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ABSTRACT: 

Scaffold-based regenerative medicine is based 
on the creation of biomaterial constructs that 
effectively mimic the native tissue extracellular 
matrix (ECM), guiding cell behavior and enhancing 
functional tissue regeneration. Achieving this 
requires a multifaceted approach that includes 
careful material selection, control over scaffold 
architecture, enhancement of bioactivity, and the 
application of appropriate fabrication techniques. 
This review offers a comprehensive exploration of 
these core design principles, equipping researchers 
with the knowledge to engineer successful scaffolds 
for a range of regenerative applications. The review 
examines a spectrum of biocompatible materials 
and their surface characteristics like roughness, 
topography, and wettability, carefully weighing their 
strengths and limitations with respect to mechanical 
properties, degradation kinetics, potential 
immunogenicity, and bioactivity. Furthermore, 
scaffold architecture—encompassing pore size, 
interconnectivity, and fiber alignment—that plays 
a crucial role in mediating cell infiltration, nutrient 
transport, and tissue organization will be discussed. 
The review also covers the different aspects of 
increasing scaffold bioactivity, like functionalization 
with cell adhesion motifs, incorporation of 
encapsulated growth factors, phytoconstituents, 
and immunomodulation to create a pro-
regenerative microenvironment. Finally, the review 
discusses the application of various techniques like 
3D printing and electrospinning, among others, in 
scaffold fabrication. By effectively integrating these 
elements, researchers can design scaffolds that 
not only provide structural support but also actively 
orchestrate the regenerative process for better 
treatment outcomes.

Keywords: scaffold, biopolymer, regenerative 
medicine, drug loading, mechanical properties, 
porosity, immunomodulation, degradation, 
surface topography, bioactivity.

1.	 Introduction 

Regenerative medicine, once considered “a 
dream,” is now a fast-developing scientific area 
aiming to restore, maintain, or improve damaged 
tissues and organs affected by disease, injury, 
or congenital conditions [1]. It combines various 
knowledge disciplines, including cell biology, 
materials science, and engineering principles, to 
offer treatment options that traditional methods 
lack [2]. Within regenerative medicine, tissue 
engineering is a strategy that makes use of 
scaffolds as temporary 3D frameworks similar 
to native tissue extracellular matrices (ECMs) 
that facilitate cell attachment, proliferation, 
differentiation, and the formation of functional 
tissue [3]. In the last 20 years, an increase in the 
number of relevant publications on the Scopus 
Database (Figure 1) has been noted, which 
indicates its importance. 

Figure 1: Number of publications over the past 20 years 
related to the terms “Regenerative medicine” and “Tissue 

engineering” and “Scaffold” on the Scopus Database. 

Engineering of a successful regenerative scaffold 
is complex and relies on the scaffold’s ability 
to mimic the native tissue extracellular matrix 
(ECM) microenvironment. This necessitates 
careful consideration of key design principles 
(like material selection, scaffold design, 
bioactivity, and suitable fabrication technique) 
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that influence cellular responses and tissue 
development  [1, 4]. Failure to properly balance 
these aspects can ultimately lead to scaffold 
failure.

This review aims to help junior researchers 
explore the core design principles that govern 
scaffold performance in regenerative medicine. 
By analyzing the interplay of materials, structure, 
and biological activity, the review underscores 
the need for an integrated, interdisciplinary 
approach to engineer a successful scaffold. 
This review further explores the latest trends 
in material research and fabrication, aligning 
them with the evolving needs of regenerative 
strategies to address the development of 
scalable and cost-effective manufacturing 
techniques for complex scaffold designs, an 
area requiring further attention. Ultimately, 
this understanding will empower researchers 
to effectively develop more clinically relevant 
scaffolds to address tissue and organ damage.

2.	 Key Design Considerations

A.	        Material Properties:

1.	 Material Biocompatibility

Materials selection for scaffolds depends on the 
application and desired tissue properties [5]. The 
chosen materials dictate mechanical properties, 
degradation kinetics, and, critically, the host 
scaffold interactions through cell adhesion, and 
immune response [6]. Inappropriate materials 
selection can trigger inflammatory immune 
responses, that ultimately leads to scaffold 
rejection and treatment failure. 

Materials used in any scaffold fabrication 
can be generally grouped into polymers 
(natural and synthetic), bio-ceramics, and 
biodegradable metals, [7] each with unique 
biocompatibility profiles and application 
suitability. Using combinations of these 
biomaterials in composites can open an avenue 
for properly tailoring scaffold properties to 

intended applications [8]. A summary of the 
popular materials used in scaffold fabrication is 
presented in Table 1.

a.	 Polymers

Polymeric biomaterials can be derived from both 
natural and synthetic sources. Natural polymers 
used in scaffolds encompass carbohydrates like 
alginate and hyaluronic acid alongside proteins 
like collagen and elastin alone or in combinations 
[9]. These biopolymers are widely available, 
generally non-toxic, and highly biocompatible 
due to their close resemblance to ECM [10] and 
provide excellent support for cell adhesion, 
proliferation, and differentiation [11]. However, 
natural polymers often suffer from sensitivity 
and degradation at elevated temperatures, 
necessitating purification to prevent 
immunological responses after implantation, 
and poor mechanical properties. Crosslinking, 
both chemical and physical, remains a primary 
method to address the mechanical limitations 
of natural polymers in scaffold fabrication. 
Chemical crosslinking, using agents like genipin 
(favored for its lower cytotoxicity compared 
to glutaraldehyde) or enzymatic methods, 
increases polymer network density and enhances 
mechanical properties. Physical crosslinking, 
methods like dehydrothermal treatment (DHT) 
or ionic crosslinking with multivalent ions, offers 
improvements while often maintaining better 
biocompatibility [12, 13].

In contrast to natural polymers, synthetic 
polymers provide enhanced control over 
scaffold properties such as mechanical 
properties, degradation rates, and minimized 
immunogenicity [14, 15]. However, they often 
lack inherent bioactivity, requiring surface 
modification or mixing with other natural 
polymers to facilitate cell attachment 
[15]. Common synthetic polymers used in 
tissue engineering and scaffold fabrication 
include PCL [16] and PLA [17], as well as PLGA 
[18], PEG [19], and emerging materials like 
poly(hydroxyalkanoates) (PHAs) [20]. 
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Table 1: A summary of the popular materials used in scaffold fabrication and their properties.

Material 
Category

Material Advantages Disadvantages Applications Ref.

Natural 
Polymers

Collagen Excellent biocompatibility, 
cell adhesion, and 
biodegradability.

Batch-to-batch 
variability, limited 
mechanical 
strength, potential 
immunogenicity.

Skin, bone, cartilage, and 
vascular tissue engineering.

[21-25]

Gelatin Similar to collagen, but 
often more processable 
and readily available.

