineering discipline in 1987 [4]. The concept of
modern tissue engineering was later introduced by Vacanti and colleagues [5]. However, the first successful
tissue engineering occurred in 1962, when open-cell porous polyvinyl alcohol (IVALON") was used to
cover burn wounds and provide a template for skin tissue regeneration [6]. Following this pioneering
work, tissue engineering has evolved significantly to include both bio and synthetic polymers as critical
materials. Studies involving natural collagen [7-10], polysaccharides (e.g., alginate and agarose), chitin,
and chitosan [11-15] have been reported, with performance assessments covering biocompatibility, toxicity,
mechanical properties, hydrophilicity and specific cell interaction leading to cell adhesion and seeding
[16-18]. Other studies also investigated the improvement of reported drawbacks in biopolymeric scaffolds
by upscaling with chemical and physical modification aimed at improving the structural stability and
mechanical properties [19,20]. In this regard, alternative biosourced, partially biosourced polymers and
synthetic collagen have also been studied [21].

In general, functionalized as well as biosourced polymers are of great interest to the tissue engineering
research community because their molecular weight and chain architecture can be readily modified to tailor
their physico-chemical properties offering greater control compared to unmodified natural polymers. How-
ever, the potential release of acidic byproducts during hydrolytic degradation and inherent hydrophobicity
are considered as the main drawbacks [22]. Various precursor materials and their composites have been
studied as potential candidates for scaffolds in tissue engineering. Nonetheless, functionalized polymeric
materials have been identified as capable of meeting set objectives and therefore a suitable choice over other
materials [23,24]. Notwithstanding this, researchers are generally in agreement on key criteria for selecting
materials for tissue engineering scaffolds as;

i. Biocompatibility to ensure a successful seeding.

ii. Biodegradability and degradation products that cause minimal immune or inflammatory responses,
easy metabolism and release from the body.

iii. Mechanical strength for support and protection.

iv. High porosity (>90%) and well-interconnected open pore structure to ensure high cell seeding density,
tissue in-growth, cell migration, and nutrient transportation.

To this end, some published research works have reported optimum pore sizes of scaffolds that enabled
efficient tissue engineering performance in both human and animal cells. These are summarized in Table 1
showing the reported range of pore sizes of the developed scaffolds for specific cell types and tissue function.

Table 1: Details of polymeric scaffolding material and pore size ranges for specified cell types and tissue function.

Material Pore Size/pm Cell Type/Function of Tissue  Reference
Hepatic based composite 2.3-5.8 Liver [25]
Collagen composite 17.93-35.86 Adipose [26]
Collagenous extracellular matrix 38.67 +£17.25 Osteochondral [27]
PCL 370-400 Human adipose stem cell [28]
PCL/Col/PCL/Mg 300-600 Osteocytes [29]
I({}lég];r)l‘;}(r,?;;i }rlfzs:de;lll;i(;? 100 Rat osteoblasts cell infiltration (30]
PLA 200-350 Osteoconduction [31]

(Continued)
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Table 1 (continued)

Material Pore Size/pm Cell Type/Function of Tissue  Reference
H fa in fibrobl
PEG 500-250 uman or.eskln‘ broblast 5]
proliferation
h
Gelatin 250-500/20-200 Chondrocytes [33]

proliferation/differentiation

Preosteoblastic cell line
— m i %
collagen-glycosaminoglycan >300 proliferation and infiltration 541

The pore sizes of scaffolds in Table I show both narrow and wide ranges depending on their specific
application. Thus, most precursors have been selected and developed with a strong emphasis on targeted
performance goals, enhanced fabrication route, process parameters and optimization [35-37].

This study collates and analyzes the significant findings in polymeric scaffold from selected literature
published over the years in journals listed in the Web of Science portal. It highlights advances in tissue
engineering using renewable, biosourced, and partially biosourced polymers as well as their composite
materials. The information presented herein compiles and discusses research covering methodological
approaches to microstructure-porosity relationships that optimize proliferation and cell migration. Not
limited to a specific time frame, this review discusses emerging trends, promising developments and relevant
patents. Finally, future directions within the scaffold engineering community that are likely to cascade
towards mass production are identified and presented. Our keyword search was limited to “renewable
polymeric scaffold” and “Tissue engineering” while we limited our literature search to journals indexed in
the Web of Science data.

2 Materials
2.1 Natural and Biosourced Polymers

Natural biopolymers have been used in polymeric scaffolds over the years due to their inherent
properties. They have water uptake-and-release capabilities which is critical in the control of moisture in a
wound environment and clotting for effective healing [38]. As mesoscale materials, their wide fibre size range
makes them amenable to various modification processes. As a result, natural biopolymer-based scaffolds have
been engineered through surface modification, grafting, copolymerization and hydrogelation. The outcome
of a biopolymeric scaffold usually depends on the sequence of the monomers, molecular weight, chain length
and geometry, all of which influence surface morphology, solubility, and gel formation. These parameters
invariably affect the scaffold’s response to modification [39]. Natural biopolymeric scaffolds reported in the
literature by researchers have been applied both in vitro and in vivo tissue engineering processes. From
these favorable attributes, a major bottleneck is the difficulty associated with purification which can lead to
contamination [40]. The most common class of natural biopolymer in tissue engineering applications are
the polysaccharides which generally consist of repeating units linked by glycosidic bonds [41].

2.1.1 Cellulose

Cellulose is the most abundant polymer and the success of cellulose in the fabrication of scaffolds is due
to the variable molecular weight, degree of polymerization, and the numerous hydroxy (OH) groups [42].
Cellulose has been used as a tissue regeneration material through various methodologies and material
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compositions. Gao et al. developed a modified algal nanocellulosic scaffold for skin tissue remediation [43].
To enhance the skin healing capabilities of the algal nanocellulose, organic rectorite and quaternized
chitin were used to modify the cellulose and were treated in an antibacterial suspension. The resultant
composite was recovered through freeze-drying. The skin regeneration performance was attributed to the
formation of functional neovascularization and enhanced response to collagen formation. The potential of
cellulose as a polymeric scaffold material is also demonstrated by the synthesis of cellulose/polyvinyl alcohol
composite [44]. The inclusion of polyvinyl alcohol improved the swelling, thermal and mechanical properties
of the resultant scaffold due to the combined effect of the physicochemical characteristics of the parent
materials. The pore structure also improved showing extensive interconnectivity after freeze-drying.

