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Abstract

Diabetic foot ulcers (DFUs) remain a major clinical concern due to chronic inflammation, dysfunctional angiogenesis, and
increased susceptibility to infection, often resulting in delayed healing and the potential for limb amputation. Smart scaffold
technologies have emerged as sophisticated biomaterial systems that recreate the extracellular matrix, thus providing not
only cellular mechanical support, but also controlled drug release and dynamic biological response. Recently, polymer science,
electrospinning, bioprinting, and injectable hydrogels have been significantly combined to produce multifunctional scaffolds
that can not only support cell growth and vascularization but also provide targeted antimicrobial treatment. However,
despite the fact that preclinical studies showed great potential, several issues still puzzle the transition to clinical use, such
as mechanical compatibility with native skin, control of drug release kinetics, scaling production processes, regulatory issues,
and cost-effectiveness. In this article, various scaffold mechanical properties with respect to native skin, biomaterial choice,
manufacturing scalability, regulatory issues, and clinical effectiveness are thoroughly compared and discussed, whereas
previous reviews mostly focused on biomaterial composition or fabrication techniques. On top of that, the crucial progress
in sensor-embedded and smart scaffolds is pointed out as the future potential of personalized DFU treatment. This review
briefly discusses the major issues that need to be addressed for smart scaffold technologies to go from the laboratory to the
hospital, at the same time recognizing a translation challenge and technological progress.
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extracellular matrix (ECM) in vivo and thus provide essential
mechanical and chemical signals for cell adhesion, prolifera-
tion, and differentiation. Compared to regular scaffolds, smart
scaffolds supply an ideal wound healing microenvironment
by utilizing high-end biomaterials, bioactive molecules, and
smart materials.® They facilitate cell proliferation and also
provide regulated drug release, real-time infection surveil-
lance, and tunable degradation rates. Recently, scaffold fabri-
cation techniques such as electrospinning, 3D bioprinting,
and injectable hydrogels have been extensively refined in
broader tissue engineering applications, resulting in consider-
able improvements in scaffold performance and fabrication
precision that may also benefit diabetic wound healing.* The
addition of nanomaterials, growth factors, stem cells, and
antimicrobial agents actively contributes to angiogenesis,
collagen synthesis, and immune modulation, which are key in
alleviating the inflammatory and ischemic environment of
DFUs. In addition to that, smart scaffolds supply therapeutic
agents with precise spatial and temporal distribution, thus
ensuring continuous bioavailability and avoidance of sys-
temic toxicity.’ The inclusion of biosensors and real-time
monitoring devices paves the way for personalized wound
care, allowing scaffolds to adjust instantaneously to physio-
logical factors such as pH, enzyme activity, and bacterial
presence.® This study aims to dissect the design, manufacture,
and role of smart scaffolds in DFU healing. Smart scaffolds
that merge biomaterials, scientific knowledge, nanotechnol-
ogy, and wound biology represent a giant leap in chronic
wound management, being highly effective and showing a
strong potential to outperform old methods. Indeed, there were
some reviews concerning biomaterials and fixation methods
of scaffold-based wound dressings, but the focus was mostly
on material types or laboratory-scale performance without a
deep evaluation of their translational readiness. Especially,
issues such as the mechanical properties of scaffolds versus
skin, a comparative study of biomaterials in the light of scal-
ability, cost, and regulatory approval, and the significance of
therapeutic manufacturing consistency and controlled release
are often overlooked in the discussion. Furthermore, aspects
like real-time wound monitoring and regulatory obstacles
remain, for the most part, outside the conversation. This arti-
cle fills these gaps by giving a comprehensive, translation-
al-focused review of smart scaffold technologies for the
treatment of DFU with an emphasis on mechanical proper-
ties, biomaterials, fabrication scalability, regulatory chal-
lenges, as well as clinical data.

Methods

Data sources

A comprehensive literature search was conducted using
PubMed, Scopus, Web of Science, and Google Scholar for
articles published primarily between 2020 and 2025 using

keywords including “diabetic foot ulcer”, “smart scaffold”,

“tissue engineering”, ‘“hydrogel”, “electrospinning”, and
“3D bioprinting”.

Study Selection

Original research articles, systematic reviews, review arti-
cles, and relevant clinical studies related to smart scaffold
technologies for diabetic foot ulcer treatment were included.
Non-English publications, conference abstracts, and studies
unrelated to diabetic wound healing were excluded.

Data Extraction

Relevant information on biomaterials, fabrication techniques,
mechanisms of action, drug delivery strategies, preclinical
and clinical findings, translational challenges, and future
perspectives was extracted, analyzed, and narratively
synthesized.

Structure of Smart Scaffolds

The smart scaffolds’ architecture plays a prominent role in
their success in DFU treatment. A smart scaffold must be
capable of providing mechanical loading, directing cellular
behavior, and delivering therapeutic substances necessary for
wound healing. That is why smart scaffolds replicating the
composition and architecture of natural ECM have been
convincingly shown to improve cell adhesion, proliferation,
and differentiation.