Lower mechanical 
strength than 
collagen, potential 
immunogenicity.

Wound healing, drug 
delivery, cell encapsulation.

[26-28]

Hyaluronic Acid 
(HA)

Excellent biocompatibility, 
inherent bioactivity 
(CD44 receptor binding), 
regulates inflammation.

Rapid degradation and 
limited mechanical 
strength.

Cartilage, skin, and wound 
healing applications.

[28]

Alginate Easy gelation, 
biocompatible, relatively 
inexpensive.

Limited cell adhesion, 
rapid degradation in 
vivo.

Cell encapsulation, drug 
delivery, wound dressings.

[29, 30]

Chitosan Antimicrobial properties 
promote wound healing.

Variable purity, limited 
mechanical strength.

Wound healing, bone 
regeneration, drug delivery.

[31]

Silk Fibroin High mechanical strength, 
biocompatibility, slow 
degradation.

It can be challenging 
to process, potential for 
immunogenicity.

Bone, cartilage, and 
tendon/ligament 
regeneration.

[32, 33]

Synthetic 
Polymers

Poly(lac-
tic-co-glycolic 
acid) (PLGA)

Biodegradable, 
biocompatible, tunable 
degradation rate.

Acidic degradation 
products, lack cell 
adhesion sites.

Drug delivery, bone 
regeneration, suture 
material.

[18, 34]

Polycaprolac-
tone (PCL)

Biodegradable, slow 
degradation rate, good 
mechanical properties.

Hydrophobic, slow 
degradation, lack of 
cell adhesion sites.

Bone regeneration, vascular 
grafts, long-term implants.

[16, 35]

Poly(lactic 
acid) (PLA)

Biodegradable, 
biocompatible, good 
mechanical properties.

Brittle, slow 
degradation, acidic 
degradation products.

Bone screws, suture 
material, drug delivery.

[17, 35, 
36]

Bioceram-
ics

Hydroxyapatite 
(HAp)

Osteoconductive, 
biocompatible, promotes 
bone ingrowth.

Brittle, low tensile 
strength.

Bone regeneration, dental 
implants, drug delivery.

[37, 38]

Tricalcium 
Phosphate 
(TCP)

Osteoconductive, 
biocompatible, 
bioresorbable.

With lower mechanical 
strength than HAp, the 
degradation rate can 
be difficult to control.

Bone regeneration, drug 
delivery.

[39, 40]

Bioactive 
Glasses (BG)

Osteoconductive and 
bioactive promote 
angiogenesis.

Brittle can be 
challenging to process.

Bone regeneration, wound 
healing.

[41, 42]

Biodegrad-
able Metals

Magnesium 
(Mg) and its 
alloys

Biodegradable, good 
mechanical properties, 
promotes bone formation.

Rapid degradation and 
hydrogen gas evolution 
can cause local 
alkalization.

Bone fixation screws, 
cardiovascular stents.

[43-45]

Zinc (Zn) and its 
alloys

Biodegradable, essential 
trace element, antibacterial 
properties.

Limited mechanical 
strength can be brittle.

Small bone implants, wound 
healing.

[44, 45]

Iron (Fe) and its 
alloys

Biodegradable, good 
mechanical strength.

Slower degradation 
than Mg, the potential 
for iron overload.

Cardiovascular stents, bone 
fixation devices.

[46, 47]
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Composite 
Materials

Hydroxyapatite 
(HAp) / Polymer 
Composite

Combines 
osteoconductivity of HAp 
with tunable degradation 
and mechanical properties 
of the polymer.

It can be challenging 
to achieve uniform 
distribution of HAp, 
which has the potential 
for delamination.

Bone and dental 
regeneration.

[21, 26, 
37, 48, 
49]

 Collagen 
and polymer 
Composite

Enhanced biocompatibility 
promotes cell adhesion. 
Antimicrobial properties 
(chitosan), tunable 
mechanical properties 
(synthetic polymers)

Chitosan variability, 
limited mechanical 
strength, potential 
immunogenicity, 
degradation control 
challenges.

Wound healing,  bone/
cartilage regeneration, 
nerve conduits.

[50-52]

Decellularized 
ECM / Synthetic 
Polymer 
Composite

Provides natural ECM 
signals with enhanced 
mechanical properties 
and processability from 
synthetic components

Decellularization 
can change native 
architecture, and it 
can be challenging 
to maintain ECM 
bioactivity during the 
processing.

Vascular grafts, soft tissue, 
and nerve repair

[53-55]

b.	 Bioceramics 

Bioceramics like Hydroxyapatite (HAp) and 
tricalcium phosphate (TCP) are widely used 
in dental and bone tissue engineering due to 
their biocompatibility, osteoconductivity, and 
ability to promote bone regeneration [21, 26]. 
While offering advantages like non-toxicity and 
inherent bioactivity, they are brittle and have low 
elasticity, promoting their use in composites for 
weight-bearing applications [26]. 

c.	 Metal implants

Traditional metal implants, made of stainless 
steel [56] and titanium alloys [57], are 
characterized by their strength, corrosion 
resistance, and cost-effectiveness [58], but 
their non-biodegradable nature has inspired 
the development of biodegradable porous 
metal implants, such as magnesium [43], iron 
[46] and zinc [44] based implants, which offer 
controlled corrosion properties. While these 
biodegradable metals offer biocompatibility 
and bone-like mechanical properties, they face 
challenges, including slow degradation and MRI 
incompatibility [59]. 

d.	 Composite Materials

Combining various materials in scaffold design 
can provide tunable properties to simulate 
target tissue properties. Introducing synthetic 
polymers, such as PLGA or PCL, often enhances 
the mechanical strength, degradation control, 
and processability of scaffolds derived from 
naturally sourced materials like collagen, 
chitosan, or alginate. However, the inherent 
biocompatibility of natural polymers can be 
compromised. Synthetic polymers may elicit 
an inflammatory response or generate acidic 
degradation products that negatively affect 
cell viability and tissue regeneration. Ultimately, 
designing successful synthetic-natural polymer 

blends necessitates a delicate balance to 
optimize mechanical properties while minimizing 
adverse biological responses and promoting 
effective tissue integration. Collagen-PLGA 
composites offer enhanced cell adhesion and 
controlled degradation [59]. Incorporating 
bioactive ceramics like hydroxyapatite into 
polymer matrices enhances osteoconductivity 
for bone regeneration [38]. Silk fibroin-based 
composites are also gaining attention due 
to their excellent mechanical properties and 
biocompatibility in cartilage regeneration [32].

It is worth noting that standardized testing 
and validation for demonstrating scaffold 
biocompatibility is essential for the successful 
translation of scaffold-based therapies. 
Available in vitro and in vivo techniques to 
evaluate the scaffold’s biocompatibility include 
cell viability assays, cytokine release assays and 
histological analysis [60].