In another study, Wang et al. investigated the influence of different amounts of cellulose nanofibers
synthesized from Apoacynum venetum on the behaviour of chitosan hydrogels. The results revealed an effec-
tive cellulose-chitosan hydrogel interconnectivity, improved swelling and antibacterial capacity due to the
hydrogen bonding capability of cellulose [45]. Various nanomaterials have been used to augment celluloses
for tissue scaffolding. In these approaches, nanoscale ZnO, TiO,, AgZ, and AgNOs, Ag nanoclusters, and
graphene have been used as modifiers [46-50].

2.1.2 Chitin

Chitin is the second most ubiquitous polymer. It consists of long interchanging nanocrystalline and
crystalline fibrils of a repeating chain of N-acetylglucosamine and each unit of the acetylglucosamine has
an acetamide and OH groups [51]. Chitin can be found extensively in the exoskeleton of arthropods, fungal
cell walls and in mollusks, hence, highly biocompatible [52]. Between the N-acetylglucosamine units and
OH groups is a rigid network of intramolecular and intermolecular hydrogen bonds which gives chitin
a characteristic high strength and insolubility leading to low to poor water solubility and uptake [53].
Nonetheless, successful modification of this feature can transform chitin into a base material that can be used
to construct a hierarchical polymeric scaffold.

One of the earliest modifications of chitin for skin tissue regeneration was reported by Muzzarelli et al.,
who prepared a chitosan glycolate-based nanofibrilated chitin using crystal chitin aqueous suspensions,
recovered by freeze-drying at —93°C. They found that the chitin scaffold applied when as a gauze, performed
better in epithelial differentiation and keratinization than other assessed parameters. Furthermore, the chitin
scaffold demonstrated superior performance in scarless epidermis restoration [54]. More recently, Peng
et al. used a combination of additive manufacturing and gas foaming to prepare a chitin/PLA composite
scaffold for bone repair. They focused on the mechanical properties of the scaffold due to its intended
application and evaluated different precursor compositions. Their results showed good in vitro biodegra-
dation and biocompatibility demonstrating that the composite could normalize body fluid acidity [55].
Studies by Mutsenko et al. utilized poriferan chitin from Ianthella basta to repair human mesenchymal
stromal cells [56]. The engineered chitin scaffold showed the capacity to differentiate into fat cells, along
with high cell attachment ability and viability. Narayanan et al. electrospun chitin composite made from
fungal mycelia into three-dimensional (3D) chitin-glucan polysaccharide cell scaffolds. They incorporated
B-mercaptoethanol to enhance keratinocytes proliferation. Their results showed favorable attributes of the
engineered composite scaffold including a low degradation rate, relatively fast in vitro cytocompatibility
and deposition of extracellular matrix (ECM) after keratinocytes seeding [57]. In a study by Cheng et al.,
silk fibroin and TGF-Plreinforced chitin mimicking ECM was synthesized for cartilage regeneration. The
material selection and fabrication were all to a specific functional goal beyond the overall biocompatibility.
For example, TGF-P1 incorporation promoted chondrogenic cell growth, silk fibroin and chitin enhanced
elasticity and mechanical strength, and a rough morphology facilitated rapid chondrocytes attachment
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leading to proliferation. With regard to porosity, the volume of silk fibroin influenced scaffold porosity,
with 2% and 3% pure silk fibroin scaffolds exhibiting porosities of 95.28 + 0.34% and 94.89 + 0.30%
respectively. TGF-P1 catalyzed the regeneration process in both in vitro and in vivo studies [58]. These
reported modifications effectively overcame the inherent limitations of chitin as a tissue scaffold material.

2.1.3 Chitosan

Chitosan is a derivative of deacetylated chitin. Unlike cellulose, chitosan is a heteropolymer having both
N and C, H, O groups with inherent antimicrobial capabilities and high skin compatibility [59-63]. Due to
this favorable characteristic, chitosan has received wide acknowledgement as an ideal precursor in polymeric
scaffold fabrication and has been widely used in skin tissue regeneration procedures [64-66]. The various
developed chitosan scaffolds developed over time have confirmed chitosan as a malleable material that can
be tailored towards specified tissue regeneration goals.

Silver nanoparticles-laden chitosan with enhanced mechanical properties has been used effectively as
an antimicrobial polymeric scaffold in wound healing applications [67]. Researchers such as Cardoso et al.
prepared phenytoin-modified chitosan at pH values ranging from 4.9 to 5.6, exhibiting non-Newtonian
pseudoplastic rheological behavior, for effective wound healing in both in vivo and in vitro studies [68]. The
work revealed improved wound healing due to enhanced collagen fibre formation and increased fibroblast
content attributed to the presence of a phenytoin carrier in chitosan. This finding emphasized the impor-
tance of chitosan as a tissue scaffolding material. Additionally, nanoencapsulation likely reduced the risks
associated with absorption during in vivo application. A stimuli-responsive chitosan/N-vinyl-2-pyrrolidone
composite scaffold was developed by Rasool et al. for wound healing [69]. Attributes from this developed
scaffold include high water uptake capacity, varying degrees of drug delivery, thermal resilience and optimum
swelling at neutral pH. These results, however, could not be achieved when chitosan was studied without
the modifications. Furthermore, a skin healing polymeric scaffold with enhanced keratinocyte maturation
and neovascularization rates was synthesized by Patil et al. using fluorinated methacrylamide modified
chitosan [70]. In this study, the chitosan composite scaffold wound dressing significantly improved blood
vessel formation and keratinocyte maturation compared to other treatments, a capability attributed to
superior re-epithelialization.

2.1.4 Proteins

Protein is made of distinct chains of amino acid units [71]. This difference in molecular makeup
can potentially be a drawback in tissue engineering. However, circumventing this drawback can also
be beneficial as the contrasting molecular composition can bridge cells requiring specific biochemical
characteristic. It must be noted, however, that the majority of researchers in tissue engineering have opted
for protein augmentation ease of application rather than relying on the contrasting units as the sole
functional component.

