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Abstract

Bio-based scaffolds are being investigated in tissue engineering because they can provide
temporary support for tissue repair while offering biocompatibility and biodegradability. A
scaffold need not rely solely on the properties of its starting material: surface treatments,
bioactive compounds, therapeutic agents, nanoscale constituents and delivery systems can
provide further functions. The discussion begins with the main categories of bio-based scaf-
folds and considers how functionalization alters their biological and therapeutic behaviour.
Particular attention is paid to the effects of these modifications on cell attachment and
growth, differentiation, blood-vessel formation, immune activity, matrix remodelling and
the development of functional tissue. The path from laboratory research to clinical use is
considered in terms of consistent and scalable manufacture, sterilisation, safety, regulatory
assessment, clinical evidence and cost. Developments in computational modelling, artificial
intelligence, advanced biomanufacturing, responsive biomaterials and precision regenera-
tive medicine are examined as possible ways forward. Introducing several functions into one
scaffold may address different regenerative needs, but the resulting complexity can make
production, quality assurance and regulatory assessment harder. Future development must
weigh regenerative performance against the need for a product that can be reproduced, used
safely and implemented in practice. By linking scaffold selection and functionalization with
biological performance and translational considerations, this review provides an integrated
perspective on the development of bio-based scaffolds for regenerative medicine.

Keywords: bio-based scaffolds; functionalization; biological responses; clinical translation;
tissue engineering

1. Introduction

Damage to human tissues may result from trauma, congenital abnormalities, degen-
erative disease, chronic wounds, infection or tumour resection. Depending on the tissue
affected, the consequences can extend from impaired organ function and reduced qual-
ity of life to wider demands on healthcare services [1-3]. Ageing populations and the
burden of chronic disease have increased interest in therapies that restore tissue structure
as well as biological function [4]. Repair or replacement has traditionally relied on auto-
grafts, allografts, xenografts and synthetic implants. Each has limitations: donor tissue
may be scarce, harvesting may cause morbidity, and implanted materials may be associated
with rejection, disease transmission, poor integration or mechanical incompatibility [5,6].
Tissue engineering offers another approach, bringing together biology, materials science,
engineering and medicine to promote functional regeneration [7]. Its three principal el-
ements are cells, bioactive signalling molecules and scaffolds. The scaffold provides a
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temporary, three-dimensional structure resembling the extracellular matrix (ECM), within
which cells can attach, proliferate, migrate, differentiate and form tissue [8]. Research has
consequently explored different biomaterials, fabrication techniques and functionalization
methods, both to improve regeneration and to make these therapies more suitable for clinical
translation [9,10].

The appeal of naturally sourced scaffold materials stems from their potential compati-
bility with living tissues, their degradability and, in some cases, their resemblance to native
ECM [5,11,12]. Unlike unmodified synthetic polymers, certain bio-based materials also
contain recognition motifs and other biochemical features that affect cell attachment and
matrix remodelling [13,14]. Their renewable origins may offer an additional advantage
where environmentally responsible material production is a consideration [15]. Investigated
materials include collagen, gelatin, silk fibroin and keratin, as well as the polysaccharides
chitosan, alginate, hyaluronic acid, cellulose and pectin. Their reported applications span
bone, cartilage, skin, vascular, neural and musculoskeletal tissue engineering [5,16]. Nev-
ertheless, favourable biological characteristics do not necessarily translate into a scaffold
with adequate mechanical strength, degradation control or consistency. Problems such
as weak mechanical stability, variable material composition, limited antimicrobial activity
and insufficient control over cell responses can restrict performance [17,18]. Rather than
assuming that similarity to native tissue is sufficient, researchers modify natural scaffolds
to provide the functions needed for particular regenerative applications [19,20].

Scaffold design must address more than mechanical support: how the material influ-
ences the surrounding healing environment is equally important [21,22]. By modifying a
scaffold physically, chemically or biologically, functionalization can influence how it behaves
within the healing environment [13,23]. Surface treatments and chemical modifications may
change stability, degradation or the way cells interact with the material. Other approaches
incorporate growth factors, peptides, antimicrobial compounds, nanoparticles or naturally
derived therapeutics. These additions have been studied in relation to blood-vessel for-
mation, inflammatory responses, bacterial control and stem-cell differentiation [24-26].
Therapeutic availability may also be managed through release systems designed to control
how much agent is present locally and for how long [27,28]. The choice of modification
is therefore linked to the particular biological functions required for a given regenerative
application [29,30].

Despite the breadth of experimental work on scaffolds, comparatively few designs
have reached clinical practice. Thousands of formulations reporting improved biological
performance have appeared over the past decade [31,32], yet relatively few have advanced
from preclinical testing to regulatory approval and routine use [33,34]. Promising results
from biological studies do not necessarily mean that a scaffold is suitable for clinical applica-
tion. Beyond demonstrating its regenerative potential, the material must be produced with
consistent quality, retain its stability, meet the relevant regulatory requirements, and be
economically viable to manufacture [35-37]. Achieving this consistency can be particularly
challenging with naturally derived materials, as differences in biological sources may affect
their composition and physicochemical characteristics. Sterilisation, storage conditions,
production scale-up, mechanical reliability, regulatory compliance, and manufacturing
costs introduce further considerations that must be addressed collectively [38,39]. Early
proof-of-concept studies are generally performed under carefully controlled laboratory
conditions, which may not fully reflect the demands of clinical use [40,41]. It is therefore
important to consider these practical requirements during the initial stages of scaffold
development, alongside investigations of biological performance.

Previous reviews have discussed the range of naturally derived materials used
in scaffold development, their fabrication methods, and their applications in different
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tissues [5,42,43]. However, an important question remains as to whether the biological
improvements achieved through scaffold functionalisation can be maintained when these
materials are developed into products intended for clinical use. Many studies emphasise
improvements in biological performance while giving comparatively less attention to the
challenges associated with manufacturing, regulatory approval, and commercialisation.
Examining these aspects alongside the available biological evidence provides a more com-
plete understanding of the factors that may limit the translation of promising scaffold
technologies from laboratory research into clinical practice.

The review first considers the principal categories of bio-based scaffold materials and
the reasons for selecting them. It then examines functionalization methods used to alter their
biological performance, followed by the scientific and practical obstacles that arise when lab-
oratory scaffolds are developed for clinical use. Manufacturing, regulation and commercial
feasibility are considered alongside emerging approaches intended to address these obsta-
cles. Taken together, these topics connect material design with regenerative performance
and the requirements of clinical translation. Figure 1 presents this organising framework,
tracing the relationship between scaffold platforms, bioactive modifications, biological
outcomes, translational challenges and possible routes towards clinical implementation.
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Figure 1. Conceptual framework linking bio-based scaffold design to clinical translation for tissue
regeneration. The illustration was generated using ChatGPT (OpenAlI, GPT-5.5) based on the scientific
concepts and content of this review manuscript, as provided and directed by the author. The author
subsequently reviewed and refined the illustration to ensure scientific accuracy and consistency with
the manuscript.
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Literature Search and Selection Approach

Relevant publications were identified through a broad literature search, including
ScienceDirect, and by examining the reference lists of relevant articles to identify additional
studies. Publications were selected based on their relevance to the main themes of the review,
particularly scaffold composition, functionalization approaches, biological performance,
biomedical applications, and translational considerations.

The selected literature includes experimental investigations, clinical studies, and regu-
latory documentation where relevant. Representative studies were examined in relation
to their scaffold composition, functional components, intended applications, experimental
approaches, reported outcomes, and limitations. Particular attention was given to dis-
tinguishing findings obtained from in vitro and animal studies from those supported by
human clinical investigations or regulatory approval. As a narrative review, the literature
selection was intended to support a critical discussion of representative developments rather
than provide an exhaustive or systematic assessment of the published literature.

2. Bio-Based Scaffold Platforms for Tissue Regeneration

The composition and architecture of a scaffold affect cellular behaviour, particularly
when they reproduce features of the ECM. Materials obtained from natural sources may
offer biochemical cues together with favourable biocompatibility and biodegradability.
These characteristics have prompted studies of bio-based scaffolds for bone, cartilage, skin,
vascular, neural and musculoskeletal repair [13,44].

For the purposes of this review, scaffold materials are considered under four overlap-
ping headings: proteins, polysaccharides, decellularized extracellular matrix (dECM) and
composites [5,30,45]. These categories are used to organise the discussion and are not nec-
essarily mutually exclusive. Protein-based and polysaccharide-based scaffolds are grouped
according to their predominant material composition, while dECM scaffolds are considered
separately because they originate from decellularized tissues and retain components of the
native ECM. Composite scaffolds are formed by combining two or more materials, such as
proteins, polysaccharides, dECM-derived components or synthetic polymers. As a result,
some scaffolds may fit into multiple material categories. For the purpose of this review, they
are classified according to the material properties or design considerations most relevant to
the discussion.

Selecting a suitable scaffold material requires consideration of the target tissue’s needs,
as the four material groups differ in their biological properties, processing requirements
and mechanical behaviour. Protein-based scaffolds share similarities with the native extra-
cellular matrix (ECM) and contain biological recognition sites that support cell-material
interactions. Polysaccharide-based scaffolds, meanwhile, are valued for their biocompati-
bility, adjustable physicochemical properties and flexibility in processing [30,46]. dECM
scaffolds offer another advantage by retaining aspects of the original tissue architecture
and signalling molecules, which may help provide an environment that supports tissue
regeneration [45,47,48]. Composites take a different approach: two or more biomaterials are
combined so that their structural, mechanical and biological contributions may compensate
for limitations of individual components [49].