2.	 Scaffold degradation 

The scaffold degradation process (including 
both biodegradation and biosorption) is a critical 
design parameter to achieve optimal outcomes 
in regenerative scaffolds. Ideally, a scaffold 
should degrade at a rate proportional to new 
tissue formation to ensure that the mechanical 
support provided by the scaffold gradually 
diminishes as the newly formed tissue gains 
its own structural integrity. Disproportionality in 
these rates can lead to a variety of complications 
where premature degradation causes scaffold 
collapse, while slow degradation hinders tissue 
remodeling.

Several factors influence the degradation rate of 
a scaffold, including the material composition, 
crosslinking density, porosity, and the presence 
of enzymes [36]. Synthetic polymers like 
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polycaprolactone (PCL) and poly(lactic acid) 
(PLA) are widely used due to their controllable 
degradation profiles  [35]. Also, it has been 
reported that incorporating bioceramic 
materials such as hydroxyapatite (HA) into 
polymer scaffolds in high concentrations can 
often lead to slower scaffold degradation rates 
[37]. 

In some cases, scaffold degradation products 
can promote tissue regeneration. The release of 
Zn2+ ions from degrading zinc alloys can promote 
osteogenesis and angiogenesis [45]. Recent 
studies have explored developing “smart” 
scaffolds that respond to microenvironmental 
stimuli and degrade in a controlled manner [61].

Scaffold degradation mediated by enzymes 
is a key contributing factor to the success 
of regenerative scaffolds. Collagenases, 
specifically matrix metalloproteinases (MMP) 
secreted by fibroblasts and immune cells, 
metabolize collagen in scaffolds such as 
collagen-based sponges or decellularized ECM, 
thereby affecting the rate of tissue integration 
and vascularization [62]. In addition, Esterases 
hydrolyze ester bonds prevalent in synthetic 
biodegradable polymers like poly(lactic acid) 
(PLA) and poly(ε-caprolactone) (PCL) [63]. 

Recent studies have shown that a variety of 
techniques can be used to monitor in vivo 
degradation, such as histological evaluation, 
imaging modalities, and biochemical assays 
[64]. Further research into the mechanisms of 
in-vivo scaffold degradation and the effects 
of degradation products on the host response 
will pave the way for the development of more 
effective and biocompatible regenerative 
therapies.

3.	 Mechanical Properties 

In designing scaffolds, understanding how 
mechanical properties influence cell behavior 
and tissue regeneration is critical due to the 
mechanosensitive nature of cells. Scaffold’s 
mechanical characteristics, such as stiffness 
(Young’s modulus), tensile strength, elasticity, 
viscoelasticity, and compressive strength, may 
govern cell fate, ECM production, and, ultimately, 
the functional integrity of engineered tissues 
[24]. Consequently, studies to balance these 
mechanical attributes are essential to effectively 
mimic the native tissue microenvironment in 
engineered scaffolds. A summary of scaffold 
mechanical properties in relation to engineered 
tissue is presented in Table 2. 

Scaffold stiffness plays a crucial role in directing 
cell behavior and tissue regeneration. Cells, 
being mechanosensitive, will migrate towards 
regions of optimal stiffness for their specific 
phenotype. Mesenchymal stem cells (MSCs), for 
instance, exhibit differential differentiation based 
on substrate stiffness, with softer substrates 
promoting neurogenic lineages and stiffer 
substrates favoring osteogenic differentiation. 
This mechanotransduction mechanism 
highlights the need to carefully consider the 
target tissue’s inherent stiffness during scaffold 
design [65]. 

Furthermore, the presence of stiffness gradients 
within a scaffold is a feature that directs 
regeneration events toward mimicking the 
mechanical properties of native tissues. Native 
tissues, such as bone or cartilage, rarely exhibit 
uniform stiffness; instead, they display gradual 
transitions in mechanical properties across 
different regions and interfaces, providing cells 
with positional information and guiding their 
migration and differentiation. 

Table 2: A summary of scaffold mechanical properties in 
relation to engineered tissue.

Tissue Key Mechanical 
Property

Desired Range Typical Scaffold Materials Ref.

Bone Compressive 
Strength

2-200 MPa (Cancellous) 100-200 
MPa (Cortical)

Hydroxyapatite (HAp), Tricalcium Phosphate 
(TCP), PLGA/HAp Composites, PCL, Metals (Ti, Mg)

[66]Elastic Modulus 0.02-20 GPa (Cancellous) 10-30 
GPa (Cortical)

HAp, TCP, PLGA/HAp Composites, PCL

Viscoelasticity energy absorption during impact. HAp/Polymer Composites, Collagen-mineral 
composites

Cartilage Compressive 
Modulus

0.1-10 MPa Collagen, Hyaluronic Acid (HA), Agarose, Alginate, 
PCL/Collagen Composites

[67]Tensile Strength 1-10 MPa Collagen, Silk Fibroin, HA

Viscoelasticity load distribution and shock 
absorption.

HA, Agarose, Alginate, crosslinked Collagen 
hydrogels with specific crosslinking.
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Tendon/
Ligament

Tensile Strength 50-100 MPa Collagen, Silk Fibroin, Electrospun Polymers (PCL, 
PLA), Collagen/Polymer Composites

[68]Elastic Modulus 100-1000 MPa Collagen, Silk Fibroin, Electrospun Polymers (PCL, 
PLA)

Viscoelasticity energy dissipation under dynamic 
loading.

Aligned Collagen fibers, PCL, and composite 
materials.

Skeletal 
Muscle

Elastic Modulus 1-100 kPa Hydrogels (Fibrin, GelMA, PEG), Electrospun 
Polymers

[68]Tensile Strength 0.1-1 MPa Hydrogels (Fibrin, GelMA, PEG)

Viscoelasticity muscle’s ability to withstand 
contractions.

Fibrin, GelMA, composites with tunable 
degradation.

Vascular 
Tissue

Tensile Strength 1-3 MPa (Artery) Elastin, Collagen, PCL, Decellularized Vessels, 
Elastin-like Polypeptides (ELPs)

[69]Elastic Modulus 0.1-10 MPa (Artery) Elastin, Collagen, PCL, Decellularized Vessels, ELPs

Viscoelasticity damping pulsatile blood flow and 
preventing aneurysms.

Elastin-rich materials, dynamically crosslinked 
polymers.

Neural 
Tissue

Elastic Modulus 0.1-10 kPa Hydrogels (Agarose, Hyaluronic Acid, PEG), Self-
Assembling Peptides

[70]Compressive 
Modulus

Similar to Elastic Modulus Hydrogels (Agarose, Hyaluronic Acid, PEG), Self-
Assembling Peptides

Viscoelasticity Plays a role in neuronal signaling 
and axonal guidance.