Studies such as Tupone et al. have made a case for structural contrasts in protein and demonstrated
the effective exploitation of molecular variations for tissue engineering applications [72]. The most common
protein-derived polymeric scaffolds in tissue engineering over the years have been synthesized from gelatin,
fibrinogen, collagen, silk fibroin, elastin, or soy protein. Protein-based scaffolds provide stabilization of
encapsulated cells during cellular regeneration due to their inherent potential to mimic the ECM. This
characteristic is favorable for cellular proliferation and has been capitalized on to produce numerous
commercialized proteinaceous scaffolds, including Biomend®, Apligraf® R Surgifoam®, CultiSpher-G®,
Tisseel VH® (Baxter Deerfield, IL), CryoSeal® GeniaBeads® etc. These commercial scaffolds have been
developed through biosynthesis procedures that depend on the molecular structure of the parent protein
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and have been applied in tissue scaffolding ranging from skin grafting to bone restructuring [73]. Beyond
these commercial scaffolds, strategies such as the regulation of cell proliferation using protein-enriched
magnetic hydroxyapatite have been explored. Zhu et al. studied the promotion of MC3T3-El cell, an
important event for bone tissue engineering and reported significant activation of major signalling pathways,
including mitogen-activated protein kinase kinasesl/2 (MEK1/2) and extracellular signal regulated kinase
1/2 (ERK1/2). These pathways promoted MC3T3-E1 cell proliferation. Findings from this study do not
only highlight mechanistic insights of cellular proliferation on magnetized scaffolds but also provide an
important foundation for future studies in the design of scaffolds from magnetic constructs for osteocytes
engineering [74]. A three-dimensional protein scaffold with adhesion and proliferation potential for Lgyg
cells was engineered by Tan et al. using a high internal phase emulsion-assisted construction approach to
fabricate a hierarchical porous scaffold composed of gelatin and their nano particles [75]. The effectiveness
of this scaffold was attributed to the aggregation and agglomeration capability of gelatin and the gelatin
nanoparticles which altered the wetting behaviour of the gelatin particles. The aim of cross-linking in this
study was to preserve the hierarchical porous structure to enable effective cell spreading. In another study
by Szymkowiak et al., a porous silk fibroin protein was used to fabricate a protein scaffold mimicking kidney
cells and seeded with immortalized renal proximal tubule epithelial cells [76]. The scaffold was engineered
using directional freezing which enhanced the integration and support of the synthesized porous silk sponge
with the native cells. The method resulted in high porosity ranging from 6—50 pum aligning with native cell
pore dimensions and increased moisture uptake by two-fold.

Opverall, results demonstrated that the fabricated protein scaffold could support higher metabolic activ-
ity and an increased cell count. Another protein scaffold hierarchically patterned porous honey-incorporated
silk fibroin was fabricated by Mukhopadhyay et al. to promote the proliferation of adipose-derived mes-
enchymal stem cells [77]. A combination of soft lithography and freeze-drying was used. By parameterizing
material composition, criteria including surface roughness, swelling behaviour, and degradation rate were
assessed for optimization. The authors found that a 2% honey/silk fibroin composition achieved higher pore
interconnectivity, porosity, and mechanical strength, resulting in optimal cell proliferation. Compared with
other variants, the 2% honey/silk fibroin was most effective for stem cell adhesion and proliferation because
it was the composition comparable to the native environment.

Collagen

Collagen is a form of protein found in both hard and soft tissues [78]. Proteins in the vertebrate body
consist of up to 30% collagen [79], making it highly biocompatible. Collagen is formed by three polypeptide
a-chains assembled into a triple-helix structure, with the fibrillar type being the most abundant form in
the human body [80,81]. Twenty-eight different types of collagen have been identified with approximately
1400 amino acids in each a-chain held together mainly by hydrogen bonds. The resulting triple helix
typically has a diameter of 1.5 nm. Each triple helix aligns with adjacent helices via strong electrostatic
interactions ultimately forming a stable fibrillar structure [82]. Due to naturally occurring crosslinks,
mature collagen normally exhibits high tensile strength along the axis of the triple helix. Nevertheless,
additional crosslinking is often employed to improve overall mechanical properties. Physical crosslinking via
dehydrothermal treatment and chemical crosslinking involving amide groups have been widely used [83].
Cross-linked collagen also prevents rapid scaffold degradation by slowing solubility. Hence, the production of
commercialized medical-grade collagen has received significant attention for scaffolding applications, with
freeze-drying being the most extensively studied fabrication method for collagen-based scaffolds [84].

Another advantage of collagen is the production of gelatin which is obtained through collagen hydrol-

ysis. Gelatin is widely used in pharmaceuticals and has become a core material in tissue engineering. It is
produced by thermal denaturation of the collagen during which cross-links between the polypeptide chains
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are disrupted and the triple helix structure is separated [85]. Gelatin’s attraction as a tissue scaffold material
is biocompatibility and biodegradability, however, it possesses weak mechanical strength. This drawback can
be mitigated by blending gelatin with synthetic polymers. For example, Hwang et al. engineered a porous
poly(e-caprolactone) (PCL)/gelatin composite scaffold via electrospinning followed by gas foaming/salt
leaching process to create crater-like surface topography [86]. This strategy achieved higher porosity than
the conventional electrospun scaffolds. This designed scaffold’s demonstrated superior human mesenchymal
stem cell proliferation and infiltration due to enhanced mimicking of the tissue’s microenvironment and
improved biochemical and structural attributes.

To obtain hydrolyzed collagen (HC) from gelatin, gelatin is subjected to enzymatic hydrolysis to break
collagen chains into small peptides. The low molecular weight of the peptides does not permit scaffold
formation independently. However, when HC is used in combination with other polymers, it offers notable
advantages. In particular, its low molecular weight increases material solubility, facilitating easier absorption
by the body [87]. Fig. 1 illustrates the process of denaturation and hydrolysis of collagen.

thermal enzymatic é)
denaturation hydrolysis (é)

triple helix of collagen a chains collagen peptides

Figure 1: Collagen denaturation and hydrolysis.

2.1.5 Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHAs) are a class of biodegradable and renewable polyesters accumu-
lated intracellularly by certain microorganisms as a carbon source [88]. PHAs have been widely
used as reinforcement agents in polymeric composites via copolymerization. Various PHAs have been
used in tissue engineering due to their biocompatibility, however, the selection of a particular PHA
depends on the intended application of the scaffold. In this regard, Poly(B-hydroxybutyrate) (PHB) and
poly(hydroxybutyrate-co-valerate) (PHBV) and their modifications have attracted considerable interest in
polymeric scaffold engineering [89,90]. These materials have found extensive applications in both in vivo
and in vitro studies over the years.