No single bio-based scaffold platform fulfils all the biological, mechanical, physico-
chemical and translational requirements of tissue regeneration. Natural biomaterials may
exhibit limitations, including insufficient mechanical strength, uncontrolled degradation
behaviour, batch-to-batch variability, limited antimicrobial activity, or inadequate regula-
tion of tissue-specific cellular responses. Accordingly, the focus of scaffold development
has progressively evolved beyond the identification of suitable biomaterials towards the
engineering of multifunctional scaffold platforms capable of overcoming these intrinsic
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limitations through rational material design and targeted bioactive functionalization. These
materials provide a basis for scaffold development, although further modifications and
evaluation for the intended application may be necessary. The following sections discuss
the characteristics and limitations of each material group, drawing on selected examples to
highlight their strengths and challenges. This is followed by a discussion of strategies used
to enhance scaffold functionality.

2.1. Protein-Based Scaffold Platforms

Protein-derived materials are commonly investigated for scaffold fabrication because
their composition and biological characteristics share similarities with those of the native
extracellular matrix (ECM). Many of these proteins contribute to the structural organisation
of tissues and possess biochemical motifs that participate in cellular processes, including
adhesion, migration, proliferation, differentiation and matrix remodelling [5,50]. However,
these favourable biological properties do not determine scaffold performance on their own.
Variations in protein origin and fabrication conditions can influence the characteristics of
the resulting material. Its degradation behaviour and ability to provide cell-recognition
sites must also be considered when assessing suitability for tissue regeneration. Among
the available protein sources, collagen, gelatin, silk fibroin and keratin have been investi-
gated extensively because their structural, physicochemical and biological properties differ.
Reported applications include bone, cartilage, skin, vascular, neural and musculoskeletal
tissue engineering [51,52].

Protein scaffolds do more than hold developing tissue in place: they can interact directly
with cells during repair. Molecular recognition sequences and other biochemical cues within
these materials participate in such interactions [50,53], affecting cell attachment, growth,
differentiation and deposition of ECM [54,55]. The rate at which protein-based scaffolds
degrade is another important consideration. Gradual resorption can allow newly formed
tissue to occupy the space previously taken up by the scaffold, potentially eliminating the
need for a separate procedure to remove it [56]. This degradation behaviour, together with
the ability of protein-derived materials to interact with cells, contributes to their suitability
for various tissue engineering applications.

Although collagen, gelatin, silk fibroin and keratin have all been extensively investi-
gated for scaffold development, each offers distinct properties that influence its suitability
for tissue regeneration. Collagen is a major component of native tissues and provides an
ECM-like environment that supports cell attachment [57]. Gelatin retains many of col-
lagen’s biological characteristics but offers greater flexibility in processing and chemical
modification. Its relatively low immunogenicity has also made it a material of interest for
hydrogels and injectable scaffolds [58]. Silk fibroin is valued for its mechanical strength and
stability, particularly in applications where structural support is important. Its degradation
behaviour can also be adjusted to suit different requirements [59]. Keratin, meanwhile,
contains amino acid sequences that may promote cell-material interactions and has been
explored for skin, nerve and bone regeneration [6]. These differences are important when
selecting a scaffold material. Collagen and gelatin may be preferred where cellular in-
teractions are a priority, whereas silk fibroin offers advantages when greater mechanical
support is required. Keratin provides another option where its bioactive characteristics may
contribute to tissue repair.

While protein-derived scaffolds offer several biological advantages, they also have
limitations that need to be considered during scaffold design. Their mechanical strength
may be inadequate for load-bearing applications, and some materials degrade too rapidly
to maintain structural support until sufficient new tissue has formed. Batch consistency is
also affected by differences among biological sources, which make material composition
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harder to standardise [60,61]. Manufacturing at scale further requires evidence that sterili-
sation and prolonged storage do not compromise material consistency [62]. Achieving the
necessary strength, degradation profile and production consistency may therefore require
reinforcement or further engineering before clinical use.

When a protein scaffold does not meet the demands of its intended use, its properties
can be modified. Approaches under investigation include mechanical reinforcement, con-
trol of degradation, enhancement of antibacterial activity and the addition of therapeutic
molecules that affect cellular behaviour and tissue repair [63,64]. Performance therefore
reflects both the choice of protein and the way it is engineered to meet application-specific
biological and mechanical requirements. Regenerative goals and the practical demands of
translation must inform these decisions, which lead into the functionalization strategies
considered below.

2.2. Polysaccharide-Based Scaffold Platforms

Polysaccharides provide several options for designing and processing scaffolds because
their chemical structures can be modified in different ways. Depending on the material,
hydroxyl, carboxyl and amino groups offer sites for crosslinking or other reactions that
can be used to adjust properties such as stiffness and swelling [65]. These naturally occur-
ring carbohydrates are generally hydrophilic and potentially biocompatible, although their
degradation behaviour varies; their reactive groups also allow further modification [66].
As a result, polysaccharide scaffolds have been explored for wound healing and for en-
gineering bone, cartilage, vascular, neural and other soft tissues, where architecture and
physicochemical behaviour affect regenerative performance [67,68].

A particular advantage of polysaccharides is the range of scaffold forms that can be
produced from them. Crosslinking, blending and chemical modification permit adjustments
to porosity, mechanical strength, swelling, degradation and therapeutic-agent loading.
Researchers have used these methods to prepare hydrogels, injectable systems, porous
constructs, electrospun fibres and three-dimensional bioprinted scaffolds [69,70]. In wound
care, their capacity to retain water while allowing nutrient and waste transport may also
help maintain the moist conditions required for healing [71].

Different polysaccharides offer different combinations of properties, making the choice
of material important. Chitosan has been investigated for its biocompatibility, biodegrad-
ability, and antimicrobial activity and has been widely investigated for wound healing and
skin tissue engineering [72]. Alginate is particularly useful for hydrogel-based scaffolds
because it can undergo gelation under relatively mild conditions and has a high capacity
for water absorption. It may also encapsulate cells and bioactive molecules, supporting its
use in hydrogel fabrication and bioprinting [73]. Hyaluronic acid (HA) is a natural compo-
nent of the ECM that helps maintain tissue hydration and participates in cellular activities,
including migration and proliferation. Cellulose, in contrast, is primarily used to reinforce
scaffold structures and improve their mechanical properties [74]. Pectin has also been
investigated for wound dressing applications and controlled drug delivery, particularly in
hydrogel formulations, owing to its biocompatibility and gel-forming properties [75]. These
examples illustrate how polysaccharides differ in their characteristics and why material
selection should be guided by the requirements of the intended application.

Compared with protein-based materials, polysaccharides generally have fewer inherent
cell-recognition sites, which may restrict cell attachment. To overcome this limitation,
some scaffold formulations incorporate adhesion peptides or other bioactive compounds to
promote interactions between cells and the material. A further consideration is that some
polysaccharide scaffolds are mechanically weak or degrade over a period that does not
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correspond to the required duration of tissue support [67]. Depending on the application,
these limitations may need to be addressed through further modification.

The reactive chemistry of polysaccharides offers ways to address some of these limita-
tions. Functional groups can be used to introduce growth factors, peptides, nanoparticles,
antimicrobial substances and naturally derived therapeutic agents. Because polysaccharides
are compatible with several fabrication routes, such components can be incorporated into
different scaffold forms. This permits biological or therapeutic functions that are weak or
absent in the original material to be added for a specific application [76]. Polysaccharides
can thus act as a foundation on which structural properties and additional functions are com-
bined. The methods used to achieve these changes are discussed in the following section.

2.3. Decellularized Extracellular Matrix Scaffold Platforms

Removing cellular material from tissue while retaining as much of its original matrix
architecture and biochemical composition as possible produces a decellularized extracellular
matrix (dECM). How much of the native matrix remains depends on both the tissue
source and the decellularization procedure. Unlike scaffolds prepared from conventional
individual biomaterials, dECM may preserve a tissue-derived environment that supports
adhesion, proliferation, migration, differentiation and ECM remodelling. Applications
investigated include the regeneration of skin, cartilage, cardiac, vascular, liver, skeletal
muscle and neural tissues [77-79].

Decellularized matrices may preserve more than the architecture of their source tissue.
Depending on the decellularization process, ECM proteins, glycosaminoglycans, growth
factors and signalling molecules can remain and contribute to cellular responses. The
combination of these components may support attachment, tissue-specific differentiation,
vascularisation and matrix remodelling in ways that differ from some single-component
scaffolds. However, the biochemical constituents retained in dECM vary with the tissue
of origin, and so may their effects on cell fate. Selecting an appropriate tissue source is
consequently part of designing dECM for a defined regenerative purpose [80-82].

Retaining features of the native matrix does not, on its own, resolve the obstacles to
developing clinically usable dECM. Donor-to-donor variation, tissue source and differences
in decellularization or subsequent processing all influence the final material, making consis-
tent product specifications difficult to establish. Incomplete removal of cellular material may
provoke an unwanted immune response, whereas excessive processing can disrupt matrix
structure and diminish biological activity. Additional challenges emerge when dECM is
subjected to sterilisation and preservation processes, particularly when production must
also be scaled up to meet regulatory requirements [83,84]. These challenges may differ from
those associated with conventional natural-polymer scaffolds and, in some cases, require
more extensive evaluation.