Self-assembling peptides, very soft hydrogels

Processes. In this context, scaffolds engineered 
with stiffness gradients create a more 
biomimetic environment that can trigger 
different intracellular signaling pathways 
through varying mechanical forces promoting 
controlled tissue regeneration [71].  

Tensile strength, the capacity of a scaffold 
to resist breaking under tension, is also 
a fundamental determinant of scaffold 
performance. A scaffold with low tensile strength 
will prematurely fail under physiological loads, 
compromising its structural integrity and 
impeding tissue regeneration. A scaffold’s 
tensile strength requirements vary considerably 
depending on the target tissue, reflecting the 
diverse mechanical demands of different organs 
[72]. For highly tensile tissues like tendons and 
ligaments, scaffold tensile strength is paramount 
to withstand physiological loads during 
movement [73]. In vascular tissue engineering, 
scaffolds must maintain structural integrity 
while preventing aneurysmal dilation or rupture 
of engineered blood vessels under pulsatile 
blood pressure [74]. In bone regeneration, 
higher tensile strength correlates with slower 
degradation, which is important where the 
scaffold needs to provide long-term support 
for bone ingrowth and mineralization [75]. For 
skin regeneration, adequate tensile strength in 
dermal scaffolds provides a stable platform for 
fibroblast infiltration, growth, and production 
of ECM, preventing wound contraction and 
promoting a natural skin architecture [76]. 

Elasticity, defined as a material’s ability to 
return to its original shape after deformation, 
directly impacts the performance of scaffolds 
in tissue engineering applications. For highly 
elastic tissues such as arteries and lung 
alveoli, the scaffold must exhibit sufficient 
elasticity to withstand repetitive cycles of 
expansion and contraction without permanent 
deformation, ensuring long-term structural 
integrity and functionality [75]. Furthermore, 
scaffold elasticity directly influences cellular 
mechanotransduction. Cells adhere to the 
scaffold via integrins, forming focal adhesions 
that link the scaffold matrix to the intracellular 
cytoskeleton. The scaffold’s elastic behavior 
then creates a biomimetic microenvironment 
that influences intracellular signaling pathways 
that regulate cell proliferation and differentiation 
[77] to promote successful tissue regeneration.

Viscoelasticity, which describes a material’s 
time-dependent response to applied stress, 
affects scaffold performance by influencing 
and modulating cell-matrix interactions within 
the scaffold [78]. Viscoelastic scaffolds exhibit 
energy dissipation, with a portion of the energy 
being dissipated as heat due to internal friction. 
The significance of viscoelasticity stems from 
its ability to more closely mimic the mechanical 
behavior of many native tissues, particularly 
those subjected to complex, dynamic loading 
[79]. Cartilage, a highly viscoelastic tissue, 
exhibits a time-dependent response to 
compressive forces, allowing it to efficiently 
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dissipate energy during joint loading. Scaffolds 
that mimic this viscoelastic behavior can 
better protect chondrocytes from excessive 
mechanical stress, promoting matrix synthesis 
and preventing tissue degradation [79].

At the cellular level, the viscoelastic properties of 
a scaffold can directly modulate the dynamics 
of cell-matrix interactions. Cells respond not 
only to the magnitude of the applied force but 
also to the rate at which the force is applied, a 
feature that is inherently encoded in viscoelastic 
materials [80]. For example, studies have 
shown that viscoelastic substrates can promote 
enhanced integrin clustering and focal adhesion 
formation, leading to increased cell adhesion 
and spreading [81], and can provide dynamic 
mechanical guides that promote stem cell 
differentiation along specific lineages, such as 
osteogenesis or chondrogenesis [30].

Compressive strength, defined as a material’s 
ability to withstand axial compressive loads 
before failure, is a critical mechanical property 
in scaffold design. A scaffold with insufficient 
compressive strength will deform or collapse 
under physiological loading conditions, 
compromising its structural integrity and 
hindering tissue regeneration. Bone scaffolds, for 
example, must possess adequate compressive 
strength to support weight-bearing and promote 
bone ingrowth [82]. Similarly, cartilage scaffolds 
must withstand compressive forces within 
joints, maintaining joint space and facilitating 
shock absorption [31]. In addition, compressive 
strength also influences cellular behavior 
within the scaffold. For instance, compressive 
forces can enhance chondrocyte differentiation 
and promote the synthesis of cartilage-
specific extracellular matrix components [83]. 
Therefore, matching the compressive strength 
of the scaffold to the target tissue’s mechanical 
demands is crucial for successful integration 
and long-term functionality.

4.	 Surface Properties 

The design of regenerative scaffolds depends not 

only on bulk properties but on scaffold surface 
characteristics as well, where the scaffold-cell 
interactions govern the overall success of the 
regeneration process. Key factors that influence 
cell fate on scaffolds include surface topography 
(particularly roughness and surface pits/
grooves) and surface chemistry (particularly 
wettability and functional groups). A summary 
of scaffold surface properties in relation to cell 
adhesion and differentiation is presented in 
Table 3.

Studies have demonstrated the significant 
influence of scaffold topography on cell behavior 
[71]. Implants with nano grooves/pits exhibit 
enhanced bone ingrowth compared to smooth 
surfaces. Furthermore, the size and distribution 
of surface features can influence cell adhesion, 
with certain configurations promoting enhanced 
osteoblast attachment. Surface roughness also 
differentially affects cell types, with osteoblast 
proliferation increasing with roughness while 
fibroblast proliferation decreases [84].

Scaffold surface chemistry also plays a crucial 
role in cell adhesion. Generally, an increase in 
scaffold hydrophilicity promotes osteoblast 
adhesion, while fibroblast adhesion peaks 
at intermediate wettability. Conversely, 
hydrophobic surfaces may hinder cell adhesion 
and can even promote microbial biofilm 
formation. In addition, hydrophilic surfaces also 
facilitate protein adsorption and cell spreading, 
fostering a more favorable environment for cell 
growth. An excellent review by Idaszek J. et al. 
discusses the effect of surface properties on 
scaffold performance [85].

Furthermore, scaffold surface modification 
can improve biocompatibility and enhance 
regenerative outcomes. By strategically 
modifying the scaffold surface, researchers 
can create a microenvironment that provides 
control over cell adhesion, spreading, migration, 
differentiation, and the production of extracellular 
matrix. Surface modification strategies can be 
generally classified into physical, chemical, and 
biological modifications [86]. 



Advances in Medical, Pharmaceutical and Dental Research Journal (AMPDR)- ISSN 2812-4898 

 107            

http://dx.doi.org/10.21622/AMPDR.2025.05.1.1282

http://apc.aast.edu

Volume  5

June 2025 June 2025

Volume 5

Issue 1 Issue 1

Table 3: A summary of scaffold surface properties in relation to cell adhesion and differentiation.