For example, Foster et al. used BioPEGylation of PHB to fabricate composite scaffolds via elec-
trospinning for the repair of olfactory ensheathing cells [91]. The incorporation of BioPEGylation was
intended to enhance hydrophilicity which in turn influenced moisture retention. The authors reported
significant variations in fiber and pore diameters of 5.5 and 14.1 pum, respectively under 30% relative
humidity conditions. BiloPEGylated PHB also significantly reduced hydrophobicity and increase in olfactory
ensheathing cells from 70% to 108%. Additionally, the fabrication method influenced cell proliferation, with
BioPEGylated PHB scaffolds outperforming solvent-cast composites of identical composition. Poly[(R)-3-
hydroxybutyrate-co-(R)-3-hydroxy-10-undecenoate] (PHBU) from Escherichia coli has also been studied.
Cross-linking via thiol-ene click chemistry was used to improve tensile strength and reduce cytotoxicity
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for applications involving human mesenchymal stem cells repair [92]. The results demonstrated a 200%
tensile strength alongside low cell toxicity confirming the suitability of the material for tissue engineering.
Furthermore, Mendibil et al. prepared a PHA-poly(e-caprolactone) composite scaffold using melt extrusion
to combine the favorable processability of PHAs with the mechanical properties of PCL [93]. The composite
supported mammalian cell growth and proliferation and exhibited improved in vivo neuroregenerative prop-
erties and bioresorption rate. Melt extrusion process resulted in porous tubes with mechanical properties
comparable to rat sciatic nerve tissue. After implantation to treat a 10 mm long sciatic nerve defect, the
scaffold demonstrated excellent mechanical performance for the intended biomedical application.

2.1.6 Polylactide (PLA)

PLA is a hydrophobic, biocompatible and biodegradable synthetic polymer whose degradation occurs
through the hydrolysis of its ester bonds, forming nontoxic lactic acid. As a result, PLA has been successfully
applied in both in vitro and in vivo scaffold applications. Poly(L-lactic acid) (PLLA), Poly(D-lactic acid)
(PDLA), Poly (D, L-lactic acid) (PDLLA) are stereoisomers of PLA. PLLA and PDLA are semicrystalline,
with melting temperatures (Ty,) around 180°C whereas PDLLA is amorphous and exhibits a glass transition
temperature (Tg) of approximately 60°C. The crystallinity and molecular weight of PLA significantly influ-
ence its degradation rate and mechanical properties. High molecular weight prolongs in vivo degradation and
may cause inflammation in surrounding tissues [94]. Therefore, achieving a balance between degradation
rate and mechanical performance is critical in the fabrication of PLA scaffolds.

Advances in the use of PLA for tissue scaffolds have mainly targeted applications requiring mechanical
strength or load-bearing capability [95]. Haddad et al. reported electrospun PLA scaffolds chemically
functionalize with different amino groups, achieving porosity levels of up to 87% for neural tissue engineering
applications. Their study focused on maintaining the mechanical profile of neural stems while promoting
amine group formation through chemical modification with aminated polymers. This approach resulted in
average fiber diameters of 443 + 28 and 408 + 77 nm, respectively. The scaffold demonstrated enhanced cell
viability by maintaining cells in a proliferative state [96]. PLA scaffold fabrication methods are diverse, and
their functionality can be tailored for operation across multiple size scales. It is also noteworthy that early
PLA-based scaffolds were predominantly applied in bone regeneration.

Over time, however, PLA has been successfully used to regenerate both hard and soft musculoskeletal
tissues. Key parameters influencing success include the tuning of mechanical properties, crystallinity,
and degradation kinetics through adjustment of L and D lactic acid ratios. For cartilage regeneration,
Sonthithai et al. fabricated a 3D-printed PEG-PLA/Gelatin hydrogel scaffold and evaluated porcine articular
chondrocyte adhesion and proliferation by varying PLA chain length, material composition, crosslinker
concentration, swelling behavior, and degradability [97]. They observed no significant effect on chondro-
genic function when PLA chain length and cross-linker content were varied. However, increasing gelatin
content improved chondrogenic redifferentiation due to reduced compressive modulus. Glycosaminoglycan
secretion was significantly enhanced in hydrogels with higher gelatin content. Immunofluorescence analysis
revealed clustered cells with dense type II collagen networks, confirming the scaffold’s suitability for cartilage
tissue engineering. Paunovic et al. have demonstrated successful high resolution 3D printing of near infrared
(NIR) light responsive elastomers based on poly(DLLA co CL) methacrylate (MA) and gold nanorods
(AuNRs). These scaffolds exhibited photothermal responsiveness, tunable shape memory properties, and
controlled cell death behavior, suggesting potential applications in photothermal therapy [98].
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2.2 Partially Biosourced Polymers

These are polymers with varying degrees of biobased content. Interest in partially biosourced polymers
has grown steadily over the few years as a suitable substitute for biopolymers as well as their conventional
synthetic counterparts in tissue re-engineering. Partially biosourced polymeric materials are chemically syn-
thesized to tailor properties such as hydrophilicity, biocompatibility, degradation rate, pH stability, thermal
resilience, and mechanical strength. Polymerization and radical based reactions can be adjusted during
synthesis to suit specific applications. Furthermore, physical properties such as porosity and scalability are
easier to control in partially biosourced polymers. This section provides an overview of the most used
biosourced polymers in tissue engineering.

2.2.1 Polyglycolide (PGA)

PGA is degradable under in vivo conditions and has been extensively studied for tissue engineering
applications. It is a hydrophilic and semicrystalline (45%-55%), with low solubility in organic solvents [99].
Compared to PLA PGA exhibits a higher degradation rate and typically loses its mechanical integrity
within 1-2 months after implantation [100]. Hydrolytic degradation of PGA occurs via scission of the
ester bond cleavage to produce glycine which is eliminated through urine or converted into CO, and
H,0; degradation rate is largely determined by molecular weight [101]. From the study by Ribeiro et al.,
PGA/chitosan composite nanoparticles treated with ibuprofen (Ibuprofen Ch/PGA) were synthesized as
scaffolds for cartilage regeneration under osteoarthritic conditions. The ibuprofen modified scaffolds were
fabricated using a coacervation process and evaluated for their ability to modulate inflammation and promote
chondrogenesis under pro inflammatory conditions using cultured mesenchymal stem/stromal cells. The
resulting nano particle-based scaffold (average pore size ~200 nm) showed enhanced type II collagen
deposition, indicating its potential for cartilage repair.

Earlier work by Patrascu et al. reported the fabrication of PGA-hyaluronan (PGA HYA) scaffolds
via freeze drying and subsequent loading with mesenchymal stem cells (MSCs). These cell laden scaffolds
demonstrated chondrogenic differentiation in vitro and successfully regenerated hyaline cartilage defects
following implantation in rabbit models [102]. This shows the effectiveness of PGA materials in tissue
scaffolding. Zhang et al. fabricated porous PGA scaffolds using a batch foaming process using supercritical
COs,. By optimizing temperature and pressure, scaffolds with porosities ranging from 45% to 74%, average
pore sizes of 10-38 um, and interconnectivity above 90% were produced [103]. Scaffold with the highest
porosity (74%) and average pore size of 38 um were selected for evaluation for subcutaneous implantation in
rats. Fibroblasts seeded on the scaffold showed high proliferation rates and the in vivo implantation showed
good histocompatibility, tissue ingrowth, and neovascularization.