Rather than treating dECM as suitable for every application, it is more appropriate
to consider it a tissue-derived material platform. Combining it with synthetic polymers,
proteins or polysaccharides may preserve native biochemical signals while addressing
mechanical performance, reproducibility and manufacturing limitations. Improvements in
decellularization, biofabrication and quality control are likewise being studied as routes
towards clinical application [85-87]. The presence of a complex biological matrix is not, by
itself, evidence of clinical suitability. Development must account for tissue-specific activity
as well as the ability to manufacture and validate a consistent product.

2.4. Composite Bio-Based Scaffold Platforms

Unlike the preceding categories, which are primarily based on material composition or
tissue origin, composite bio-based scaffolds are distinguished by the deliberate combination
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of two or more distinct materials to achieve properties that may be difficult to obtain using
individual materials alone.

A composite scaffold must balance the biological contribution of each material against
the engineering demands of the application. Proteins may encourage interactions with cells
without providing sufficient strength for every use. Polysaccharides can be processed and
modified in many ways, but frequently have fewer inherent signalling functions. Although
dECM retains characteristics of its tissue of origin, challenges remain in achieving consistent
product quality, scaling up manufacturing and meeting regulatory standards [88,89]. One
approach to overcoming the limitations of individual materials is to combine them within a
single scaffold. Such combinations may offer complementary properties, but their formula-
tion needs to be guided by the biological, mechanical and physicochemical demands of the
tissue being repaired.

The advantages of combining materials can be seen in several composite scaffold for-
mulations. For skin regeneration, collagen and chitosan have been used together to provide
a structure that supports cellular interactions while introducing antimicrobial properties
associated with chitosan [90]. Gelatin—alginate scaffolds have also been investigated for
three-dimensional bioprinting, where their gelation characteristics and capacity to encapsu-
late cells are particularly useful [91]. In other formulations, silk fibroin is incorporated to
improve mechanical stability, whereas cellulose is used to reinforce hydrogels and minimise
dimensional changes [92]. Incorporating dECM into protein or polysaccharide matrices may
retain tissue-specific signals while making the constructs easier to fabricate and handle [93].
Whether a combination is useful ultimately depends on how well it meets the target tissue’s
biological, mechanical and physicochemical needs.

A material combination cannot be assumed to preserve every benefit observed for
its separate constituents. Additional constituents complicate fabrication and may interact
in ways that alter degradation, mechanical response or biological function. Properties
demonstrated by an individual material cannot therefore be assumed to remain unchanged
in a composite. Formulations with several components may also be harder to manufacture
consistently, sterilise, scale up and assess against regulatory requirements [42]. Composite
development calls for deliberate optimisation of composition, processing and biological
function, rather than simply increasing the number of ingredients.

Composite designs make use of different materials within the same construct rather
than treating the scaffold categories as exclusive alternatives. Such combinations may pro-
vide several functions relevant to a particular regenerative application, but their biological
benefits must be evaluated alongside mechanical integrity, reproducibility, manufactur-
ing practicality and clinical requirements. Once the material system has been established,
additional functions can be introduced through therapeutic or bioactive agents and other
engineering approaches.

The target tissue and intended use should guide scaffold selection. Candidate platforms
then need to be compared for biological performance, mechanical adequacy and practical
prospects for translation. The development of the main scaffold platforms is illustrated in
Figure 2; Table 1 sets out examples together with their strengths, constraints and potential
engineering directions. Subsequent modification can then be used to influence cellular
behaviour, improve therapeutic action or add functions that the original material does not
provide. The approaches used for such modifications are examined in the next section.
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Figure 2. Overview of bio-based scaffold platforms. The illustration was generated using ChatGPT
(OpenAl, GPT-5.5) based on the scientific concepts and content of this review manuscript, as provided
and directed by the author. The author subsequently reviewed and refined the illustration to ensure

scientific accuracy and consistency with the manuscript.

Table 1. Comparative analysis of the major bio-based scaffold platforms and their implications for

scaffold engineering and functionalization.

Scaffold Platform

Engineering
Challenge

Representative

Examples Biological Advantage

Future Engineering
Direction

Protein-based

Excellent ECM
mimicry and
cell recognition

Collagen, gelatin, silk Weak mechanics,

fibroin, keratin

rapid degradation

Functionalization for
reinforcement and
controlled bioactivity

Polysaccharide- Chitosan, alginate, Tunable . Limited intrinsic Incorporation of
; physicochemical . . o
based HA, cellulose, pectin . cell signalling bioactive molecules
properties
Tissue-derived Native tissue-specific =~ Standardisation and Hybrid platforms and
dECM . : . s manufacturing
matrices microenvironment scalability o
optimisation
. Multi-material Synergistic Fabrication Smart scaffold
Composite ’ . . . . .
scaffold systems multifunctionality complexity engineering

The suitability of bio-based scaffolds for tissue engineering depends not only on their
material composition but also on their physicochemical, mechanical, structural, and biolog-
ical properties. These properties are assessed using different characterisation techniques,
depending on the scaffold material and its intended application. Table 2 compares the prop-
erties commonly investigated across the four scaffold platforms, together with representative
characterisation techniques and selected quantitative findings from published studies.
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Table 2. Comparison of key properties, representative characterisation techniques, and selected
quantitative findings for bio-based scaffold platforms.

Key Properties Representative Selected Quantitative Findings
Scaffold Platform Commonly Evaluated Characterisation Techniques or Assessment Criteria
Chemical composition, FTIR, SEM, porosity Experimental keratin—gelatin

Protein-based

pore size, porosity,
mechanical properties,
swelling, degradation,

cytocompatibility

measurements, mechanical
testing, swelling and
degradation tests, cell
viability assays

scaffold: average pore size
109 pm, porosity 84.59 + 8.23%,
tensile Young’s modulus
1.66 £ 0.29 MPa [6]

Chemical composition,
morphology, swelling,

FTIR, SEM, swelling and

Experimental honey-pectin
hydrogel: dehydration rates of

Polysaccharide- mmsturg managemgnt, dehydratlon testg, mechanical 37.24-50.02 g /m2/h (air-dried)
based mechanical properties, testing, degradation tests, cell ’
. Lo and 11.03-31.58 g/m*/h
degradation, viability assays :
1k (vacuum-dried) [94]
cytocompatibility
Residual cellular material, DNA quantification, gel de%éﬁ?i?;l;;;e;ggip;sifedria'
retained ECM components, electrophoresis, H&E/DAPI . '
. . - . . residual dsDNA below
dECM structural integrity, staining, biochemical assays,
. ; ; 50 ng/mg dry ECM, DNA
mechanical properties, histology, SEM,
s . . fragments below 200 bp, and no
cytocompatibility mechanical testing visible nuclei [95]
Experimental bacterial cellu-
lose/hydroxyapatite/chitosan
Compon.ent compat.lblhty, FTIR, SEM, mechanical scaffold: porOS}ty 57.88-76.02%,
. porosity, mechanical . compressive strength
Composite testing, release assays, cell

properties, bioactive
release, cytocompatibility

viability assays

1.80 + 0.53 MPa, Young's
modulus 3.38 + 0.15 MPa for
the 2 wt% chitosan-coated
formulation [8]

Table note: The properties and techniques listed represent commonly evaluated characteristics and
illustrative methods reported in scaffold research; not all methods were necessarily used in the indi-
vidual studies providing the quantitative examples. The quantitative findings are formulation-specific
experimental results and should not be interpreted as established performance benchmarks for clini-
cally successful or commercially available scaffolds. The dECM values represent literature-proposed
decellularization criteria rather than experimentally measured performance values or universal regu-
latory requirements. Abbreviations: FTIR, Fourier-transform infrared spectroscopy; SEM, scanning
electron microscopy; dECM, decellularized extracellular matrix; ECM, extracellular matrix; H&E,
haematoxylin and eosin; DAPI, 4',6-diamidino-2-phenylindole; dsDNA, double-stranded DNA.

Table 2 presents selected quantitative findings to illustrate how scaffold properties
have been evaluated in published studies. As these findings relate to specific experimental
formulations, they should not be taken as performance benchmarks for clinical applications.
The importance of individual properties also varies according to the tissue being targeted,
making direct comparisons between scaffold platforms difficult. Moreover, quantitative
specifications for clinically established scaffold products are not consistently available in the
published literature. Scaffold systems that have progressed into clinical use are discussed
separately in Section 5.1.

3. Engineering Bioactive Scaffolds Through Functionalization

Even a carefully selected scaffold material may not provide every property needed
for tissue regeneration. Because the platforms described above differ in both biological
behaviour and engineering performance, additional modification is often required. Func-
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tionalization addresses a defined shortcoming of the base material in relation to its intended
biological or therapeutic use.

The choice of scaffold modification should be guided by the specific functional require-
ments of its intended application.Depending on the limitation identified, this may involve
changing the surface or incorporating bioactive molecules, therapeutic agents or nanostruc-
tured components. Scaffold functionalisation has been investigated as a means of regulating
several biological processes, including cell adhesion, proliferation, differentiation, angio-
genesis and inflammatory activity. Certain modifications may also provide antimicrobial
effects or facilitate the delivery of therapeutic compounds [96,97]. However, the choice of
functionalisation strategy must take account of the characteristics of the underlying scaffold
material and the biological response required at the implantation site.

The discussion below considers functionalisation strategies in relation to their specific
purposes, rather than the materials to which they are applied. It covers surface modification,
incorporation of bioactive and therapeutic agents, nanoscale engineering and controlled-
release approaches, with attention given to both their potential contributions to tissue
regeneration and the practical limitations associated with their implementation.