Surface Property Impact on Cell Attachment Impact on Cell 
Differentiation

Modification Techniques Ref.

Surface Roughness 
(Ra, Sq)

Increased roughness generally 
enhances cell adhesion by 
providing more surface area 
for cell attachment and 
promoting integrin clustering. 
Nanoroughness can be 
particularly effective.

It can direct cell fate. 
Certain lineages (e.g., 
osteogenic) are often 
enhanced on rougher 
surfaces.

Sandblasting, acid etching, 
plasma etching, micro/
nanofabrication, self-
assembling nanostructures. [87, 88]

Surface 
Topography 
(Grooves, Pits, 
Nanopatterns)

Aligned features (e.g., grooves, 
nanofibers) provide contact 
guidance cues, directing cell 
alignment and elongation.

Can influence cell 
lineage commitment 
and function. Aligned 
features can promote 
differentiation along 
specific lineages (e.g., 
tenogenic, myogenic).

Micro/nanofabrication 
(e.g., lithography, etching), 
electrospinning, microcontact 
printing. [39, 84]

Wettability 
(Hydrophilicity/
Hydrophobicity)

Hydrophilic surfaces generally 
promote protein adsorption, 
which is crucial for initial cell 
attachment.

It can influence the 
lineage commitment of 
stem cells. Some lineages 
(e.g., fibroblast) prefer 
moderately hydrophilic 
surfaces.

Plasma treatment, surface 
grafting of hydrophilic 
polymers (e.g., PEG), self-
assembled monolayers 
(SAMs) with hydrophilic 
terminal groups.

[89, 90]

Surface Charge 
(Positive/Negative)

Influences protein adsorption 
(charge-charge interactions). 
Positive charges can enhance 
cell attachment in some cases.

It can affect signaling 
pathways involved in cell 
differentiation.

Plasma treatment, surface 
grafting of charged polymers 
(e.g., poly(acrylic acid)), 
chemical modification with 
charged functional groups.

[91]

Growth Factor 
Immobilization

Enhances cell recruitment and 
differentiation by providing 
localized growth factor signaling.

Directly promotes 
differentiation by 
activating specific growth 
factor receptors and 
downstream signaling 
pathways.

Physical adsorption, covalent 
grafting, encapsulation within 
micro/nanoparticles. [92, 93]

Physical methods, such as plasma treatment, 
surface roughening, and micro/nanofabrication, 
alter the scaffold’s topography and roughness 
to influence cell adhesion and alignment. It was 
found [94] that increasing the roughness of a 
titanium implant surface can promote osteoblast 
adhesion and the subsequent growth of bone 
tissue while creating aligned microgrooves on 
a polymer scaffold can guide cell orientation 
and the deposition of extracellular matrix in 
anisotropic tissues like muscle or nerve [95]. 

Chemical methods involve introducing or 
modifying functional groups on the scaffold 
surface. This affects properties like wettability, 
which can improve protein adsorption and cell 
adhesion. In addition, a surface charge can 
influence the recruitment of specific proteins or 
cells. Techniques like chemical self-assembled 
monolayers and surface grafting can be used 
to create surfaces with specific chemical 
functionalities [86]. 

Finally, biological methods involve immobilizing 
bioactive molecules such as cell adhesion 
peptides directly onto the scaffold surface [87]. 
This technique allows control over cell signaling 

to promote very specific cellular responses. 
The optimal surface modification strategy will 
depend on the specific needs of the tissue that 
is being engineered and the precise cellular 
behaviors that need to be encouraged.

B.	 Scaffold Architecture:

While material selection and bioactivity are 
crucial for proper scaffold design, it is the 
architecture of the scaffold that exerts a 
dominant influence on its clinical success. 
Scaffold architecture features like porosity and 
fiber alignment will be discussed.   

1.	 Porosity

Porosity exerts a dominant influence on the 
scaffold microenvironment and, consequently, 
its performance. The pore’s size and 
interconnectivity control nutrient and waste 
transport through the scaffold and cell infiltration. 

a.	 Pore size

The importance of pore size in facilitating cell 
migration, nutrient diffusion, and vascularization 
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within the scaffold for successful tissue 
regeneration is well recognized. Macropores 
create pathways for cells to migrate into the 
interior of the scaffold, access nutrients, and get 
rid of metabolic waste products. It is noteworthy 
that the optimal pore size can vary depending 
on the specific tissue being engineered. For 
bone tissue, studies suggest that a combination 
of smaller pores (50-100 μm) to promote initial 
cell attachment and larger pores (200-400 μm) 
to enhance nutrient diffusion and angiogenesis 
is most effective. For other tissues, such as skin, 
smaller pores (1-12 μm) have demonstrated the 
greatest support for cell attachment [96, 97]. 

b.	 Interconnectivity

Similar to pore size, the interconnectivity of 
scaffold pores is also crucial. While pore size 
dictates cellular accessibility, interconnected 
pores establish continuous pathways for mass 
transport throughout the scaffold 3D structure, 
enhancing diffusion and transport of essential 
nutrients to cells deep within and facilitating the 
efficient removal of metabolic waste products, 
preventing accumulations that can inhibit 
cellular function, leading to apoptosis or necrosis, 
and compromise extracellular matrix (ECM) 
synthesis. In this context, pores interconnectivity 
is essential for maintaining cellular viability and 
promoting proliferation [98]. 

In large, complex scaffolds with increased 
diffusion distances, pore interconnectivity 
becomes more significant in preventing 
nutrient depletion and waste accumulation 
in the scaffold core by providing efficient 
mass transport pathways across the scaffold 
volume. This transport system helps keeping a 
proper microenvironment across the scaffold,  
promotes uniform cellular distribution, robust 
tissue formation, and long-term functional 
integration [99]. However, scaffold porosity 
can compromise its mechanical properties. 
This creates a necessity to balance scaffold 
requirements for the design of effective scaffolds. 

2.	 Fiber Alignment 

Many native tissues, including nerves, muscles, 

tendons, and blood vessels, exhibit highly 
organized microstructures in which cells and 
ECM components are aligned in a specific 
direction (anisotropic). This precise alignment 
is vital for imparting the required functional 
mechanical characteristics, facilitating cell 
communication, and, ultimately, ensuring proper 
tissue function. In this context, fiber alignment 
within regenerative scaffolds (mimicking the 
anisotropic architectures of native tissues) exerts 
a significant influence on cellular organization 
and function. Scaffolds with controlled fiber 
alignment guide cell interactions within the 
scaffold by providing topographical signals that 
influence extracellular matrix (ECM) deposition, 
induce cell directional orientation, promote cell-
cell communication along the longitudinal axis, 
and mirror the native tissue structure [100]. 