Composition and Biomaterials Used

Smart scaffolds can be fabricated to accomplish three things
concurrently: Biodegradability, mechanical properties, and
bioactivity by the differential application of biomaterials.
Natural biopolymers such as collagen, chitosan, alginate,
hyaluronic acid, and gelatin are often used to enhance bio-
compatibility and encourage cell adhesion.” Synthetic biode-
gradable polymers such as polycaprolactone (PCL), polylactic
acid (PLA), and polyethylene glycol (PEG) can be tailored
to possess appropriate degradation rates and mechanical
strengths, which are ideal for scaffold manufacturing.®
Composite scaffolds incorporating nanocomposites, bioac-
tive glass, and hydroxyapatite have been widely investigated
in broader tissue engineering to enhance antibacterial activity
and bioactivity, and these design principles may also be
adapted for diabetic wound healing applications.’ Table 1 out-
lines the generally utilized biomaterials for DFU scaffolds,
highlighting their features and uses. Addition of bioactive
factors, mainly growth factors such as vascular endothelial
growth factor (VEGF), PDGF, and fibroblast growth factor
(FGF), as well as stem cells and antimicrobial peptides
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Table |. Biomaterials Used in Scaffolds for DFU Treatment.

Biomaterial Type Properties Advantages in DFU Treatment References

Collagen Natural polymer Biodegradable, ECM-mimicking, Enhances fibroblast proliferation, 3
promotes adhesion ECM deposition

Chitosan Natural polymer Antimicrobial, hemostatic, Prevents infection, accelerates 3
bioactive wound healing

Alginate Natural polymer Hydrophilic, gel-forming, Retains moisture, supports cell 7

biocompatible
Polycaprolactone
(PCL)
Hyaluronic acid

Synthetic polymer
strong
Natural polymer
angiogenesis
Silk fibroin Natural polymer

biodegradable

Slow-degrading, mechanically
Hydrophilic, promotes

High tensile strength,

migration

Provides long-term scaffold
support

Enhances hydration and cellular
interaction

Provides structural support for
skin regeneration

27

(AMPs), significantly enhances the regeneration potential of
these scaffolds.'® Natural polymers such as collagen, chi-
tosan, and hyaluronic acid, on the other hand, have better bio-
compatibility and bioactivity; however, their clinical
application is limited by such factors as the variability of their
properties, susceptibility to enzymatic degradation, weak
mechanical properties, and relatively high production costs.
Synthetic polymers such as PCL, PLA, and PEG, however,
have been proven to possess features such as better levels of
consistency, predictable degradation rates, and regulatory
familiarity, which can make them more suitable for large-
scale production. In spite of that, their lack of bioactivity and
hydrophobic nature often necessitate surface modifications or
the incorporation of biodegradable natural polymers.*!
Therefore, this has led to the emergence of composite scaf-
folds as an alternative; however, the heightened material
complexity, in turn, might lead to new concerns such as cost
and regulatory hurdles. Consequently, the selection of bioma-
terials for DFU scaffolds should be made based on their bio-
logical properties and the feasibility of manufacturing.

Physical and Mechanical Properties

Initially, smart scaffolds designed to promote wound healing,
especially for stubborn DFUs, must be physically and physic-
ochemical competent. Besides controlling the cellular
functions, these features endow the scaffolds with sufficient
structural solidity to endure the ever-changing conditions of
the wound site. More specifically, correct porosity and pore
size enable the passage of oxygen and nutrients, which are
essential for the survival of the cells, their infiltration,
and, ultimately, tissue regeneration.'' A certain mechanical
strength is necessary for the scaffold to be able to resist
physiological stresses during movements without losing
the flexibility required for conformity to the mechanical
properties of the wound site for efficient healing.'? Increased
hydrophilicity and wettability facilitate cell adhesion and
the maintenance of a moist environment, which is a require-
ment for the treatment of chronic wounds, as it prevents

dehydration and thus supports cellular activities.'* As a gen-
eral scaffold design principle, scaffold degradation should be
carefully controlled so that the scaffold provides temporary
mechanical support before being gradually replaced by
the native extracellular matrix (ECM) during tissue
regeneration.'* Advanced crosslinking methods, including
enzyme-crosslinking, ultraviolet (UV) photopolymerization,
and ionic gelation, have been widely investigated in general
tissue engineering scaffold fabrication and may also be
adapted for diabetic wound healing applications.'s By utiliz-
ing these physical and mechanical properties, smart scaffolds
fabricate a microenvironment for tissue that is almost real,
enhance cell migration, and hinder infection. The flexibility
and multifunctionality that come with these advanced
crosslinking methods have been proven to be vital to tissue
regeneration and personalized wound care. To make a better
comparative evaluation of scaffold performance, one should
compare the mechanical properties with those of natural
human skin. Young’s modulus value for normal skin ranges
from 0.4 to 8 MPa, depending on the body part and the indi-
vidual’s age, whereas the tensile strength lies between 2 and
16 MPa. On the other hand, polymeric scaffolds prepared for
DFU use have Young’s modulus values ranging from 0.1 to
20 MPa and tensile strengths ranging from 0.5 to 25 MPa.
Although stiffer scaffolds can provide higher mechanical
strength to structures, a significant difference in mechanical
properties between scaffolds and skin might limit flexibility,
delay epithelialization, and lessen patient comfort, particu-
larly in weight-bearing plantar lesions. Hence, the right com-
promise between mechanical strength and flexibility is an
essential feature in designing smart scaffolds.