3.1. Surface Functionalization

The surface of a scaffold is where the material first interacts with cells and surrounding
tissues. Altering its surface characteristics can affect these interactions without necessarily
changing the scaffold’s bulk composition or mechanical behaviour [98]. Factors such as
wettability, electrical charge, surface topography and chemical composition play a role
in determining how proteins adsorb onto the material and how they are subsequently
arranged. These interactions, in turn, can affect subsequent cell attachment and cellular
responses [99].

Surface engineering can involve physical treatments, chemical modifications, or the
application and immobilisation of biological coatings. Plasma treatment, ultraviolet ir-
radiation, laser processing and ion implantation are among the physical methods used
to adjust surface energy or wettability, thereby influencing protein adsorption and cell
attachment [97,100]. Chemical approaches such as grafting, oxidation, silanization and
crosslinking introduce functional groups, stabilise the interface or provide attachment sites
for bioactive molecules [101]. Alternatively, ECM proteins, Arg-Gly-Asp (RGD) peptides,
polysaccharides and other ligands can be immobilised to create sites for cellular recognition
and signalling [102,103].

The effects of surface treatment must persist after implantation if they are to remain
useful. Immobilised molecules may detach, break down or change conformation under
physiological conditions, with a corresponding loss of activity. Some methods also depend
on specialist equipment or extra processing steps, creating difficulties for reproducible large-
scale production [98]. Biological effectiveness therefore needs to be considered together
with durability and manufacturing feasibility.

The main influence of surface modification is at the initial interface between scaffold
and tissue. Later stages of regeneration may require biochemical signals within the scaffold
rather than at its surface alone. One option is to incorporate biologically active molecules
into the material, as considered in the following section.

3.2. Bioactive Functionalization

Surface modification mainly changes the scaffold—tissue interface; bioactive functional-
ization instead seeks to provide signalling cues during the regenerative process. Such cues
may influence cell movement and growth, differentiation, matrix deposition and subsequent
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remodelling. Their presence alone is insufficient: signalling activity, local concentration
and timing must be appropriate for the stage of healing.

Investigated signalling molecules include vascular endothelial growth factor (VEGF),
bone morphogenetic proteins (BMPs), transforming growth factor-p (TGF-p) and fibroblast
growth factors (FGFs), which are associated with angiogenesis, osteogenesis, chondro-
genesis and tissue remodelling [104-106]. Cell attachment and signalling may also be
supported by Arg-Gly-Asp (RGD) peptides or ECM proteins such as collagen, fibronectin
and laminin [107]. Other candidates include phytochemicals, polysaccharide-derived bioac-
tives and constituents of honey, all of which have been explored for possible regenerative
effects [108,109].

A molecule capable of eliciting the desired cellular response is not necessarily suitable
for incorporation into a scaffold. Fabrication and implantation may compromise its activity,
and a short half-life or degradation under physiological conditions can restrict the duration
of signalling. Dose and exposure time must also be controlled to avoid ineffective or
undesirable responses. Incorporation strategies should consequently maintain molecular
activity and appropriate local availability. The practicality of an agent is further affected
by production complexity, cost and regulatory demands [110,111], all of which need to be
considered alongside its biological purpose.

Bioactive signalling alone may be insufficient to support tissue repair when infection,
oxidative stress or persistent inflammation interferes with healing. Incorporating therapeu-
tic agents into scaffolds offers a potential means of addressing these adverse local conditions,
as discussed in the following section.

3.3. Therapeutic Functionalization

Providing structural support and a suitable environment for cell growth does not
always ensure successful tissue regeneration. Infection, oxidative stress and prolonged
inflammation can interfere with healing, even when the scaffold itself exhibits favourable
biological properties. Therapeutic functionalisation offers a means of addressing these
conditions by incorporating agents that act within the surrounding tissue environment.

Preventing microbial colonisation is particularly important for implanted scaffolds,
as bacterial growth can interfere with cellular activity, delay tissue repair and potentially
lead to implant failure. Various antimicrobial agents have therefore been investigated for
incorporation into scaffold systems, including antibiotics, antimicrobial peptides, metal ions,
silver nanoparticles and naturally derived compounds [112,113]. Antimicrobial activity
may also be associated with the scaffold material itself. For example, chitosan can inhibit
microbial growth under certain conditions, while honey has attracted interest for its potential
roles in infection control and wound healing. The antimicrobial effects of honey have been
attributed to several factors, including its osmotic properties, acidity, hydrogen peroxide
production and the presence of bioactive constituents [114,115].

Beyond antimicrobial protection, therapeutic functionalisation may help regulate ox-
idative stress and inflammation within the healing tissue. Excessive production of reactive
oxygen species and sustained inflammatory responses can disrupt cell proliferation, ECM
deposition and the formation of new blood vessels, potentially delaying tissue regeneration.
Scaffolds containing flavonoids, polyphenols, medicinal-plant phytochemicals or honey-
derived compounds have therefore been investigated for antioxidant and anti-inflammatory
effects [116,117]. Materials derived from Aloe vera, Curcuma longa, Centella asiatica, Melastoma
malabathricum and Cosmos caudatus have likewise been studied [118,119]. Their usefulness
depends on the activity and dose of the incorporated substances and their compatibility
with the scaffold.

https://doi.org/10.3390/sci8110349


https://doi.org/10.3390/sci8110349

Sci 2026, 8, 349

13 of 35

Adding a therapeutic component creates challenges beyond achieving the intended
biological effect. Fabrication and storage can alter agent activity, while the incorporated
dose must be sufficient for therapy without causing cytotoxicity. Interactions with the
scaffold matrix may change material properties or destabilise the compound. Concerns
about antimicrobial resistance also motivate investigation of alternatives to antibiotic-based
strategies [120]. Each additional component may further complicate manufacturing and
regulatory assessment.

Where several factors contribute to tissue damage, incorporating different therapeutic
functions into one scaffold may be useful for impaired tissue repair. Achieving this, how-
ever, requires suitable methods for incorporating different agents without compromising
scaffold properties or their biological activity. Nanotechnology provides one approach for
introducing nanoscale features and functional components into scaffold systems and is
discussed in the following section.

3.4. Nanotechnology-Enabled Functionalization

Nanoscale engineering provides another means of altering scaffold structure and func-
tion. This is particularly relevant to tissue engineering because many components of the
native ECM have nanoscale dimensions. Nanofibrous structures, nanoscale surface features,
and nanoparticles can alter surface area, protein adsorption, cell-material interactions,
and the mechanical or physicochemical properties of a scaffold [121], [122,123]. Nanoma-
terials offer another approach to delivering bioactive or therapeutic compounds within
scaffolds, introducing additional functionality while leaving the overall scaffold structure
largely unchanged.

The value of incorporating a nanomaterial must be assessed against the needs of
the tissue being regenerated. Hydroxyapatite nanoparticles have been incorporated into
scaffolds to improve osteoconductivity and provide mechanical reinforcement for bone
tissue engineering [124,125]. Silver, gold, zinc oxide, and copper oxide nanoparticles have
been investigated for antimicrobial activity and other biological effects that depend on factors
such as their composition and concentration [126]. Carbon-based materials, including
graphene oxide and carbon nanotubes, have been explored for their effects on mechanical
and electrical properties in bone, neural, and cardiac tissue engineering [127]. Naturally
derived nanomaterials such as nanocellulose, nanochitin, and protein-based nanofibres
offer another means of introducing nanoscale features into scaffold systems [128].

Nanomaterial behaviour in biological systems varies with characteristics, including
particle size, morphology, surface chemistry, concentration, and degradation behaviour.
These factors can affect how nanomaterials interact with cells and tissues and may also
influence their toxicity, biodistribution, immune response, and long-term fate. These issues
need to be evaluated when considering nanomaterials for regenerative applications. Repro-
ducible manufacturing, quality control, scale-up, and regulatory requirements introduce
further challenges for clinical translation [129].

Nanotechnology can introduce structural, biological, or therapeutic functions into
scaffold systems. When nanoparticles or other components are used to carry bioactive
or therapeutic agents, however, scaffold performance also depends on how these agents
become available after implantation. Their release from the scaffold therefore becomes an
important design consideration. Methods designed specifically to control this release are
considered in the following section.

3.5. Controlled Therapeutic Delivery

The biological effect of an incorporated agent depends on its release behaviour as well
as its presence in the scaffold after implantation. Rapid or uncontrolled release can result
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in early depletion of the agent, concentrations outside the desired therapeutic range, or
insufficient availability during later stages of tissue repair. Controlled delivery systems
are therefore used to regulate the amount and duration of bioactive or therapeutic agents
available within the local tissue environment.

Release profiles can be designed according to the biological processes occurring during
tissue regeneration. Healing involves overlapping stages that include inflammation, cell
proliferation, ECM deposition, angiogenesis, and tissue remodelling [130]. Because the
biological requirements change during these stages, sustained or sequential delivery may be
useful for maintaining therapeutic activity or providing different signals over time. Stimuli-
responsive systems provide another approach by releasing incorporated agents in response
to changes within the local environment.