The effects of fiber alignment are particularly 
relevant in musculoskeletal system 
regeneration. In tendon and ligament 
engineering, it was reported [101] that aligned 
electrospun nanofibers were able to guide stem 
cell differentiation toward the tenocyte lineage, 
fostering the development of longitudinal 
organization of collagen fibrils with enhanced 
mechanical properties and the upregulation of 
tenogenic markers in seeded cells. Furthermore, 
in neural tissue engineering, aligned nanofibers 
were found to create guidance templates for 
axonal extension, promoting directional nerve 
regeneration [102]. 

C.	 Bioactivity

Regenerative scaffolds provide an artificial ECM 
for cells to adhere, proliferate, and differentiate. 
The ability of cells to interact effectively with 
the microenvironment within the regenerative 
scaffold (bioactivity) directs the formation of 
new tissue. Consequently, increasing scaffold 
bioactivity can help achieve scaffold functional 
success. Various strategies are adopted to 
increase scaffold bioactivity, including the 
incorporation of cell adhesion motifs, growth 
factors, immunomodulators, and the addition 
of encapsulated phytoconstituents. A summary 
of scaffold bioactivity strategies is presented in 
Table 4.
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Table 4: A summary of the scaffold bioactivity strategies.

Bioactivity 
Strategy

Mechanism of 
Action

Examples Benefits Limitations Representa-
tive Tissues 
Studied

Ref.

Incorporation 
of Cell 
Adhesion 
Motifs

Promotes cell 
attachment and 
spreading by 
providing specific 
binding sites for 
integrins

-RGD (Arginine-
Glycine-Aspartic 
acid) peptides

-YIGSR (Tyrosine-
Isoleucine-Glycine-
Serine-Arginine) 
peptides

Enhances cell 
adhesion, migration, 
and ECM production; 
improves cell-
scaffold integration; 
enables selective 
cell binding through 
specific motif choice.

It may not be 
sufficient for 
all cell types 
or tissue types, 
requiring 
combinations 
of motifs; it 
can be costly 
to synthesize 
peptides; motif 
presentation and 
accessibility can 
be challenging; 
and susceptibility 
to enzymatic 
degradation.

Bone, 
Cartilage, 
Skin, Neural 
Tissue

[103-
105]

Growth Factor 
Delivery 
(Controlled 
Release)

It provides tissue-
specific localized 
and sustained 
stimulation of 
cell proliferation, 
differentiation, and 
angiogenesis.

- BMP-2 (Bone 
Morphogenetic 
Protein-2)

- VEGF (Vascular 
Endothelial Growth 
Factor) 

- TGF-β 
(Transforming 
Growth Factor-β)

- NGF (Nerve 
Growth Factor) 

Promotes targeted 
cell responses, 
enhances tissue 
formation, 
accelerates healing; 
allows for precise 
control over GF dose 
and release kinetics.

Requires careful 
optimization of 
release kinet-
ics and dose to 
avoid supra-
physiological 
levels; potential 
for off-target 
effects if GF dif-
fuses away from 
the intended site; 
GFs can be un-
stable and prone 
to degradation.

Bone, 
Cartilage, 
Vascular 
Tissue, 
Neural 
Tissue, 
Wound 
Healing

[106-
109]

Immunomod-
ulation

Twists macrophage 
polarization 
from pro-
inflammatory (M1) 
to pro-regenerative 
(M2); reduces 
inflammation and 
promotes tissue 
repair.

- Incorporation 
of M2-polarizing 
cytokines: (IL-4, 
IL-10)

- Use 
immunomodulary 
biomaterials 
(Decellularized 
ECM, hyaluronic 
acid, and 
chitosan).

Enhanced tissue 
regeneration; 
reduced fibrosis 
and scar formation; 
improved cell 
survival; modulated 
host-graft response.

Potential for 
off-target 
effects; requires 
careful control 
of cytokine 
dosage and 
release kinetics; 
dECM can be 
immunogenic 
if not properly 
processed; 
long-term effects 
on immune 
system not fully 
understood.

Bone, 
Cartilage, 
Wound 
Healing, 
Spinal 
Cord Injury, 
Vascular 
Grafts

[110-
112]

Incorporation 
of Phytocon-
stituents

Modulate cell 
behavior through 
reduced oxidative 
stress and 
promote wound 
healing through 
natural bioactive 
compounds.

- flavonoids and 
essential oils
(antioxidant, anti-
inflammatory)

- Aloe vera (wound 
healing)

Enhanced cell 
proliferation, 
differentiation, and 
migration; reduced 
inflammation 
and oxidative 
stress; improved 
angiogenesis and 
ECM deposition; can 
have antimicrobial 
properties.

Bioavailability 
limitations; 
potential for 
cytotoxicity 
at high 
concentrations; 
stability issues; 
batch-to-batch 
variability; 
some have 
limited aqueous 
solubility.

Skin, Wound 
Healing, 
Bone Re-
generation, 
Nerve Re-
generation

[113-
115]
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1.	 Cell Adhesion Motifs

Cell adhesion motifs are short peptide sequences 
derived from ECM proteins, that mimic the natural 
signals that cells utilize to attach to and interact 
with their surroundings, thereby, influencing cell 
morphology, migration, gene expression, and 
ultimately, tissue organization.

Integrins, a family of transmembrane receptors, 
are the primary mediators of cell adhesion to 
the ECM. Integrins recognize and bind to specific 
amino acid sequences within ECM proteins, 
triggering intracellular signaling pathways that 
regulate cell behavior. As such, incorporating 
integrin-binding motifs such as arginine-
glycine-aspartic acid (RGD) sequence (found in 
a variety of ECM proteins, including fibronectin, 
vitronectin, and laminin) can effectively promote 
cell adhesion, spreading, and migration on a wide 
range of scaffold biomaterials. This sequence is 
one of the most widely studied cell-adhesive 
motifs and is recognized by several different 
integrins. RGD functionalization has also proven 
valuable in stimulating the differentiation of 
mesenchymal stem cells [33].

The method of presenting cell adhesion motifs 
is also an important consideration. Simply 
incorporating adhesion ligands into the scaffold 
bulk may not be sufficient to promote cell 
adhesion, as they may be buried within the 
material core and inaccessible to cells. Surface 
modification methods like plasma treatment, 
chemical grafting, and layer-by-layer 
assembly can be used to ensure proper surface 
presentation [116]. Continued research into 
novel ECM-derived motifs, delivery strategies, 
and the synergistic effects of multiple bioactive 
signals will pave the way for the development 
of even more effective and clinically relevant 
regenerative therapies.