Mechanism of Smart Scaffolds in
Wound Healing

Smart scaffolds enhance the treatment of DFUs through cel-
lular behavior modifications and angiogenesis improvement;
selected preclinical studies have reported increased capillary
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density and accelerated wound healing in diabetic wound
models following smart scaffold treatment.'®'® Smart scaf-
folds perform the therapeutic function through the synergistic
effects of biomaterial properties, bioactive agent delivery,
and the scaffold-tissue interactions.

Cellular Interaction and Tissue Regeneration

Smart scaffolds deliver biochemical and biomechanical sig-
nals that can induce cells to move, attach, and grow at the
wound site. Although many smart scaffold engineering prin-
ciples were initially developed in broader tissue engineering
fields, such as bone regeneration, these fabrication strategies
may also support diabetic wound healing applications.’?
A scaffold combined with stem cells can also help to acceler-
ate tissue repair because these cells transform into endothelial
and fibroblast cells.”® Nano scaffolds control the immune
response by promoting changes in macrophages from
a pro-inflammatory (M1) to a pro-healing (M2) state that
plays a first-rate role in speedy wound closure and tissue
remodeling.

Role in Angiogenesis and Collagen Deposition

In diabetic wounds, hypoxia-induced vascular degeneration
leads to slow healing. Smart scaffolds overcome this problem
by releasing angiogenic molecules such as VEGF, basic
FGF, and hypoxia-inducible factor 1-alpha, which promote
endothelial cell proliferation and capillary formation.!* Some
preclinical studies have demonstrated enhanced microvessel
density and improved tissue perfusion following sustained
CuO nanoparticle delivery from core-shell micro/nanofibrous
scaffolds in diabetic wound models."” Some oxygen-generating
and bioactive scaffold systems originally developed for broader
regenerative medicine applications may provide conceptual
advantages for diabetic wound healing through enhanced angio-
genesis and tissue support.’® Bioengineered human-derived
dermal scaffolds and other ECM-mimicking scaffold sys-
tems, originally investigated in skin tissue engineering and
regenerative medicine, have been explored as dermal substi-
tutes that support fibroblast-mediated tissue regeneration,
collagen deposition, and skin tissue repair through structural
and biological cues.”!

Fabrication Techniques of Smart Scaffolds

Designing smart scaffolds for the therapy of DFUs entails the
use of intricate engineering techniques to provide precise
control over pore shape, mechanical features, and the incor-
poration of bioactive chemicals.”?> The mentioned manufac-
turing methods have been successful in attaining the main
objectives of: Compatibility with living tissues, the ability to
control the rate of degradation, and enhanced interactions
between cells and scaffolds.

Electrospinning

Electrospinning is a technique frequently used to make nano-
fibrous scaffolds which closely resemble the natural ECM
structure. By subjecting a polymer solution to a high-voltage
electric field, ultrafine fibers with diameters ranging from
50 to 500 nm are produced, thus providing a large surface
area and porosity. Electrospinning principles established in
broader tissue engineering applications have also been
adapted for skin and diabetic wound healing scaffold fabrica-
tion.” Some of the polymers that are conventionally used are
PCL, chitosan, and silk fibroin. These polymers can be incor-
porated with growth agents, antimicrobials, or stem cells so
as to improve the regeneration efficacy.* Besides that, con-
trolling the fiber orientation can lead to cell alignment, which
is advantageous to keratinocyte migration as well as epitheli-
alization in the healing of DFUs.*

3D Bioprinting

3D bioprinting allows the fabrication of customized multilay-
ered skin scaffolds with a defined internal structure, similar to
that of natural skin.?® We fabricate these with bioinks that are
combinations of hydrogels, living cells, and signaling bio-
molecules. The hydrogels with alginate, gelatin, or fibrin pro-
vide a suitable microenvironment for cells to stay viable.?”
Employing patient-specific cells, such as the patient’s own
fibroblasts or stem cells enhances the acceptance of the graft
by the body and reduces the chances of rejection.?® Eventually,
4D bioprinting will result in scaffolds that can alter their
shape in response to biological signals from the surrounding
environment, thus taking the precision of the treatment to the
highest level

Freeze-drying Method

Freeze-drying (lyophilization) is a well-established scaffold
fabrication technique in tissue engineering that has been
adapted to produce porous scaffolds with controllable degra-
dation characteristics suitable for diabetic wound healing
applications.*® Natural polymers such as collagen, chitosan,
and hyaluronic acid can still be bioactive after the process.
Crosslinking chemicals such as genipin or EDC/NHS are fur-
ther used to adjust mechanical properties and the durability of
scaffolds under physiological environments.*!