2.2.2 Poly(Lactic-Co-Glycolic Acid) (PLGA)

PLGA is a copolymer of lactic acid (LA) and glycolic acid (GA). Because LA exists as D- and
L-enantiomers, PLGA can be synthesized in D-, L-, or D, L-forms. Unlike PLA and PGA, PLGA is
amorphous [104]. The degradation rate and mechanical properties of PLGA can be tailored by adjusting the
LA and GA ratio, allowing intermediate properties between PLA and PGA. Higher LA content generally
lowers the degradation rate [105]. Although PLGA degradation byproducts are eliminated through natural
metabolic pathways, excessive accumulation may alter local biological responses, posing a challenge for some
tissue engineering applications [106].

Kim et al. evaluated solvent cast, particle leached PLGA scaffolds for intervertebral disc degeneration
treatment. Scaffolds with pore sizes of 169 + 7.8, 200 + 3.3, 328 + 17.7 and 410 + 19.3 um were fabricated
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to enhance compressive strength and cell growth [107]. The production method did not result in a well-
organized porous structure, however, it enabled effective cell interconnectivity. Smaller pore sizes yielded
higher compressive strength, while scaffolds with pore sizes < 200 pm supported better nucleus pulposus
cell proliferation, with ECM secretion exhibiting suitability for intervertebral disc repair. Ducrocq et al.
developed dextran-coated PLGA nanoparticle scaffolds using a high internal phase emulsion combined with
photocuring. PLGA acted as both a structural component and a co stabilizer, improving scaffold stability
and interconnectivity. The resulting scaffolds exhibited low Young’s moduli comparable to soft tissues such
as the kidney and liver, along with good cell viability and proliferation [108].

Due to PLGA’s hydrophobicity, cellular interactions may be limited. It also has the potential to bioac-
cumulate leading to reduced cell function. To address this limitation, organ-derived ECM was incorporated
into PLGA using the ice particle leaching method followed by freeze-drying. The resulting scaffolds exhibited
an interconnected and uniform pore structure, with size distribution ranging from 108.21 to 189.64 pm and
porosity higher than 95%. Both in vitro and in vivo studies demonstrated enhanced renal cortical epithelial
cell growth with increasing ECM concentration, supporting the use of PLGA-ECM composites for chronic
kidney disease treatment [109]. Tian et al. conducted tissue engineering studies with PLGA to repair stromal
cells. Their main objective was to design a scaffold that could sustain tissue microstructure, possess superior
cell adhesion properties, enhanced biological signals that promote cell differentiation. They reported tumor
penetrating iRGD modified PEG-PLGA nanoparticles (100-110 nm diameter) encapsulating FN1 siRNA for
targeted stromal modulation. The platform significantly reduced tumor burden and reversed resistance to
gemcitabine by remodeling ECM driven stromal barriers [110].

2.2.3 Polycaprolactone (PCL)

PCL has been widely investigated for bone tissue engineering due to its slow degradation rate, which
provides long-term scaffold stability [111]. To enhance osseointegration, bioactive agents such as f tricalcium
phosphate (p TCP), bioactive glass, and hydroxyapatite (HA) are commonly incorporated to improve cell
attachment and proliferation. PCL hydrophobicity is a critical drawback and affects its interaction with the
surrounding tissue. Besides its common application, PCL has also been investigated for tissue engineering
applications including cartilage, nerve, skin and cardiovascular regeneration [112]. A major limitation of
PCL for bone repair is rigidity, as a result, it often requires modification that can improve stiffness in the
fabricated scaffold.

For example, Ressler et al. fabricated a porous PCL-coated hydroxyapatite composite scaffold using
hydrothermal and vacuum impregnation procedures for bone regeneration. The hydroxyapatite composed of
silicates of calcium and phosphate was synthesized from cuttlefish bone. The fabricated scaffold had 10 w/v%
of the PCL component. This approach resulted in an enhanced, well-aligned and interconnected porosity
(approx. 78%) and non observable toxicity. The open porous network supported human mesenchymal stem
cells adhesion and proliferation. However, the inorganic component decreased the compressive modulus of
the scaffold due to the lowering of PCL crystallinity [113]. In the study by Hwang et al. on gelatin-based
scaffolds (Collagen section), their results demonstrated enhanced mechanical stability of the fabricated
scaffold due to the modification of PCL with gelatin. Additionally, gelatin improved cell proliferation
compared to a neat PCL scaffold, creating a scaffold that combines mechanical stability with superior cell
affinity. These results are comparable to those found by [114].
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3 Fabrication Techniques
3.1 Freeze-Drying (FD)

Freeze-drying (FD) based on sublimation, is one of the most used fabrication methods for fabricating
porous scaffolds and has been applied to most polymeric materials [115,116]. It enables the production of
scaffolds with porosity up to 90% and pore sizes ranging from 20 to 400 pm by sublimating solvent from
the solid to the gaseous phase under vacuum. Beyond drying, FD also stabilizes biological materials by
preventing degradation. Despite drawbacks such as residual solvents and long processing times, FD offers
tunable processing parameters that allow control over scaffold microstructure. The basic work procedures of
freeze-drying are shown in Fig. 2.
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Figure 2: Basic work mechanism of freeze-drying technology.

The first application of FD in tissue engineering was the fabrication of biodegradable PU/PLLA
composite scaffold. The results demonstrated a pore size distribution ranging between 100 and 300 pm
attributed to porogen loss during drying [117]. The processing parameters of FD can be adjusted for a specific
intent, hence, the microstructure of scaffold can be controlled to fabricate the targeted scaffold. Parameters
including freezing temperature, freezing rate, molecular weight, and glass transition temperature of materials
can also influence the microstructure of the fabricated scaffold.

3.2 Thermally Induced Phase Separation (TIPS)

The main difference between FD and thermally induced phase separation (TIPS) technologies is that,
for TIPS applications, the components must be miscible; therefore, controlled thermal variation is required
to induce phase separation. Generally, TIPS proceeds by lowering the temperature to the freezing point of
the solvent (Ty) to trigger phase separation: the polymer-rich phase solidifies, while the polymer-poor phase
crystallizes. The separation is subsequently finalized through extraction or evaporation. The basic procedure
of TIPS is shown in Fig. 3.