Researchers have tested several ways of regulating the release of agents incorporated
into bio-based scaffolds. Encapsulating molecules in nanoparticles, microspheres, lipo-
somes, hydrogels or polymeric carriers may protect them against early degradation and
prolong their availability [131]. Where the timing of delivery matters, affinity-based inter-
actions, degradable carriers and layered structures can be used to alter release profiles or
provide different agents during successive stages of healing [132]. Stimulus-responsive
systems take another approach, releasing agents in response to local pH, temperature,
enzymes or reactive oxygen species, or to external light and magnetic fields [133]. Selection
of a delivery strategy should follow the properties of the agent and scaffold and the release
pattern required.

Obtaining an appropriate release profile becomes especially difficult when a scaffold
contains agents with different physicochemical properties are incorporated into the same
scaffold. Release behaviour may also change during fabrication, sterilisation, storage, or
scaffold degradation. More complex delivery systems can introduce additional manufactur-
ing and regulatory requirements, while reproducibility, scale-up, and cost remain important
considerations for clinical translation [134]. Controlled delivery strategies therefore need to
balance the required release characteristics with manufacturing feasibility, reproducibility,
and the complexity introduced by additional functional components.

These approaches allow the availability of biological and therapeutic agents to be
regulated over time rather than functioning simply as carriers. This adds another level
of control to scaffold functionalization and may allow treatment to be better matched to
changes occurring during tissue repair.

Different functionalisation approaches allow the properties of bio-based scaffolds
to be adjusted according to the requirements of the intended tissue application. Surface
treatments primarily modify the interface between the scaffold and surrounding tissues,
whereas the incorporation of bioactive or therapeutic agents aims to provide biological sig-
nals, support regenerative processes or address conditions that may interfere with healing.
Nanotechnology offers additional opportunities to modify scaffold properties and incor-
porate functional components at the nanoscale, whereas controlled delivery determines
how incorporated agents become available over time. Such approaches are not mutually
exclusive and may be combined within the same scaffold to achieve the required biological
and therapeutic functions. Table 3 compares the main functionalization strategies, their
engineering purposes, representative functional agents, and principal biological effects.
Ultimately, the value of these modifications depends on the biological responses they pro-
duce and whether these responses contribute to effective tissue regeneration. The following
section therefore examines the biological performance of functionalized bio-based scaffolds.
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Table 3. Comparative summary of scaffold functionalization strategies and their roles in enhancing
the biological performance of bio-based scaffolds.

Funcélt(;\ta:;zyatlon Engineering Purpose Representative Functional Agents Principal Biological Effect
Improve scaffold-cell Plasma, RGD peptides, Enhanced cell adhesion
Surface . . : . )
interactions ECM proteins and proliferation
Bioactive Direct cellular signalling ~ Growth factors, cytokines, peptides Enhar}ced d1fferent1a’F10n
and tissue regeneration
. Modulate regenerative Honey, phytochemicals, Reduced 1r.1fect10n,
Therapeutic . : N : inflammation, and
microenvironment antimicrobial agents 1
oxidative stress
Nanotechnology I.ntegr.ate . Hydrgxyapatlte, graphene Improved scaffold
multifunctionality oxide, nanocellulose performance
Controlled Delivery Achieve cqntrolled Hydroggls, nanoparticles, Sustained ar}d targeted
therapeutic release liposomes therapeutic effects

4. Biological Responses Induced by Functionalized Scaffolds

The strategies described in Section 3 modify scaffold interactions with cells and sur-
rounding tissues. Their effectiveness therefore depends on the biological responses that
occur after implantation and whether these responses support tissue repair.

Tissue regeneration involves interconnected events, including protein adsorption,
cell adhesion and proliferation, differentiation, angiogenesis, immune regulation, ECM
remodelling, and the formation of functional tissue [135]. These processes overlap and
influence one another throughout healing. Scaffold properties and incorporated functional
components can affect different stages of regeneration, linking scaffold design with the
biological responses that follow.

The following subsections examine how these interconnected responses are influenced
by scaffold functionalization, beginning with cell-material interactions and progressing
towards functional tissue regeneration.

4.1. Cell Adhesion and Proliferation

Cell adhesion can begin soon after scaffold implantation. Proteins from the surround-
ing biological fluids first adsorb onto its surface, creating an interfacial layer between the
material and incoming cells. Differences in the composition and organisation of this pro-
tein layer can affect how cells attach and spread and may subsequently influence tissue
regeneration [61].

Initial cellular responses arise from an interaction between scaffold surface properties
and the mechanisms by which cells recognise that surface. Surface chemistry, wettability,
roughness, topography, charge, and adhesive ligands can alter protein adsorption and
integrin-mediated attachment [136,137]. To encourage attachment, investigators have used
plasma-treated surfaces, immobilised ECM proteins, adhesion peptides and nanoscale
surface features. Following cell attachment, signalling through cell receptors influences
cytoskeletal organisation and regulates processes such as cell migration, proliferation and
survival [138].

Cell attachment is followed by the need to expand the cell population sufficiently for
tissue formation. Proliferation may be influenced by growth factors, cytokines, matrix pro-
teins or naturally derived bioactive substances delivered through the scaffold. Other agents
incorporated into the scaffold may indirectly promote cell proliferation by limiting microbial
activity, oxidative stress or inflammatory responses [104,112]. The resulting viable cell
population thus depends on both scaffold—cell interactions and the local tissue environment.
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Favourable attachment and proliferation also depend on the extent and nature of
surface modification. Extensive modification can change physicochemical properties or
compromise scaffold stability, whereas poorly controlled presentation of bioactive ligands
may produce different responses among cell types and tissue environments. Even when
attachment and proliferation are successful, these responses represent only the beginning
of tissue regeneration [61]. The attached cells must subsequently acquire the specialised
characteristics needed to form the intended tissue, making differentiation and maturation
the next important stage of the regenerative process.

Cell adhesion and proliferation are important early events in scaffold-mediated tissue
regeneration by establishing the initial interactions between implanted biomaterials and
host cells. However, successful regeneration ultimately depends on the ability of these
attached and proliferating cells to differentiate into functional tissue-specific phenotypes
capable of producing mature ECM and restoring tissue function. The regulation of cell
differentiation and tissue formation is discussed in the following section.

4.2. Cell Differentiation and Tissue Formation

Cell differentiation and tissue formation are important stages of scaffold-mediated
regeneration, during which proliferating cells acquire tissue-specific phenotypes and begin
synthesising ECM components required for functional tissue repair. While successful
cell adhesion and proliferation establish the initial cellular population within the scaffold,
regeneration cannot be achieved unless these cells undergo appropriate lineage-specific
differentiation according to the biological requirements of the target tissue. Consequently,
directing cell fate has become one of the principal objectives of scaffold functionalization,
enabling engineered biomaterials to actively influence tissue-specific regenerative processes
rather than merely supporting cellular growth.

Biochemical signals, physicochemical conditions and mechanical factors act together to
regulate cell differentiation. Surface functionalization establishes favourable cell-material
interactions that initiate intracellular signalling, whereas bioactive functionalization supplies
growth factors, adhesive peptides, ECM proteins, and other signalling molecules capable
of directing lineage-specific differentiation [98]. Therapeutic functionalization may also
support cell differentiation by reducing oxidative stress and excessive inflammation within
the local tissue environment [112]. Together, these approaches can provide conditions that
support the differentiation of stem and progenitor cells towards tissue-specific lineages.

Several functionalization approaches have been examined for their ability to direct cells
towards tissue-specific differentiation. In bone tissue engineering, for example, scaffolds in-
corporating osteogenic growth factors, hydroxyapatite nanoparticles, or ECM-derived com-
ponents can support osteogenic differentiation and mineralised matrix formation [40,139].
Bioactive molecules and scaffold modifications have also been used to influence lineage-
specific responses in cartilage, neural, vascular, and skin tissue engineering [23]. Naturally
derived compounds, including phytochemicals, polysaccharide-derived bioactives, and
honey-derived constituents, have also been explored for their effects on signalling pathways
involved in cell differentiation, ECM synthesis, and tissue maturation [108]. These examples
illustrate that differentiation can be influenced through different aspects of scaffold design,
depending on the cell type and target tissue.

Consistent tissue-specific differentiation is nevertheless difficult to obtain. Cell be-
haviour is influenced by scaffold composition, mechanical properties, degradation be-
haviour, and the availability of biochemical signals. The type and combination of cues
required also vary between tissues, making it difficult to develop a scaffold design that is
suitable across different regenerative applications [13]. Scaffold functionalization therefore
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needs to be tailored to the biological and mechanical requirements of the target tissue rather
than relying on a common set of regenerative cues.

Although differentiation is an important stage in tissue formation, the survival and
further development of newly formed tissue also depend on an adequate supply of oxygen
and nutrients and the removal of metabolic waste. Establishing a vascular network is
therefore particularly important as tissue develops beyond the immediate diffusion range
of existing blood vessels. Strategies used to promote angiogenesis and vascularisation are
discussed in the following section.

4.3. Angiogenesis and Vascularisation

A functional vascular network is needed for nutrient supply, waste removal and inte-
gration with the host circulation [30]. Angiogenesis and vascularisation are particularly
important in thicker or metabolically active engineered tissues, where diffusion alone may
be insufficient to maintain cell viability [61]. Scaffold functionalization can therefore be
directed towards promoting vascular development and integration.

New blood vessels form through a sequence of endothelial-cell recruitment, migration,
proliferation and organisation [140]. Scaffold functionalization can support these processes
by providing structural features and biochemical signals that influence endothelial cell
behaviour. Growth factors such as VEGF and FGFs, together with angiopoietins and ECM-
derived signalling molecules, have been incorporated into scaffolds to promote angiogenic
responses [104-106]. Nanoscale modifications can influence the environment encountered
by endothelial cells, while controlled delivery systems can regulate the availability of
angiogenic factors over time [122,131].