Injectable Hydrogels

Injectable hydrogels provide a way for drugs to be delivered
to a wound in a minimally invasive way by self-assembling
scaffolds inside the wound area.* These hydrogels, which are
made of polymers such as chitosan, alginate, or hyaluronic
acid, gel in physiological conditions and swell to fill wound
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Table 2. Fabrication Techniques for Smart Scaffolds.

Technique Process Advantages

Limitations References

Electrospinning High-voltage fiber

Mimics ECM, high porosity,

Limited to thin-layer structures z

Requires advanced bioprinting 2%
technology

Brittle structure, requires crosslinking

Lower mechanical strength

spinning controlled drug release

3D bioprinting Layer-by-layer Customizable, supports live cell
deposition integration

Freeze-drying Freeze and vacuum High porosity, good drug loading
drying capacity

Injectable Self-assembly or Minimally invasive, conforms to

hydrogels gelation wound site

irregularities, thus delivering therapeutic agents a few steps
away from the wound site.* Smart hydrogels can be designed
to respond to physiological signals such as pH, temperature,
or enzyme activity, thus enabling controlled drug release and
faster wound healing.** Besides, they can facilitate stem cell
encapsulation and a sustained release of angiogenic factors,
thus promoting tissue regeneration and vascularization in
chronic wounds.** Table 2 summarizes the primary fabrica-
tion techniques, contrasting their advantages, limitations, and
applications to smart scaffold design for DFU treatment.

Translational Challenges

Although there has been significant advancement in scaffold
manufacturing technology, and the techniques have been well
diversified, each technique comes with its own translational
challenges. For example, electrospinning, a scalable and eco-
nomical method, faces issues such as batch-to-batch variabil-
ity, the inability to control scaffold thickness, and the uniform
distribution of bioactive components. 3D bioprinting gives
architectural and patient-specific customization capabilities
that are excellent; however, the equipment is high-cost, and
the regulatory requirements related to cell-based constructs
are complex, with low manufacturing throughput. Freeze-
drying produces scaffolds with a high porosity level, but the
scaffold obtained is brittle and requires post-manufacturing
crosslinking, which may affect reproducibility. Injectable
hydrogels present the benefits of minimally invasive delivery
and flexibility for irregularly shaped wounds; however, their
low mechanical properties and stability might be a concern
for load-bearing DFU locations.

Biostability and Degradation of
Smart Scaffolds

Biostability and degradation are two essential factors that sig-
nificantly determine the safety and performance of smart
scaffolds for DFU treatment. Smart scaffolds are required to
maintain tissue structural integrity for the first stages of
wound healing, and at the same time, they should be degraded
at a controlled rate to facilitate the gradual tissue substitution
with native cells. An uncontrolled degradation rate may result

in scaffold failure, delayed healing, or an undesirable inflam-
matory response.

Stability Under Physiological Conditions

The stability of smart scaffolds in physiological conditions is
one of the most crucial factors that enable smart scaffolds to
be used as an effective treatment for DFU patients. Throughout
the healing process, smart scaffolds should keep their integ-
rity, biofunctionality, and strength while dynamically inter-
acting with the host tissues.’® The stability depends on the
kind of polymer, the extent of crosslinking, and whether the
materials have been in contact with body fluids. Natural pol-
ymers such as collagen and alginate are rapidly degraded,
however, changes made to these polymers can render them
more stable.’” Synthetic polymers such as PCL and PLGA
possess superior mechanical strength and stability, character-
istics established in general biomaterials research that are
also advantageous for diabetic wound scaffold design.®®
Hydrogels are moisture-sensitive structures that have been
shown to swell in an ordered manner, thereby permitting drug
release and cell migration.* If the stability of scaffolds is to
be enhanced such that they do not degrade early, crosslinking
methods such as UV photopolymerization, ionic gelation, and
enzyme-mediated crosslinking should be considered.*

Degradation and Bio-integration

As a general principle of tissue engineering, scaffold degra-
dation kinetics should be matched to the rate of tissue regen-
eration to ensure adequate mechanical support while
facilitating gradual replacement by newly formed tissue.*!
Depending on the kind of scaffold, degradation can be
through hydrolysis, enzymatic degradation, or oxidation. By
way of illustration, hydrogels are enzymatically degraded,
which sets free the growth factors and bioactive components
entrapped in the scaffold in a controlled manner. The degra-
dation behavior of electrospun scaffolds, including surface
erosion, has been well established in broader scaffold engi-
neering and is applicable to the design of diabetic wound
scaffolds that support cell infiltration while maintaining
structural integrity. Nano-bio-composite scaffolds are
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degraded in a controlled way, but bioactive ceramics or nano-
particles in the scaffold’s pores encourage angiogenesis and
ECM remodeling.”® On the other hand, the degradation
by-products have to be biocompatible so as to minimize
inflammation and support cell adhesion, proliferation, and
matrix deposition, leading to the normal regeneration of
tissues.*