2.	 Growth Factor Delivery 

Growth factors (GFs) are naturally occurring 
signaling proteins that play an essential role 
in almost all aspects of scaffold biological 
performance, regulating cell proliferation, 
differentiation, migration, and ECM synthesis. 
Although integrating growth factors within 
scaffolds can be challenging due to the inherent 
problems of bioavailability, short half-life, 
and potential side effects, their delivery from 
biomaterial scaffolds is swiftly becoming a vital 
research topic for promoting tissue regeneration. 
The choice of growth factor and its delivery 
strategy are highly tissue-specific. Scaffolds 
serve as vehicles for delivering GFs to the site of 
tissue regeneration. The controlled release of GFs 

from scaffolds is crucial, as the timing and dose 
can profoundly affect cell response, including 
cell recruitment, tissue-specific differentiation, 
and tissue development [117]. 

Delivery of GFs ranges from simple GF 
incorporation within the scaffold matrix to 
sophisticated micro- or nano-encapsulation 
that provides sophisticated control over the  
GFs release within scaffolds, enhancing their 
regenerative potential [118]. Microparticles and 
nanoparticles can encapsulate GFs within a 
variety of materials, including polymers, lipids, 
and inorganic materials, protecting the GFs from 
degradation and enabling sustained release 
profiles. These systems are integrated into the 
scaffold structure, allowing for localized GF 
delivery [119]. PLGA microspheres loaded with 
bone morphogenetic protein-2 (BMP-2) were 
found to be successful in bone regeneration, 
providing a controlled release of BMP-2 that 
promotes osteoblast differentiation and 
bone formation [106]. Transforming growth 
factor-β (TGF-β) has been incorporated into 
hydrogels for cartilage regeneration, promoting 
chondrogenesis and cartilage matrix synthesis 
[120]. In addition, the liposomal hydrogel was 
found to deliver vascular endothelial growth 
factor (VEGF) in a sustained manner in order to 
enhance the osteogenesis of MG-63 cells [121]. 
Overall, growth factors have become important 
means of promoting certain cellular behaviors 
by directing cells toward desired outcomes.

3.	 Immunomodulatory signals.

The host’s immune response to the implanted 
scaffold and/or its degradation products 
represents one of the primary concerns for 
developing a successful regenerative scaffold 
[22]. Scaffolds can trigger immune responses, 
directing macrophage polarization towards 
either pro-inflammatory M1 or pro-regenerative 
M2 phenotypes. This property is a key factor 
that governs the overall healing outcomes. 
M1 macrophages release pro-inflammatory 
cytokines such as TNF-α, IL-1β, and IL-6, 
promoting chronic inflammation and scaffold 
failure, while M2 macrophages secrete anti-
inflammatory cytokines such as IL-10 and TGF-β 
that promote tissue repair, angiogenesis, ECM 
remodeling, and resolution of inflammation, 
making them highly desirable in regenerative 
settings. Consequently, the modulation of 
macrophage polarization towards the M2 
phenotype is an increasingly desirable strategy 
in scaffold design.

Several approaches are being explored to achieve 
this immunomodulation. Certain biomaterial 
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hydrogels, such as hyaluronic acid and 
chitosan, possess inherent immunomodulatory 
properties, capable of steering the immune 
response toward a pro-regenerative state [122]. 
The use of decellularized ECM (dECM) holds 
significant promise, as it inherently contains 
tissue-specific growth factors and ECM proteins 
that can influence macrophage behavior [123]. 

4.	 Phytoconstituents

Incorporating phytoconstituents such as 
flavonoids and polyphenolic compounds in 
wound healing scaffolds significantly enhances 
their regenerative potential. They act as 
antioxidants, reduce inflammation, and promote 
a wound healing microenvironment. They offer 
distinct advantages of biocompatibility and 
complex mechanisms of action. Optimized 
phytoconstituents loading, release kinetics, 
and loaded scaffold degradation profiles are 
all responsible for attained therapeutic efficacy 
[124, 125]. 

In addition, encapsulating essential oils (EOs) 
within scaffolds also represents a promising 
strategy for enhancing their performance in a 
multifaceted approach. First, many EOs exert 
antimicrobial activity (disrupt bacterial cell 
membranes and inhibit biofilm formation), 
creating a cleaner environment that promotes 
cell survival and proliferation within the scaffold, 
reducing the risk of scaffold-associated 
infections, a significant barrier to successful 
tissue integration. In addition, many EOs possess 
anti-inflammatory properties, reducing the 
expression of pro-inflammatory cytokines and 
promoting an immunomodulatory shift towards 
a pro-regenerative immune response and 
preventing chronic inflammation, which can 
hinder tissue repair and lead to fibrosis. Also, 
certain EOs promote the release of vascular 
endothelial growth factor (VEGF), stimulating 
angiogenesis essential for nutrient supply and 
waste removal within the scaffold [126]. 

Encapsulation of EOs from scaffolds not only 
protects EOs from degradation but also allows 
for sustained and localized delivery, maximizing 
their therapeutic effect while minimizing potential 
cytotoxicity associated with high concentrations. 
Various encapsulation methods, including 
microencapsulation, nanoencapsulation, and 

complexation with cyclodextrins, are employed 
to create EO-loaded delivery systems suitable 
for incorporation into a variety of scaffold 
materials [127]. This multifaceted modulation 
of the scaffold microenvironment by EOs helps 
increase their bioactivity for successful tissue 
regeneration and functional integration.

4.	 Fabrication Techniques

The proper selection of a suitable fabrication 
technique directly influences the scaffold’s 
porosity, mechanical properties, and drug 
delivery capabilities, all of which are vital 
to the proper direction of cell behavior and 
tissue regeneration. In this context, the ideal 
fabrication method must be carefully considered 
with respect to the specific requirements of 
the target tissue and the desired scaffold 
characteristics, in addition to the scalability and 
cost-effectiveness of the technique for eventual 
clinical translation [128]. A summary of common 
scaffold Fabrication Techniques is presented in 
Table 5. 

Traditional fabrication methods are simpler 
and more accessible and still present potential 
value. Solvent casting and particulate leaching 
are foundational for creating porous scaffolds 
with controlled pore size, are useful in bone 
regeneration, and provide a basic template 
for osteoblast attachment. Gas foaming, 
known for avoiding organic solvents, is suitable 
for enhancing biocompatibility in scaffolds 
designed for soft tissue applications. Freeze-
drying, or lyophilization, creates highly porous 
structures, mimicking the architecture of ECM 
and serving as a versatile starting point for 
deposition and cell infiltration in bone and 
skin regeneration. Each technique, though 
established, continues to be refined and 
adapted for novel applications [128, 129]. 
Advanced fabrication technologies, on the other 
hand, provide broader outcomes and versatility. 
Electrospinning creates nanofiber scaffolds with 
control over fiber alignment, which is essential 
for directional cell organization in anisotropic 
tissues like tendons, ligaments, and nerves. 3D 
printing, encompassing techniques like fused 
deposition modeling, stereolithography, and 
bioprinting, enables the creation of complex, 
customized scaffolds tailored to the patient’s 
anatomy.
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Fabrication technique

Process description
Advantages

Lim
itations

Exam
ples

Ref. 