Naturally derived compounds have also been studied as possible promoters of angio-
genesis. These include phytochemicals, polysaccharide-derived bioactives, honey-derived
constituents, and ECM-derived molecules, some of which may also influence inflamma-
tion and oxidative stress [94,108]. Angiogenic components may also be combined with
antimicrobial, antioxidant, or immunomodulatory functions to address different aspects
of the local tissue environment [141]. When several functions are incorporated into the
same scaffold, their interactions and combined effects on vascular development and tissue
integration need to be considered.

Establishing a vascular network that works effectively remains a major difficulty. Ex-
cessive or poorly controlled angiogenic stimulation can result in immature or disorganised
vessels, while inadequate vascular development may restrict nutrient transport and com-
promise tissue survival. Vascular development also needs to occur alongside scaffold
degradation, tissue formation, and integration with the surrounding host tissue [61]. Scaf-
fold designs intended to promote angiogenesis therefore need to consider not only the
presence of angiogenic signals but also their amount, duration, and relationship with other
regenerative processes.

Vascularisation supports the survival and integration of developing tissue, but the
response of the host immune system also influences scaffold integration and subsequent
tissue remodelling. Rather than focusing solely on avoiding adverse immune reactions,
scaffold design can be used to influence immune responses in ways that support tissue
repair. These immunomodulatory responses are discussed in the following section.

4.4. Immunomodulation and Inflammation

Scaffold integration, tissue remodelling and later regeneration are all influenced by
the host immune response [142]. Inflammation is a normal part of the healing response
following implantation, but excessive or prolonged inflammation can interfere with cellular
activity and delay tissue repair. Functionalization may help shape immune activity at the
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implantation site, but should not suppress the inflammation necessary for tissue repair and
host defence [143].

Implantation brings immune cells into contact with the scaffold, initiating responses
that form part of the repair process. Macrophages have an important role in this process and
are also involved in angiogenesis, ECM remodelling, and tissue regeneration. Macrophage
responses are often described using the M1 and M2 classifications, which are broadly
associated with inflammation and tissue repair, respectively. However, macrophage ac-
tivation is more complex, with cells exhibiting a range of functional states beyond these
two categories [144]. Modifying scaffold properties has been investigated as a means of
influencing macrophage behaviour and encouraging the resolution of inflammation while
maintaining the immune functions necessary for host defence and tissue remodelling [145].
Bioactive or therapeutic agents may contribute to this process by regulating inflammatory
responses within the surrounding tissue. Rather than eliminating inflammation, these
approaches seek to limit excessive or prolonged immune activity while preserving the
responses that support tissue repair and regeneration. This is particularly relevant because
immune activity is closely linked with other regenerative processes, including angiogenesis
and ECM remodelling.

Achieving a predictable immune response is difficult because the response varies with
the scaffold and its biological surroundings. Too much suppression may interfere with host
defence, while persistent inflammation can contribute to fibrosis, foreign body reactions, or
implant failure [146]. Such factors make it difficult to develop a single immunomodulatory
approach that is suitable for all scaffold materials and regenerative applications.

As healing proceeds, immune activity continues to shape tissue development, notably
through interactions with ECM deposition and remodelling. The organisation and turnover
of this matrix are important for the development of functional regenerated tissue and are
considered in the following section.

4.5. Extracellular Matrix Remodelling and Functional Tissue Regeneration

The formation of functional regenerated tissue depends in part on ECM remodelling.
As healing progresses, newly synthesised matrix must be deposited, organised, and ma-
tured to support the structure and function of the developing tissue [14]. The outcome of
regeneration therefore depends not only on earlier cellular responses but also on whether
these processes lead to the formation of an ECM that can support tissue-specific functions.

Throughout tissue repair, extracellular matrix components are deposited, broken down
and reorganised as the tissue develops. Cellular activity, biochemical signalling, mechanical
stimulation, vascularisation, and immune regulation all contribute to this process [147].
Through surface treatments, incorporated bioactive or therapeutic substances, nanoscale
structures and regulated delivery, scaffold engineering can act on several processes in-
volved in matrix remodelling [13]. As the scaffold degrades, newly formed ECM can
gradually occupy the space previously supported by the scaffold, making the relation-
ship between scaffold degradation and matrix formation an important consideration in
regenerative design.

Depositing a new matrix is only one part of functional tissue regeneration. The devel-
oping tissue must also acquire appropriate organisation, mechanical properties, vascular
integration, and biological function [148]. Depending on the target tissue, this may involve
processes such as organised collagen deposition, mineralised matrix formation, cartilage
maturation, neural regeneration, or soft tissue reconstruction. These outcomes depend
on interactions among the cellular, vascular, immune, and matrix-remodelling responses
described throughout this section rather than on any single process acting independently.

https://doi.org/10.3390/sci8110349


https://doi.org/10.3390/sci8110349

Sci 2026, 8, 349 19 of 35

Reproducing the properties of native tissue remains challenging, particularly for large,
load-bearing, or highly specialised tissues. Engineered tissues may not fully reproduce
the structural complexity, biomechanical properties, or physiological functions of their
native counterparts. Scaffold degradation must also occur at a rate that remains compatible
with ECM formation, tissue maturation, vascular remodelling, and integration with the
host tissue [23]. A mismatch between these processes can compromise the structural or
biological development of the regenerated tissue.

Functionalized bio-based scaffolds are therefore intended to provide temporary sup-
port while creating conditions that allow new tissue to develop and gradually replace the
scaffold. Their regenerative performance depends on how well scaffold degradation, matrix
remodelling, vascularisation, immune responses, and tissue maturation proceed together.
The biological responses discussed in this section should therefore be viewed as intercon-
nected events rather than independent outcomes. Figure 3 illustrates this relationship,
from early cell adhesion and proliferation through differentiation, vascularisation, immune
regulation, and ECM remodelling, leading to functional tissue regeneration. Achieving
these biological responses under controlled experimental conditions, however, does not nec-
essarily ensure successful clinical translation, and the barriers involved in moving bio-based
scaffolds towards clinical application are considered in the following section.
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Figure 3. Interconnected biological responses involved in tissue regeneration using functionalized
bio-based scaffolds. The illustration was generated using ChatGPT (OpenAl, GPT-5.5) based on the
scientific concepts and content of this review manuscript, as provided and directed by the author. The
author subsequently reviewed and refined the illustration to ensure scientific accuracy and consistency
with the manuscript.

5. Clinical Translation and Future Perspectives

Advances in biomaterials and functionalization have expanded the range of bio-based
scaffolds being studied for tissue regeneration. However, favourable performance under
laboratory or preclinical conditions does not necessarily lead to successful clinical applica-
tion. A candidate scaffold must retain its intended function after fabrication, sterilisation,
storage, and handling, not merely during an initial laboratory assay.

A scaffold that performs well biologically must still satisfy several practical require-
ments before it can be used clinically. Clinical feasibility depends on whether production can
be reproduced and scaled, products can be sterilised and quality-controlled, long-term safety
can be established, regulatory approval can be obtained and costs remain acceptable [149].
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Adding multiple functional components, such as bioactive agents, nanomaterials or ther-
apeutic delivery systems, may further complicate the requirements that a scaffold must
satisfy before clinical application.

Moving a scaffold from laboratory research into clinical practice involves more than
demonstrating its regenerative potential. Scientific evidence must be supported by reliable
manufacturing processes and consideration of the practical requirements for clinical use.
The following section discusses the progress made in this area, the challenges that continue
to limit clinical translation and possible strategies for addressing them.

5.1. Clinical Translation of Functionalized Bio-Based Scaffolds

Although numerous scaffold systems have been investigated experimentally, only a
relatively small proportion have progressed into clinical practice [150]. Demonstrating
favourable biological responses is an important part of development, but it does not neces-
sarily indicate that a scaffold is ready for use in patients. Other requirements, including
reproducible manufacturing, product safety, quality assurance and regulatory compliance,
must also be addressed. These factors become particularly relevant when a scaffold moves
from laboratory investigations towards preclinical testing and eventual clinical evaluation.

Scaffolds produced from well-characterised materials with an established history of
use have generally made greater progress towards clinical application. One example is
the collagen-based Integra Dermal Regeneration Template, which has received regulatory
approval for certain applications involving severe burns and scar contracture repair [151].
Another is matrix-induced autologous chondrocyte implantation (MACI), which uses a
porcine collagen membrane carrying cultured autologous chondrocytes to treat symptomatic
full-thickness cartilage defects of the knee in adults [152]. These products demonstrate
that bio-based scaffolds can be successfully introduced into clinical practice, although
their approved applications are confined to specific indications. Their development also
illustrates the importance of understanding material characteristics, establishing consistent
production methods and demonstrating safety within the applicable regulatory framework.