Characterization Studies of
Smart Scaffolds

Extensive characterization of scaffolds is vital in determining
their structural, mechanical, and biological qualities, which
can be exploited for the treatment of DFU by means of smart
scaffolds. Methods capable of investigating morphology,
mechanical strength, wettability, and biocompatibility are
essential in the assessment of the interaction between scaffold
and tissue.

Morphological Analysis

Morphological investigation of smart scaffolds is essential to
determine pore morphology, fiber orientation, and surface
roughness, which mostly influence cellular adhesion, migration,
and nutrient transfer. Scanning electron microscopy (SEM)
is a method of choice for imaging scaffold porosity, fiber shape,
and interconnectivity, which may qualitatively be assessed at
high resolution for the ECM structures. A few of the studies
have even, along with qualitative analysis, quantitatively eval-
uated SEM images with the help of software such as ImageJ for
fiber diameter distribution (normally ranging from 100 to
600 nm) and pore size distribution (typically between 20 and
200 pum) that are extremely important for fibroblast infiltration
and angiogenesis.*® Transmission electron microscopy addi-
tionally offers the possibility of examining polymer crystallin-
ity, nanoparticle distribution, and encapsulation efficiency of
bioactive substances in the scaffold matrix at the nanoscale
level in great detail. All in all, these qualitative and quantitative

Table 3. Mechanical and Biophysical Properties of Smart Scaffolds.

studies back up the idea that smart scaffolds can be developed
with deliberate micro- and nano-structural features that are
highly compatible with those of the native ECM, thus enabling
the healing of the DFU reflexively.

Mechanical Strength and Elasticity

Mechanical testing studies the scaffold’s ability to withstand
the stresses of the body without losing its flexibility. A tensile
strength test measures how much the scaffold can be deformed
before it breaks, therefore identifying if the scaffolds can sup-
port cell migration and matrix deposition without collaps-
ing.*® A compressive test is a mechanical test that measures
how well a scaffold can resist a pressure load from the patient
walking around. Analysis of Young’s modulus reveals the
scaffold’s stiffness; however, an optimal scaffold should not
be too stiff, as this could prevent wound closure. The perfect
scaffold would mechanically have its properties decrease in
parallel with the tissue growth.*’” Table 3 summarizes the key
mechanical and biophysical properties of smart scaffolds.

Water Absorption and Wettability

Hydrophilicity plays a crucial role in facilitating adhesion,
cell proliferation, and also in the transportation of bioactive
substances. The absorption of water causes the retention of
moisture, which, in fact, is the major problem in the case of
chronic wounds such as DFUs, where the healing process
gets accelerated by a moist environment.*® To prevent
over-swelling, the smart scaffolds are designed to absorb
water in a controlled manner to maintain their integrity.
The hydrophilicity of the surface can be evaluated by contact
angle measurements, where lower contact angles correspond
to better wettability.*” Furthermore, various surface modifica-
tion techniques such as plasma treatment, polymer grafting,
and nanoparticle coating may lead to increased surface wetta-
bility, hence resulting in an improvement in biocompatibility
and therapeutic effectiveness.

Scaffold Property Measurement Technique

Benchmark/Clinical Relevance

References

Porosity (%) SEM analysis
diffusion
Pore size (um) Mercury intrusion
porosimetry
Tensile strength Tensile testing machine
(MPa)
Young’s modulus
(MPa)
Hydrophilicity
(contact angle)

Compression testing

Water contact angle
measurement

>70% preferred to enable cell infiltration and nutrient

20-200 pm optimal for fibroblast migration and
angiogenesis

Native skin: 2—16 MPa; scaffolds should fall within or 46
slightly below this range to maintain flexibility

Native skin: 0.4-8 MPa; excessive stiffness may impair
wound closure

<90° preferred to maintain a moist wound environment

46

49
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Table 4. In Vitro and In Vivo Biocompatibility Assessment of Smart Scaffolds.

Test Type Methodology

Purpose References

Cytotoxicity
Hemocompatibility

MTT assay, live/dead staining

Cell adhesion and migration  Fluorescence microscopy

Animal model studies
ELISA, histological analysis

In vivo wound healing
Inflammatory response

Coagulation assays, hemolysis tests

Determines scaffold safety for cells 3!