The first reported use of TIPS for porous scaffold fabrication was by Schugens et al., who prepared PLA
scaffolds and reported porosity values ranging from 76% to 91%, with pore sizes between 10 and 300 um [118].
Since then, extensive use of TIPS has been reported. Although high porosity is achievable with TIPS, the lack
of large pore size (>300 pm) limits its application in bone tissue regeneration [119]. Several approaches have
been employed to address this issue, including porogen leaching techniques, and the induction of polymer-
poor droplet coalescence [120]. Thermal conditions and the miscible nature of the constituent materials are
key parameters that enable control over pore morphology in TIPS.
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Figure 3: General operation of a TIPS setup.

3.3 Gas Foaming (GF)

This technique is widely used in industry to produce foam products devoid of solvents and is capable
of fabricating scaffolds with varied pore size ranging from 100 to 500 pm and porosity exceeding 90% [121].
The gas foaming (GF) process involves saturating a compact polymer sample with high pressure gas and
optimized temperature followed by the rapid release of gas. During the degassing process, the nucleation
and growth of gas bubbles take place in the polymer hence the compact polymer sample is foamed. In some
cases, gas-generating components such as water [122] or ammonium bicarbonate [123], are used instead of
external gases, however, CO, and N, are the most commonly used. The schematic process of GF is shown
in Fig. 4.

Pressurization Saturation Depressurization

Room Atmospheric
temperature =] pressure

Figure 4: Different stages of gas foaming process.

Deponti first reported GF-assisted scaffold fabrication using biodegradable polymers and CO, for gas
saturation [124]. The resulting scaffolds possessed porosity up to 93% and a pore size of approximately
100 pm. However, solid skin layers were observed on the scaffold surfaces due to rapid gas diffusion from
the sample exterior. Subsequently, Nam et al. addressed this issue by employing ammonium bicarbonate
as a foaming agent, reporting PLA scaffolds with porosity up to 95.12% and pore size ranging from 100 to
500 um. A well-interconnected porous structure without solid skin layers was achieved because ammonium
bicarbonate functions as both a leaching particle and gas-generator [125]. In general, the processing variables
such as temperature, pressure, saturation time, and material properties govern the scaffolds structure in GF.
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Nevertheless, high porosity may compromise the mechanical strength, which can limit the use of GF for
fabricating scaffolds [126].

3.4 Electrospinning (ES)

Electrospinning (ES) is a simple, inexpensive and widely used fabrication method in preparing non-
woven scaffold meshes at different size scales [127,128]. In this technology, a high voltage (10-20 KV) is
applied to the polymer solution, generating an electric field between the needle tip and a grounded collector.
As the solution is ejected from the needle tip, the droplets are stretched and elongated once a critical potential
difference is reached. Due to random fiber deposition on the collector, pore sizes vary from a few micrometres
to several hundred micrometres, while fiber diameters range from less than 100 nm to several micrometres.
The basic working scheme of ES is shown in Fig. 5.

syringe pump

g polymer solution

Taylor cone

grounded collector
Figure 5: Electrospinning device and mechanism of operation.

Cooley et al. first used and patented an electrically driven fluid-dispersion apparatus, which later
became known as electrospinning [129]. Subsequently, Li et al. reported nanofibrous PLGA scaffolds with
fiber diameters between 500 and 800 nm, a wide pore size distribution, high porosity, and mechanical
properties comparable to those of skin and cartilage [130]. Importantly, electrospun nanofibrous scaffolds
closely resemble the architecture of human extracellular matrix (ECM), particularly collagen structures
[131-133]. Fiber deposition in ES influences mesh thickness and cell infiltration; therefore, strategies such as
multiaxial electrospinning (coaxial and triaxial ES) have been developed to improve fiber deposition [134].
Multiaxial ES enables the fabrication of fibers with specific structural features—including core-shell, hollow,
and triaxial-channel morphologies—resulting in higher surface area, porosity, and enhanced mechanical
properties. Triaxial ES is more complex, as it involves simultaneous feeding of three polymer solutions, but it
allows precise tuning of hydrophobicity and mechanical strength, which are essential for cell migration [135].
A major limitation of ES is the presence of residual solvents or materials, which may negatively affect
scaffold performance. To address this issue, Panzavolta et al. employed water-soluble polymers, using an
electrospinning solution containing 30 wt.% gelatin in 60/40 acetic acid/water (v/v), followed by crosslinking
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with a 5% genipin solution. They reported favorable preliminary in vitro adhesion and proliferation of
mesenchymal stem cells. However, the resulting scaffolds exhibited an elastic modulus and stress at break
in the range of 9.90-21 MPa. It is noteworthy that the crosslinking strategy also contributed to water
stability [136].

To date, ES remains a prominent and efficient processing method for fabricating polymer scaffolds and
their blends. Over time, ES has evolved through numerous improvements, increasing its adaptability for
customized scaffold fabrication. These advancements include encapsulation formulations, ECM-mimicking
scaffolds, and delivery systems for bioactive components. Current ES research primarily focuses on achieving
high surface-to-volume ratios and high-porosity architectures to facilitate active agent loading and mass
transfer, although challenges persist [137,138].

3.5 Additive Manufacturing (AM)

Additive manufacturing is among the most advanced technologies for fabricating complex three-
dimensional (3D) structures. All 3D printing methods rely on local or combined deposition techniques
to enhance printing accuracy. Each printing technology is compatible with specific materials and enables
the fabrication of distinct structural features. Local deposition techniques allow the fabrication of
multicomponent structures using materials such as gels, polymers, ceramics, metals, and composites.
Crosslinked materials such as gels and rubbers must be printed using fluid precursors, specifically reactive
(macro)monomers. The resolution of each 3D printing technique depends on material viscosity and the
applied deposition force. For melt-extrusion printing, the typical resolution is approximately 100 um using
polymer melts or solutions with viscosities around 10° mPa x s. Inkjet printing achieves resolutions near
10 um using diluted polymer solutions with viscosities around 10> mPa x s, while melt electrospinning can
reach resolutions of approximately 1 um under high voltage (several kilovolts) to extrude polymer melts into
fibers [139].

A primary limitation of these technologies is the need for support structures when printing hollow
or overhanging scaffolds to counteract gravitational effects. This is particularly critical for vascularized
scaffolds and hydrogel printing. Low-viscosity materials used in inkjet printing pose challenges for structures
with suspended features, limiting their use in bioprinting. Conversely, extrusion printing is widely used for
fabricating both cell-free and cell-laden scaffolds. While extrusion printing allows deposition of low-aspect-
ratio features in the X-Y plane, melt electrospinning enables deposition of long, horizontally aligned fibers,
though printing small squares or circles remains challenging [140].