The nature of the evidence available for scaffold performance changes as development
progresses. In vitro studies are commonly used to investigate cytocompatibility, cellular
behaviour and biological activity under controlled laboratory conditions. Animal studies
extend these investigations by allowing researchers to examine tissue responses, scaffold
integration and regenerative potential within a living system. Nevertheless, outcomes
observed in laboratory or animal models may not accurately predict treatment responses in
humans. Clinical investigations provide more direct information about patient safety and
therapeutic outcomes, whereas regulatory approval establishes that a particular product
has satisfied the applicable requirements for its specified use. It is therefore important to
distinguish between experimental promise and demonstrated clinical benefit when evalu-
ating functionalised bio-based scaffolds. Table 4 brings together representative examples
at different stages of development, including their reported findings, observation periods
and limitations.
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Table 4. Representative bio-based scaffold systems at different stages of preclinical and clinical development.
. Study .
Scaffold System Reference Functional Inte‘n de?d Design/Evidence Principal Outcomes Observatlon'/Follow- Limitations
Component Application Level up Period
Bacterial . Cell‘ viability aboye 70 ./0’ 7 days In vitro findings do
. . In vitro study sustained cell proliferation, . . .
cellulose/hydroxyap- Hydroxyapatite and Bone tissue . ) ) (proliferation); not establish bone
) . (8] . o using MC3T3-E1 and evidence of osteogenic . )
atite/chitosan chitosan engineering . L. 28 days (osteogemc regeneration or
. pre-osteoblast cells differentiation based on . " o .
composite . differentiation) clinical effectiveness
ALP activity
Cytocompatibility,
Collagen—chitosan antibacterial activity against Wound-healing
composite . In vitro material and S. aureus and P. aeruginosa, 10 h (drug-release efficacy has not been
incorporating [90] Hydroxytyrosol Wound healing biological evaluations and approximately 70% assessment) established in vivo
hydroxytyrosol hydroxytyrosol release or clinically
within 10 h
Scaffold integration and Animal findings
) . cartilage-like tissue cannot directly
Cell-free collagen [52] Collagen .type I Articular car.tllage Orthotopic rat model formation, supported by Up to 16 weeks establish clinical
type I scaffold matrix regeneration . . . .
histological and effectiveness in
molecular assessments humans
Greater improvement in
Autologous Human randomised patle}nt—reportef:l pain and Fmdmgs relatg to the
chondrocytes . . . . function than microfracture; studied patient
MACI [153] , Knee cartilage repair ~ controlled trial with A 5 years )
cultured on a porcine no significant population and knee
extended follow-up . . . o
collagen membrane between-group difference in cartilage indications
MRI-based structural repair
Collagen— Dermal regeneration . . Approval v
Integra Dermal . . iy . . Not applicable indication-specific
. glycosaminoglycan  in specified burn and FDA regulatory Authorised for specified
Regeneration [151] c o to regulatory and should not be
matrix with scar contracture approval clinical indications .
Template s - approval record generalised to
silicone layer applications -
other applications
Autologous sylifg’?(:;zftic Not applicable Ag)o}zreos"gll)ﬁsoﬁs
MACI [152] choncllrocyteS ona full-thickness knee FDA regulatory Authorlsec.l fo.r °P .ec1f1ed to regulatory effectiveness for
porcine collagen . approval clinical indications
cartilage defects approval record unapproved
membrane . o
in adults indications
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Comparison of the representative studies in Table 4 highlights differences in the exper-
imental approaches, reported outcomes, and levels of evidence supporting their intended
biomedical applications. In vitro investigations of functionalized composite scaffolds pro-
vide useful information on cytocompatibility, cellular responses, and functional properties,
but do not establish regenerative effectiveness in living tissues. Animal studies provide
further information on scaffold integration and tissue repair, although differences between
experimental models and human conditions limit the extent to which their findings can
be applied clinically. Human investigations of matrix-induced autologous chondrocyte
implantation (MACI), meanwhile, report patient outcomes, including improvements in
pain and function. Although MACI and the Integra Dermal Regeneration Template have
received regulatory approval for specific indications, these approvals cannot be extended
to other scaffold formulations or applications. Overall, the studies presented in Table 4
highlight the importance of considering study design, observation period, and the strength
of the available evidence when assessing the clinical relevance of scaffold technologies.

As more functional components are incorporated into a scaffold, the requirements
for its clinical development may become increasingly complex. Bioactive compounds,
nanomaterials, stimuli-responsive delivery systems and hybrid structures introduce ad-
ditional variables that must be characterised and carefully controlled. Their presence can
also affect the feasibility of scaling up production, the suitability of sterilisation proce-
dures and the stability of the finished product during storage. Furthermore, these added
features may necessitate more extensive testing and documentation to satisfy applicable
regulatory requirements. A further consideration is that differences between experimental
models and human physiology can affect how well preclinical findings predict clinical
performance [154,155]. Increasing the biological functionality of a scaffold therefore does
not necessarily make it easier to translate into clinical use.

Clinical development requires a workable compromise between biological function
and the practical conditions of manufacture and use. Rather than maximising the number
of incorporated functional components, future scaffold design should prioritise clinically
meaningful improvements in regenerative performance while maintaining manufacturing
reproducibility, cost-effectiveness, regulatory compliance, and ease of clinical implementa-
tion. This shift from technology-driven innovation towards patient-centred engineering is
expected to accelerate the successful adoption of advanced scaffold technologies in routine
regenerative medicine.

Bringing a scaffold into clinical practice involves more than bringing a single product
to market. Nevertheless, several scientific, technological, manufacturing, and regulatory
barriers continue to limit the widespread clinical adoption of advanced functionalized
scaffold systems. These challenges are discussed in the following section.

5.2. Challenges and Barriers to Clinical Translation

Scientific, manufacturing and regulatory considerations shape the route by which func-
tionalized bio-based scaffolds reach clinical and economic factors. Scaffold performance
observed under controlled laboratory conditions may be difficult to reproduce consistently
when manufacturing is scaled up or when the material is used across different clinical set-
tings. For this reason, manufacturing controls and clinically relevant performance measures
need to be considered together rather than treated as separate stages of development.

Natural materials can make consistent scaffold manufacturing difficult. Variations in
the biological source and in extraction, purification, or processing can result in differences
between batches. The number of variables increases further when bioactive molecules, ther-
apeutic agents, nanomaterials, or stimuli-responsive components are added, because their
composition and biological activity also need to remain controlled during fabrication [23].
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Procedures developed at laboratory scale must therefore be adapted carefully for larger-scale
production without introducing unacceptable changes in scaffold properties.

The obstacles encountered during manufacturing scale-up depend strongly on the ma-
terials and processing methods used. For protein-based scaffolds, differences in biological
sources and processing conditions can affect material composition and make consistent
fabrication difficult [156,157]. Polysaccharide-based scaffolds can be fabricated using vari-
ous techniques, including crosslinking, electrospinning, and three-dimensional bioprinting.
Nevertheless, processing conditions must be carefully controlled to obtain reproducible
scaffold properties [69,70]. dECM-based scaffolds present different challenges because
tissue decellularisation must remove cellular components without excessively altering the
remaining ECM. Maintaining consistent ECM composition during subsequent processing is
therefore particularly important [83,84]. Composite scaffolds introduce further complexity,
as combining different materials may require additional fabrication steps and closer control
of scaffold composition and structure [42]. These differences should be considered when
assessing the feasibility of manufacturing bio-based scaffolds for clinical applications.

For scaffolds containing biologically active substances, the choice of sterilisation
method and storage conditions requires particular attention. Some incorporated agents
may lose their activity when exposed to conventional sterilisation procedures or during
prolonged storage. The scaffold material itself may also be affected, with possible changes
to its structure, mechanical behaviour and stability. Storage conditions can further influence
how incorporated agents are released from the scaffold [158]. These factors should be
investigated during formulation development so that suitable sterilisation and preservation
procedures can be established before manufacturing conditions are finalised.

The introduction of multiple materials or functional components may also increase
the complexity of regulatory evaluation [159]. Scaffolds incorporating bioactive agents,
nanomaterials or therapeutic delivery systems may need additional evidence to demonstrate
consistent product quality, safety and clinical effectiveness. Regulatory requirements are not
uniform across jurisdictions, creating further considerations for products intended for use
in different markets [23]. Identifying the applicable requirements early can help developers
determine which studies are necessary and plan the time and resources needed to support
regulatory approval.

The regulatory classification of a bio-based scaffold depends on the materials it contains,
its intended clinical application and the potential risks associated with its use. Its principal
mode of action and the requirements of the relevant jurisdiction determine whether it falls
under the regulatory framework for medical devices, medicinal products or combination
products. Relevant standards also address aspects of product development, including
biological safety, risk management, manufacturing quality, sterilisation, and material char-
acterisation. Selected regulatory frameworks, guidance documents, and standards relevant
to the preclinical and clinical development of bio-based scaffolds are summarised in Table 5.

Taken together, these frameworks show that favourable results in laboratory tests
are only one part of regulatory evaluation. The evidence required to establish biological
safety, manufacturing consistency, and product performance depends on the intended
clinical application and regulatory classification. Additional considerations may arise
when scaffolds incorporate living cells, therapeutic agents or other functional components.
Regulatory requirements should accordingly be considered during scaffold development
rather than only after experimental performance has been established.
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Table 5. Selected regulatory frameworks, standards, and guidelines relevant to the preclinical and
clinical translation of bio-based scaffolds.