Assesses risk of thrombosis or immune
reactions

Ensures fibroblast and keratinocyte
attachment

Evaluates tissue integration, angiogenesis
Monitors immune reaction to scaffold
material

52

54

53

In Vitro and In Vivo Biocompatibility

Biosafety assessment is a prerequisite to clinical transla-
tion. In vitro experiments using MTT assays and live or
dead staining methods have been employed to elucidate the
cytotoxicity, the level of cell viability, and the interactions
of cell-scaffold, thus making it clear that the cells are non-
toxic during the process of growth.’! Hemocompatibility is
evaluated using coagulation assays and hemolysis tests to
assess the risk of thrombosis, blood-material interactions,
and potential immune reactions following scaffold implan-
tation.” Cell adhesion and migration assays involving fibro-
blasts, keratinocytes, and endothelial cells are commonly
employed to evaluate scaffold bioactivity, cellular attach-
ment, proliferation, and wound healing potential.>* In vivo
analyses using diabetic animal models serve the purpose
of evaluating the efficacy of the scaffold by checking
for angiogenesis, inflammation, tissue integration, collagen
deposition, epithelialization, and decomposition rates.>
Additionally, functional markers such as wound healing rate
and neovascularization provide important therapeutic
feedback. The assessment of biocompatibility and biofunc-
tioning makes the creation process of smart scaffolds for the
treatment of DFU patients safe, efficient, and less time-
consuming.> Table 4 details key in vitro and in vivo biocom-
patibility findings.

Applications of Smart Scaffolds in
DFU Treatment

Smart scaffolds nowadays are considered as multifunctional
platforms that can deliver a combo of drugs, kill infections,
and regenerate tissues, thus effectively treating DFUs. Smart
scaffolds were used as a drug delivery system and drug-free/
sensor-assisted wound care platforms that were able to have
even greater regenerative properties. The concept of smart
scaffolds was planned through the conjugation of bioactive
agents, antimicrobial substances, and self-imprinting struc-
tures to get rid of the pathological state of diabetic wounds in
the most effective way.

Drug-loaded Scaffolds for Controlled Release

Smart scaffolds can be thought of as small delivery vehicles
that release bioactive compounds slowly and specifically at
the site of the DFU, playing a significant role in the treatment.
Antibiotics such as gentamicin have been incorporated into
scaffold-based wound dressings to provide localized antimi-
crobial activity and reduce the risk of infection during wound
healing.” Anti-inflammatory agents, such as curcumin and
dexamethasone, reduce oxidative stress and have an immuno-
modulatory effect. Growth factors, such as VEGF, EGF, and
PDGF, accelerate fibroblast activation, keratinocyte prolifer-
ation, and the overall process of wound healing. Stem cell-
derived exosomes facilitate intercellular communication,
modulate inflammation, and promote tissue regeneration and
wound healing.® Furthermore, pH- or temperature-responsive
nano scaffolds can provide controlled and site-specific
drug release, thereby enhancing therapeutic efficacy while
minimizing systemic side effects.’ These drug-loaded scaf-
folds and their attributes are presented in Table 5.

Challenges in Drug-loaded Smart Scaffolds

However, drug-loaded smart scaffolds are expected to have
many beneficial uses in drug delivery, but there are still many
critical issues that have blocked their translation to the clinic.
One of the main issues is burst release, which refers to the
release of a large portion of the loaded drug at the very early
stage, which could result in cytotoxicity, very low doses of
drug at the late stage, and antibiotic resistance. It is hard to
reach precise and proper release kinetics, especially in the
case of co-delivery of multiple drugs with varying molecular
weights and stability. On top of that, the bioactivity of growth
factors, peptides, and proteins may be lowered as a result of
their physicochemical instability during the fabrication pro-
cess and physiological conditions. Also, the disruption of the
scaffold’s structure has an impact on the release kinetics pre-
dictability, with polymer changes influencing the diffusion
pathways and drug-matrix interactions.>* In a translational
context, drug loading reproducibility, storage stability, and
regulatory requirements of combination products are key
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Table 5. Smart Scaffold Drug Release Systems for DFU Treatment.

Drug Type Delivery Mechanism

Therapeutic Effect References

Scaffold-mediated controlled
release
Encapsulation in hydrogels

Antibiotics (gentamicin)

Growth factors (VEGF,
EGF, FGF)
Anti-inflammatory agents
(curcumin, dexamethasone)
Stem cell-derived exosomes Nano-vesicle encapsulation
Antimicrobial peptides Embedded in nanofibers
(AMPs)

pH-responsive polymer coatings

Prevents bacterial infections and supports 5

wound healing

Promotes angiogenesis and tissue
regeneration

Reduces oxidative stress and inflammation

Enhances cellular communication and
healing

Disrupts bacterial biofilms, prevents
reinfection

challenges for drug-loaded smart scaffolds to reach the clinic
in the treatment of DFU.