Solvent 
casting/particu-

late leaching
The polym

er solution 
is cast into a m

old w
ith 

porogen (salt, sugar); the 
solvent evaporates, and 
the porogen leaches out.

Sim
ple, cost-effective, controlled pore 

size and porosity.
Poor pore interconnectivity 
hinders nutrient transport 

in larger constructs, as w
ell 

as difficult, com
plex geom

-
etries and potential solvent 

contam
ination.

PLG
A scaffolds for non-

load-bearing bone regen-
eration.

[129-131]

G
as foam

ing
Polym

er saturated w
ith 

gas (C
O

2 ) under pressure; 
pressure release creates 

pores.

Avoids organic solvents, potentially 
im

proving biocom
patibility.

D
ifficult to control pore size 

and interconnectivity; often, 
closed-pore structures 

restrict cell infiltration and 
nutrient diffusion.

PC
L scaffolds for soft tissue 

regeneration.
[129, 132]

Freeze-drying (lyophiliza-
tion)

The polym
er solution w

as 
frozen, and the solvent 

w
as sublim

ated under a 
vacuum

.

Sim
ple, versatile; high porosity pro-

m
otes cell infiltration.

Lim
ited control pore size and 

interconnectivity; anisotropic 
pore structures restrict cell 
m

igration and EC
M

 deposi-
tion.

C
ollagen scaffolds and skin 

regeneration.
[129, 133, 134]

Te
m

p
e

ra
tu

re
-in

d
u

ce
d 

phase separation (TIPS)
Polym

er solution under-
goes liquid-liquid or sol-

id-liquid phase separation 
upon cooling, follow

ed by 
solvent extraction.

G
ood control over pore size and 

m
orphology; highly interconnected 

porous structures can be achieved, 
w

hich prom
otes cell infiltration and 

nutrient transport.

It can be challenging to re-
m

ove all solvents; m
echani-

cal properties can be lim
ited.

PC
L, PLG

A
, and collagen 

scaffolds for various tissue 
engineering applications.

[129, 135, 136]

Electrospinning
The polym

er solution is 
ejected through a spin-

neret under high voltage, 
form

ing nanofibers.

H
igh surface area prom

otes cell ad-
hesion, and controlled fiber alignm

ent 
guides cell orientation.

Lim
ited control of pore size 

and porosity hinders cell 
infiltration and transport.

PU scaffolds for vascular 
grafts.

[129, 137]

3D
 

printing 
(additive 

m
anufacturing)

D
igital design builds scaf-

folds layer by layer (FD
M

, 
SLS, SLA, bioprinting).

Precise control geom
etry, pore size/

interconnectivity, prom
otes optim

al 
cell infiltration, nutrient transport &

 
m

aterial com
position; custom

ized 
scaffolds provides control over m

e-
chanical properties.

Tim
e-consum

ing, expen-
sive, specialized equipm

ent, 
m

aterial lim
itations.

PC
L bone scaffolds, hydro-

gel cartilage scaffolds.
[129, 137, 138]

D
ecellularization

C
ells rem

oved from
 native 

tissues/organs, leaving 
EC

M
 scaffold.

Retains natural EC
M

 architecture, 
com

position, and biom
echanical 

properties, w
hich provide a natural 

m
icroenvironm

ent.

D
ifficult com

plete decellu-
larization, potential im

m
une 

response, lim
ited control 

geom
etry and properties.

w
ound healing, heart valves 

for valve replacem
ent.

[123, 139, 140]

Table 5: Summary of common scaffold Fabrication Techniques.
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Combining different scaffold fabrication 
techniques is quickly gaining interest in 
overcoming the limitations of individual 
methods and creating scaffolds with tailored 
properties for complex applications. Examples of 
commonly combined fabrication techniques are 
listed in Table 6. By synergistically integrating 
multiple approaches, researchers can achieve 
greater control over scaffold architecture, 
mechanical properties, and bioactivity. These 
hybrid approaches leverage the strengths 
of each technique, resulting in scaffolds that 
better mimic the complex microenvironment 
of native tissues and promote enhanced tissue 
regeneration. 

As the field advances, further research is 
needed to develop novel fabrication techniques, 
optimize existing techniques, and translate 
these promising technologies into clinical 
applications.

5.	 Conclusion

Successful scaffold design for regenerative 
medicine requires a meticulous balance of 
material properties, geometry, bioactivity, and 
selected fabrication technique. To optimize 

material properties, continued research into 
biocompatible materials is crucial for minimizing 
adverse host responses, while controlled 
degradation mechanisms are necessary to 
ensure scaffold breakdown aligns with new 
tissue formation. Matching scaffold mechanical 
properties to native tissue properties is vital for 
creating biomimetic environments that promote 
appropriate cell responses. Regarding geometry, 
advanced fabrication methods are critical for 
achieving precise control over architecture, 
porosity, and pore interconnectivity, facilitating 
optimal cell infiltration and nutrient transport. 
Simultaneously, ongoing investigations into 
microfabrication techniques allow for the 
creation of surface features that enhance cell 
adhesion and direct cell behavior. Ultimately, 
optimizing scaffold bioactivity depends on 
research into novel ECM-derived motifs for cell 
signaling, innovative delivery strategies for 
growth factors and therapeutic agents, and a 
deeper understanding of the synergistic effects 
of multiple bioactive signals. A careful selection 
and implementation of suitable fabrication 
techniques are critical for improving tissue 
regeneration outcomes and successful clinical 
translation.

Table 6: Examples of Combined Scaffold Fabrication Techniques.

Combination of 
Techniques

Key Benefits Achieved Target 
Tissue

Ref.

3D Printing + 
Electrospinning

Precise macropore architecture (3D printing) combined with aligned nanofiber 
guidance (electrospinning) for enhanced osteoblast differentiation and bone 

ingrowth.

Bone [137, 141, 
142]

Freeze-Drying + 
Gas Foaming

High porosity from freeze-drying, combined with interconnected pores, is 
achieved through gas foaming.

Bone [143, 144]

Electrospinning + 
Solvent Casting/ 
Particulate Leaching

Aligned nanofibers for chondrocyte alignment, combined with macroporous 
structure for nutrient transport.

Cartilage [145]

Electrospinning +
Decellularization

Aligned nanofibers for chondrocyte alignment and decellularized ECM for 
enhanced biocompatibility and cell-specific cues 

Cartilage [146]

3D Printing + 
Decellularization

3D printed support structure providing mechanical strength, combined with 
decellularized ECM for enhanced biocompatibility and cell-specific signals.

Vascular 
Graft

[147, 148]

Electrospinning + 
Bioprinting

The electrospun layer provides dermal support, combined with a printed 
epidermal layer for enhanced skin regeneration.

Skin [149, 150]
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