Regulatory Relevant Evaluation Implications for
Framework or Reference Scope and Applicability Requirements or Preclinical and
Standard Considerations Clinical Translation
Risk-based assessment of
potential biological
responses, considering Supports biological safety
. Biological evaluation of device materials, evaluation and justification
FDA guidance on . . 1 . . .
1SO 10993-1 [160] medical devices with direct manufacturing processes, of testing strategies for
or indirect patient contact and intended clinical use; US medical-device
biocompatibility testing or submissions
chemical assessment
where appropriate
Quahty managemejnt Quality management system Supports.manufacturmg
requirements for applicable . ; quality, process
- - requirements covering e
medical-device . reproducibility, and
FDA—21 CFR Part manufacturing processes, .
[161] manufacturers, . regulatory compliance
820 (QMSR) i . documentation, process )
incorporating validation, and consistent during product
ISO 13485:2016 § . development and
product conformity 1
by reference commercialisation
Tissue-engineered . .
medicinal products and Product classification; EEEE‘ES}EZ:()}T apiﬁsj:le
EU Regulation (EC) other advanced therapy quality and manufacturing aii d evigeﬂ e Y
No. 1394/2007 and [162,163] medicinal products documentation; non-clinical expectations for
EMA guidance (ATMPs), including safety and clinical evaluation, ualif Iipn scaffold-based
combined ATMPs as applicable to ATMPs quatiying .
. advanced therapies
where applicable
Supports systematic
. Hazard identification, risk identification and
Risk management for estimation and evaluation, management of risks
1SO 14971:2019 [164] medical devices . ation, agemner
L risk control, and monitoring associated with scaffold
throughout their life cycle . :
of control effectiveness design, manufacture, and
clinical use
Ethylene oxide sterilisation Development, validation, Supports demons.tr.atlc?n of
. . . a controlled sterilisation
of medical devices, where and routine control of . .
ISO 11135:2014 [165] : i ) process while requiring
this sterilisation method ethylene oxide : i
i o consideration of scaffold
is selected sterilisation processes . .
material compatibility
Guidance on Supports systematic
characterisation and testing ~ Characterisation of scaffold scaffold characterisation
of biomaterial scaffolds composition, structure, and and comparison during
ASTM F2150-19 [166] used in physical, chemical, preclinical development,

regenerative medicine
and tissue-engineered
medical products

mechanical, and
surface properties

without establishing
universal clinical
acceptance criteria

Table note: The standards, guidelines and regulatory frameworks listed here are illustrative rather
than exhaustive. Applicability depends on the scaffold’s composition, intended use, principal mode of
action, regulatory classification, and jurisdiction. The evaluation considerations listed are illustrative
rather than an exhaustive set of mandatory tests. FDA, Food and Drug Administration; EMA, European
Medicines Agency; ISO, International Organization for Standardization; ASTM, ASTM International;
QMSR, Quality Management System Regulation; ATMP, advanced therapy medicinal product.

The cost of production and the availability of sufficient clinical evidence remain im-

portant factors limiting the wider adoption of scaffold technologies. Multifunctional

scaffolds, in particular, may involve expensive materials, specialised fabrication tech-

niques and additional quality control measures, all of which can increase manufacturing

expenditure [167,168]. Clinical evidence remains insufficient for many emerging scaffold
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technologies, particularly regarding their long-term safety and effectiveness. Large-scale
randomised controlled trials are still uncommon, and relatively few studies have followed
patients over extended periods [169,170]. Clinical investigations involving more partici-
pants and longer observation periods would help determine whether the improvements
demonstrated in laboratory studies translate into sustained therapeutic benefits for patients.

Table 6 outlines the principal barriers to clinical translation and possible strategies for
overcoming them. These challenges are closely related, as changes intended to improve one
aspect of scaffold performance may introduce difficulties elsewhere. For example, incor-
porating additional functional components can increase the complexity of manufacturing,
sterilisation, safety testing and regulatory assessment, while also raising production costs.
Such implications need to be examined alongside biological performance during scaffold
development, rather than being considered only when a promising formulation is ready for
clinical evaluation. Emerging technologies may help address some of these limitations and
are discussed in the following section.

Table 6. Challenges and emerging strategies for the clinical translation of functionalized
bio-based scaffolds.

Challenge Barrier Emerging Strategy
Biomaterial variability Batch inconsistency Standard1s? d sourcing and
quality control
. s Complex multifunctional Automated and scalable
Manufacturing scalability N . A
fabrication biomanufacturing
I Loss of scaffold Advanced sterilisation and
Sterilisation and storage . . ) )
functionality preservation technologies
Reculatorv approval Complex evaluation Harmonised regulatory
& yapp pathways frameworks
Clinical validation L1m1tec? long-term Multicentre clinical trials
evidence
Economic feasibility High production cost Cost-effective

manufacturing strategies

Al-assisted scaffold design

Personalised regeneration ~ Patient-specific variability . .
and precision medicine

5.3. Emerging Trends and Future Perspectives

Researchers are increasingly bringing together advanced biomaterials, computational
methods and patient-specific scaffold design. An important direction is the development
of scaffolds that can respond to changes in the local biological environment rather than
maintaining fixed properties throughout tissue repair. At the same time, greater attention
to manufacturing, safety, and clinical feasibility will be needed if increasingly complex
scaffold designs are to progress beyond experimental studies.

Digital approaches are attracting increasing interest in scaffold design and optimisation.
Computational approaches are receiving increasing attention in scaffold research, partic-
ularly for their potential to support material selection and design optimisation. Artificial
intelligence (AI), machine learning, computational modelling and digital twins are being in-
vestigated to predict biomaterial behaviour, examine scaffold geometries, compare material
combinations and develop patient-specific constructs [171-173]. These approaches could
allow researchers to screen different designs and identify suitable candidates before under-
taking extensive laboratory experiments. However, computational predictions are only as
reliable as the data and assumptions on which they are based. Their contribution to clinical
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development will therefore depend on appropriate validation and agreement between
predicted behaviour and findings obtained from experimental and clinical investigations.

Fabrication technologies are also evolving, offering greater flexibility in the design of
scaffold structures. Three-dimensional (3D) bioprinting allows biomaterials and cells to
be positioned within complex architectures according to the requirements of the intended
tissue. More recently, four-dimensional (4D) approaches have been investigated to pro-
duce constructs that undergo changes in structure or function when exposed to specific
stimuli [174,175]. Although these methods offer new possibilities for scaffold fabrication,
producing complex structures consistently remains an important consideration. Automa-
tion, in-line monitoring and standardised procedures may help improve reproducibility
and support larger-scale manufacturing. Their suitability for clinical production, however,
still needs to be established through appropriate validation and regulatory assessment.

Another area of interest involves developing scaffolds that can respond to conditions
within the surrounding tissue. For example, changes in pH, temperature, enzymatic ac-
tivity, inflammatory signals or mechanical forces may trigger the release of incorporated
therapeutic agents [176,177]. Such systems could allow treatment to be delivered at par-
ticular locations or stages of tissue repair. Alongside these developments, researchers are
examining the use of renewable raw materials, less resource-intensive fabrication processes
and functional compounds obtained from natural sources. These efforts extend scaffold
development beyond regenerative performance to include environmental sustainability and
accessibility. Nevertheless, the advantages of responsive and sustainable approaches need
to be assessed against their effectiveness, safety and feasibility for routine manufacturing.

The development of scaffolds for clinical use also benefits from early involvement of
clinicians, manufacturing specialists and regulatory experts alongside materials researchers.
Their contributions can help ensure that decisions concerning scaffold composition, fabrica-
tion and functionalisation take account of biological testing, clinical evidence requirements
and regulatory expectations [178,179]. This is particularly relevant for multifunctional
scaffolds, where each additional component may introduce new variables affecting produc-
tion and quality control. Although greater functionality can improve certain regenerative
responses, the benefits should be sufficient to justify the associated manufacturing and
validation challenges. Scaffold design should therefore be guided by the requirements
of the intended clinical application, with emphasis on achieving the necessary biological
performance without introducing unnecessary complexity.

6. Conclusions

The regenerative potential of a scaffold depends on more than the natural material
from which it is produced. Its performance can also be influenced by surface modifications,
the incorporation of bioactive compounds, nanoscale engineering and controlled-release
mechanisms. These approaches may affect cell behaviour, vascularisation, immune re-
sponses and ECM remodelling. However, not every modification is necessary for every
application. The choice of functionalisation strategy should reflect the particular biological
needs of the tissue being repaired and the role that the scaffold is expected to perform.

Although bio-based scaffold research has advanced considerably, the number of tech-
nologies that have progressed into routine clinical use remains limited. Favourable labora-
tory findings are an important starting point, but they do not establish whether a scaffold can
be manufactured reliably, remain stable during storage, meet safety and regulatory require-
ments or provide meaningful benefits to patients at an acceptable cost. These challenges
may become more pronounced when additional functional components are introduced. A
modification that improves a particular biological response may also complicate fabrication,
sterilisation, quality control and regulatory evaluation. The decision to incorporate such
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features should therefore consider their practical implications alongside their regenerative
benefits. Addressing these issues requires collaboration among researchers, clinicians, man-
ufacturers and regulatory authorities, particularly during the early stages of development.
Future investigations could also examine the environmental and economic implications
of producing bio-based scaffolds, including the sourcing of raw materials, consumption
of resources and costs associated with manufacturing. Life cycle assessment (LCA) of-
fers a means of evaluating environmental impacts, while techno-economic analysis (TEA)
could be used to examine production costs and manufacturing feasibility. Applying these
approaches alongside assessments of scaffold performance and clinical suitability may
provide a more comprehensive basis for determining which technologies are practical to
develop further.

Current investigations are examining whether computational modelling, artificial
intelligence, advanced manufacturing and responsive biomaterials can improve scaffold
development. The value of these methods will depend on their ability to deliver scaffolds
that can be made consistently, used safely, accessed clinically and shown to support repair. A
technically elaborate design is not necessarily a better one unless it satisfies both regenerative
needs and the practical conditions of clinical use.
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