Antimicrobial and Antioxidant Properties

Due to the biofilm forming nature of DFUs, antimicrobial
smart scaffolds are required to not only target but also control
the growth of multidrug-resistant bacteria.”’” Antimicrobial
scaffolds that carry antimicrobial agents such as Ag nanopar-
ticles or AMPs. Certain antimicrobial scaffold formulations
have demonstrated substantial reductions in bacterial burden
and biofilm formation in infected diabetic wound models,*®
and significantly lowered biofilm formation in infected dia-
betic wounds. Antioxidant elements such as resveratrol,
quercetin, and cerium oxide nanoparticles eliminate reactive
oxygen species (ROS), thus helping to maintain the redox
balance and protecting cell integrity. Enzyme coatings or
lysozyme- or protease-containing scaffolds help to accelerate
the breakup of the biofilm and are therefore involved in the
prevention of recurrent infection.”® The addition of AMPs
greatly stimulates the host immune system and renders these
scaffolds a more attractive option than standard dressings.

Cell Proliferation and Wound Closure

Smart scaffolds, such as the ECM, provide an ideal environ-
ment for the cells to attach, move, and multiply. Electrospun
and hydrogel-based smart scaffolds have been reported in
diabetic wound animal models to enhance re-epithelialization,
promote angiogenesis, and accelerate wound closure com-
pared with conventional wound dressings.!'>? Ultramodern
3D and 4D printed scaffolds offer customized architectural
support and thus deliver biomechanical cues that help tissue
regeneration. The incorporation of bioactive components
such as collagen, fibrin, and hyaluronic acid gives rise to tis-
sue integration, and controlled degradation allows ECM
remodeling to proceed without scarring, thereby vastly
improving long-term skin regeneration.” Although positive

results have been obtained in early-stage preclinical and
clinical trials, the clinical use of smart scaffolds for DFUs is
still limited by regulatory approval, scalability, and cost-
effectiveness issues. Most next-gen scaffolds are thought of
as combination products and therefore require parallel assess-
ments of their device, pharmacological, and biological con-
stituents, which considerably slow down regulatory approval.
Besides, the additional costs of customized manufacturing,
sterile processing, and quality control restrict clinical access
even more. Therefore, the standardization of manufacturing
processes, acquisition of long-term safety data, and conduct
of health-economic assessments are the essential prerequi-
sites for the translation of smart scaffold technologies from
the laboratory to clinical applications for DFU.

Preclinical and Clinical Studies

Studies of diabetic animal models, which evaluated the
potential of smart scaffold systems for diabetic wounds,
have always resulted in similar findings that these systems
could enhance angiogenesis, accelerate wound healing, and
reduce bacterial loads. One example is an emulsion-based
core-shell micro/nanofibrous scaffold with sustained CuO
nanoparticle delivery, which demonstrated enhanced angio-
genesis and accelerated wound healing in diabetic wound
models."” Likewise, electron-spun scaffolds containing sil-
ver nanoparticles demonstrated some decreases in bacterial
infections, along with increased granulation tissue in
infected diabetic wounds. In the clinical arena, several bio-
engineered skin substitutes have been effectively utilized as
models for the translation of smart scaffold technology.
Apligraf, a bilayered living skin equivalent, has been
reported to achieve approximately 56% complete wound
closure at 12 weeks in patients with DFUs.% Likewise,
Dermagraft, a fibroblast-seeded dermal substitute, demon-
strated approximately 30% wound closure at 12 weeks in a
randomized clinical trial.®’ Nevertheless, these products
have the reputation of being costly, having short shelf lives,
and giving rise to inconsistent patient responses, therefore
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Table 6. Preclinical and Clinical Studies on Smart Scaffolds for DFU Treatment.

Study Type Scaffold Type

Key Findings References

Preclinical (animal models) CuO nanoparticle-loaded
core-shell Micro/nanofibrous
scaffold

Silver nanoparticle-embedded
scaffold

Stem cell-seeded scaffold

Preclinical (rodent studies)

Review-based summary

Reviewl/anticipated clinical
applications

3D-printed biomimetic scaffold

Enhanced angiogenesis and accelerated o

wound healing in diabetic wound models
Reduced bacterial load, antibiofilm activity, 58
and accelerated wound healing

Reported improvement in epithelialization
and wound healing in previously published
studies

Discussed as a promising personalized
wound healing strategy for future DFU
management

63

65

highlighting the necessity of next-generation scaffold sys-
tems, which are not only more durable but also less expen-
sive. Emerging preclinical studies and recent review articles
have highlighted the potential of next-generation smart
scaffolds, including stem cell-seeded hydrogels and
3D-printed biomimetic scaffolds, for diabetic wound man-
agement. Although these approaches have shown promising
results in experimental models, further well-designed clini-
cal trials are required to establish their long-term efficacy and
safety.?¢3>63 Recent phase-1 clinical evidence has also evalu-
ated freeze-dried human amniotic membrane allograft gel for
the treatment of diabetic foot ulcers.®* The clinical outcomes
are summarized in Table 6. These observations highlight the
importance of aligning scaffold design with clinical feasibil-
ity, regulatory requirements, and health-economic considera-
tions to enable successful translation into routine DFU care.