Melt electrowriting (MEW) produces fibers capable of mimicking the fibrous architecture of native
tissues, offering high surface area and effective cellular support [141]. Although MEW enables high-resolution
printing of complex patterns, cell-laden fabrication typically requires a combination with other 3D printing
techniques and remains limited by insufficient mechanical compatibility with soft tissues [142-144].

Stereolithography (SLA) is a laser-induced, site-selective crosslinking technique offering high resolution
(>10 pm) and excellent scaffold uniformity. However, its application is limited by material constraints,
particularly composite inks [145]. Mechanical and swelling properties can be adjusted by controlling light
dosage. Digital light processing (DLP) overcomes some resolution and size limitations of SLA by employing
a digital light projector with a digital micromirror device (DMD), enabling faster layer formation and
improved scalability. Liquid crystal display (LCD) printing uses UV light from LED arrays for polymer
crosslinking. Although SLA can process low-viscosity photopolymerizable materials, its tissue engineering
applications are typically restricted to water-soluble polymers.
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Laser sintering is a versatile 3D printing technique utilizing localized powder fusion under laser
irradiation, accommodating polymers, metals, and ceramics. Like SLA, it does not require support structures,
as sintering occurs in a powder bed. However, fabrication of multicomponent or cell-containing structures
is challenging due to high processing temperatures.

Four-dimensional (4D) printing enables complex shape transformations, including hollow geometries,
which are difficult to achieve using conventional 3D printing [146]. Shape transformation is typically
achieved using materials with differential responses—either distinct materials or a single material with
gradient properties such as swelling or thickness. Common transformation modes include bending and
twisting, with more complex folding achieved by combining multiple transformation elements.

3.6 Chemical Synthesis

While numerous scaffold fabrication techniques exist, chemical modification methods strongly influ-
ence scaffold microstructure and performance. Chemical processing can enhance mechanical properties,
suturability, viscoelasticity, host compatibility, and cell proliferation, yielding more stable scaffold materi-
als [147]. Such enhancements are achieved when chemical modifiers alter the polymer structure either in
situ or ex situ. The general mechanism involves radical or nucleophile-mediated reactions producing ionized
or covalently crosslinked scaffolds. Catalyst-mediated reaction pathways have also been reported to further
improve scaffold properties [148].

For example, Michael-type addition reactions involving thiol interactions with unsaturated bonds
provide an effective, cost-efficient crosslinking approach with high yields under mild conditions, suitable for
both natural and synthetic polymers [149,150]. These reactions proceed via the strong nucleophilicity of the
thiolate (S7) group interacting with electron-deficient species. A general cross-linking scheme of thiols with
cellulose, PLA and PHA is shown in Fig. 6.
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Figure 6: General thiol-based cross-linking of (a) cellulose, (b) PLA, and (c) PHA polymeric materials.

Facile processes such as photo-induced radicalization of unsaturated polymer bonds, to yield a thioether
have been studied [151,152]. These reactions induce affinity for water, and therefore are attractive in the
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synthesis of hydrogels for scaffolds applications. One limitation of photo-radicalized polymeric materials
is the potential degradation of photo-sensitive components. This can possibly result in the formation
of radicals detrimental to chemically sensitive environments such as organ systems [153]. The chemical
processes are also usually not reversible due to the formation of permanent chemical bonds/moieties. During
the chemical modification of polymeric scaffolds, chemoselectivity and compatibility are critical since the
scaffold functions in a living system. However, the success or otherwise of the modification process is
determined by reaction parameters, hence, the reaction environment is also critical.

Palomares et al. demonstrated the potential of patterned collector system for electrospinning
poly(lactic-co-glycolic) acid (PLGA) scaffold [154]. The modified collector was designed as an enhanced
system to increase cell adhesion based on high surface area fibrous constructs having residual patterned
openings. The configured collector contributed to the overall performance (258 + 31 cells) compared to the
non-patterned collector (150 + 15 cells). The UV exposure and the other chemical treatments contributed to
the successful seeding of the human umbilical artery smooth muscle cells on the prepared scaffold. Tajik et al.
reported a scaffold developed through a process where 3-TCP was used to coat PCL by infiltrating 3D printed
PCL scaffold using thermomechanical means [155]. The B-TCP tethered PCL revealed a stronger bonding
interface compared to the biomimetically-coated scaffold. It also enabled a significantly higher dental pulp
stem cells seeding (DPSCs) over the non-functionalized and biomimetically functionalized 3D PCL scaffolds.
The seeding difference was in the compatibility of DPSCs with p-TCP. Studies on DPSCs have revealed
varied cellular differentiation capability on one hand, and proliferation on phosphate moieties on the other
hand [156,157]. Yu et al. modified collagen with 2-dodecen-1-yl succinic anhydride (DDSA) to study swelling,
gel formation and structure of collagen scaffold [158]. The study reported multiple folds swelling of collagen
compared to the control. Additionally, the collagen showed curled up structural domains, and formed phase
separation after DDSA chemical treatment for 60 min. The modified microstructure further showed a higher
suture retention as well as elongation strength. The chemically modified collagen revealed superior cell
growth and subcutaneous biocompatibility during in vitro cell growth and in vivo studies respectively. The
enhanced structural domains formed by chemical modification induced superior cell proliferation.

Photo-grafting designed to enhance bioactivity and mechanical properties was studied by Ke et al. [159],
here, PAM was grafted on PHVB scaffolds with an initial porosity of approximately 90%, which was then
reduced to 75.4%-78.6%, due to the partial occupation of the pore volume. The pore size of PHVB/PAM
scaffolds was also reduced, however, the network formed by the PAM chains built an interconnected pore
structure while the hydrophilic PAM chains improved the initial cell adhesion on the modified scaffolds and
compressive modulus. Surface coating of scaffolds with inorganic materials has also been used to improve
cellular responses in studies that used inorganic coating particles such as HA, MgO, bioactive glass and
calcium have been studied all with favorable cellular activities due to increased wettability of the scaffold,
which affects cellular adhesion and proliferation as well as improves antibacterial activity [160,161].

4 Advances and Future Perspectives

Polymeric foams have been extensively used in tissue engineering scaffold fabrication, with a wide
range of techniques developed. However, continuous efforts are required to identify innovative materials
and processes to further enhance scaffold performance. This is especially important since scaffolds also
serve as platforms for drug delivery and other therapeutic applications. Strategic manipulation of material
composition remains critical for meeting performance and commercialization needs in advancing materials
engineering [162].

Smart materials are increasingly favored owing to their responsiveness to external stimuli or local
biological changes. These materials can respond to variations in pH, chemical composition, temperature, or
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light to promote effective cellular activity [163-165]. Advanced smart biomaterials, such as shape-memory
and self-healing materials, can restore original geometry or function after exposure to stimuli such as
mechanical stress or thermal changes, making them promising scaffold candidates. For example, adaptive
scaffolds capable of matching ECM remodeling during tissue regeneration can be realized using smart
materials [166]. Smart materials may also be engineered to reduce adverse immune responses through
precise chemical modification [167]. Increasing attention has been given to bioactive molecule delivery, cell-
regeneration design, and molecular self-assembly, suggesting that novel strategies for scaffold engineering
using smart materials will continue to emerge. One example of a natural smart material is plant tissue.

Murphy et al. demonstrated the use of decellularized plant tissues as scaffolds, leveraging similarities
between plant and human vascular systems to support human cell culture [168]. The similarities of plant
vascular system and the human vascular system have enabled the culture of human cell on a decellularized
plant scaffold. This approach offers promising scalability for scaffold fabrication. The application of vascular-
ized scaffolds using arteriovenous vessel loops has demonstrated clinically relevant outcomes in mammalian
models [169]. Although species-specific growth factor compatibility remains a limitation [170], corrective
and enhanced modifications may enhance applicability.

In vivo cell culture remains critical yet challenging for scaffold evaluation. To accurately replicate
dynamic biochemical and mechanical conditions, bioreactor systems offer a potential [171]. Bioreactors allow
controlled ex vivo monitoring of cellular responses under variable environments while reducing labor, cost,
and inter-laboratory variability. Literature addressing non-uniform parent materials remains limited.

Polymeric scaffolds combining rigid and soft regions offer the advantage of supporting both cell
proliferation and mechanical integrity. Progress includes collagen scaffolds with spatial variation in stiffness,
ensuring suturability and improved clinical handling [172]. The use of aligned superparamagnetic particles
in tissue engineering has shown promise for neural regeneration by facilitating nerve signal conduction and
directional cell growth, as reported by Dapprich et al. [173]. With no reported cell deaths, this strategy serves
a potential in future nervous system repair.

One emerging driver of next-generation scaffold development is the use of collaborative robots (cobots).
Cobots offer precision, scalability, and reduced labor demand in tissue engineering and medical device man-
ufacturing [174]. As a natural evolution of artificial intelligence, ergonomics, and cognitive sciences, cobots
can operate collaboratively with humans, enhancing productivity and reducing costs. Growing industry and
academic interest in collaborative workspaces aims to integrate robotic accuracy with human adaptability,
further advancing scaffold manufacturing. Despite significant efforts devoted to the development of tissue
engineering scaffolds, challenges remain.

For example, additive manufacturing for scaffold fabrication faces mechanical anisotropy, structural
integrity and vascularization challenges. These limitations have hindered upscaling and clinical translation
till date. Overall, the development of tissue engineering scaffolds requires multidisciplinary advancement
across materials science, technology, and biology. It is the combined efforts from these fields that can result
in standardized and reproducible scaffolds to facilitate commercialization and meet market demands.

5 Conclusion

The relationship between structure and performance is a key parameter in polymeric scaffold devel-
opment and its sustainability within industry. Factors such as material selection, compatibility, mechanical
durability, chemical composition, morphology, and fabrication technologies require critical consideration
by researchers to advance scaffold constructs. Over the years, these parameters have been extensively
investigated at the laboratory scale, with the most successful materials and production routes being patented
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or commercialized. This review reveals that specific materials are better suited to particular fabrication
technologies for producing efficient polymeric scaffolds, and that various modifications have been applied to
optimize scaffold performance. Most materials discussed require structural enhancement to maximize their
potential for long-term applications. These modifications may be physical, chemical, or a combination of
both, with varying degrees of adaptability depending on the intended scaffold function. For example, physical
modifications are often achieved through device-based processes and are generally reversible, whereas
chemical modifications are typically permanent. Based on the reviewed studies, microstructure plays a
vital role in polymeric scaffold development. Significant efforts have been devoted to engineering scaffold
porosity and pore size. Soft tissues are typically reconstructed using scaffolds with pore sizes below 500 pm,
whereas hard tissues may require pore sizes up to 1500 pm. This indicates that optimal pore-size ranges
are tissue-specific. However, failed scaffold applications related to inadequate porosity or pore size have
rarely been reported in the literature. Common fabrication technologies that influence structural dimensions
include 3D printing, TIPS, gas foaming, and electrospinning. Freeze-drying is also widely used for inducing
phase changes in materials with minimal impact on composition. Nevertheless, several drawbacks have
been associated with these technologies. For instance, solvent residues in freeze-drying and electrospinning
remain operational limitations. Additionally, gas foaming is constrained by the formation of surface skin
layers during expansion, which poses challenges for scaffold preparation, while pore formation in TIPS often
requires additional processing steps. The growing demand for commercial-scale production has intensified
efforts toward scaffold upscaling. However, challenges such as achieving homogeneous oxygen distribution
and adequate vascularization continue to limit large-scale fabrication. Various strategies have been developed
over recent decades, including intrinsically vascularized scaffolds, modular 3D-printed hierarchical scaffolds,
and computer-aided modeling of oxygen diffusion. Precision laser writing in 3D printing has recently
emerged as a scalable technique capable of maximizing porosity across repeated layers.

Further attention is required in leveraging the similarities between plant and animal cellular systems,
as plant-derived scaffolds offer a low-cost and widely available alternative for complex applications. To
overcome compatibility challenges, future research should focus on developing materials with environ-
mentally responsive, self-tunable properties. In particular, advancing smart materials with self-healing and
shape-memory capabilities may improve scaffold adaptation to extracellular environments and mechanical
deformation. Alternatively, challenges associated with ex vivo cell culture and post-fabrication cell seeding
have been partially addressed by monitoring cellular expression within controlled environments. Although
this strategy requires further investigation, several related patents have already been registered. Increased
scientific collaboration is necessary to improve bioreactor designs, which hold significant potential for large-
scale scaffold production. Interest in collaborative robots (cobots) is expected to increase due to their capacity
to enhance production efficiency; however, sustained investment will be necessary to fully realize their
adaptive potential in biomedical manufacturing. Beyond automation, the integration of artificial intelligence
into scaffold fabrication and performance assessment is anticipated to be effectively facilitated by cobots. The
resulting data repositories will enable rapid retrieval of material performance indices, supporting scaffold
optimization and informed decision-making.
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