Patent and Publications on Smart Scaffolds

Recent patents and patent applications, as well as research
articles in the literature, demonstrate how quickly smart scaf-
fold technology is advancing for the treatment of DFU, high-
lighting the crucial features of multifunctionality, controlled
release, and real-time wound monitoring. An analysis of
patents and patent applications, along with recent scientific
articles, is a good source of information on the trends and
capabilities of innovation.

Recent Publications

Research into smart scaffolds for DFUs has centered on the
creation of multifunctional dressings that incorporate biomi-
metic topography, controlled drug release, and real-time
monitoring to effectively combat chronic inflammation
and infection over the last 5 years. The latest literature
reviews from 2024 to 2025 emphasize that stimuli-responsive
hydrogels and electrospun nanofibers that replicate the ECM

are used for local delivery of antibiotics, anti-inflammatory
drugs, growth factors, and even cells, and soft electronics that
can offer real-time responses and adaptive treatments for
DFUs. Recently, electrospinning has received significant
attention, and the 2024 literature reviews have underlined the
porous nature, drug loading capacity, and degradation behav-
ior of electrospun nanofibers, which collectively lead to
enhanced angiogenesis and re-epithelialization in DFUs, as
shown by preclinical experiments that reveal faster wound
healing and infection control. Besides these material charac-
teristics, clinical and translational research on sensor-guided
DFU therapy has revealed that regular monitoring of pres-
sure, temperature, and humidity leads to better healing results,
thus signaling the potential of ‘smart’ offloading and bandage
devices to shorten the healing duration of plantar DFUs.%6

Core Mechanisms and Fabrication

From a mechanistic point of view, present studies mostly
relate to the ECM mimicry via nanofibrous and hydrogel-
based materials for cell adhesion, migration, and angiogene-
sis, thus successfully aligning the mechanical properties
and degradation rates of DFU microenvironments that are
highly responsive to proteases, ROS, and poor vasculariza-
tion. Electrospun scaffolds and hydrogels for injection or 3D
printing have become standard in combination with con-
trolled release reservoirs of antibiotics, anti-inflammatory
drugs, bioactive ions, and growth factors, thus enabling
condition-responsive and programmable delivery of multiple
therapeutic functions at the same time. Processing technique
advancements such as electrospinning, 3D bioprinting, and
the generation of personalized hydrogel structures enable
hierarchical porosity, exudate control, gas transport, and
patient-specific adaptation to complex wound shapes that are
compatible with the human body.® In parallel, soft wireless
sensor integration facilitates continuous monitoring of pres-
sure offloading and wound status, enabling timely clinical
intervention.®’
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Representative Patents and Patent Applications

One notable reflection of this trend is the increasing patent
activity surrounding advanced wound care technologies for
DFUs. Representative examples include wound dressings
incorporating wound status sensing chemistries and diagnos-
tic monitoring capabilities (US11865192B2; granted 2024),
smart wound monitoring systems capable of detecting
infection-associated biomarkers (US20210275693A1), anti-
microbial and controlled release hydrogel platforms for
chronic wound management, highly absorbent hydrogel
wound-contact layers designed for exudate control, and
self-healing hydrogel matrixes with enhanced mechanical
stability and antibacterial functionality. These innovations
demonstrate the growing emphasis on integrating wound mon-
itoring, controlled therapeutic delivery, and multifunctional
biomaterials into next-generation DFU management strategies.

Translational Outlook and Reading

For the next 2024-2025 cycle, the panel of experts in various
scientific publications expresses agreement on a convergent
tactic that combines biomimetic scaffolds with responsive
delivery and sensing to realize closed-loop DFU manage-
ment. The most recent and advanced state-of-the-art review
articles clearly position the integration of pressure and
temperature sensing with antimicrobial and pro-angiogenic
scaffolds as the novel approach that addresses the problem of
adherence and offloading, diminishes subclinical progression
between clinic visits, and allows early rescues that lead to
rapid wound healing and prevention of recurrence. The elec-
trospun scaffold reviews provide a comprehensive overview
of the different strategies that can be employed, from the
selection of the material to the fiber modification and drug
loading, and optimization of the degradation rate; all these
allow translation from the effectiveness observed in the pre-
clinical stage to the clinically tiered scaffolds. Meanwhile,
soft and wireless pressure sensor bandage concept validation
experiments are indicating the path for combining offloading
feedback with scaffold therapy for DFUs. 546667

Conclusion

Smart scaffold technologies represent one of the most
exciting developments in DFU therapy, through the combina-
tion of ECM mimicry, controlled drug delivery, and bio-
responsive functionality, which, therefore, enable targeting of
chronic inflammation, impaired angiogenesis, and infection.
Significant advancements in biomaterials science and tech-
nology have allowed the design of scaffolds with excellent
mechanical properties, prolonged bioactivity, and favorable
cell interactions. Nevertheless, the successful translation of
these technologies still faces several challenges, such as

mechanical mismatch of the skin, release kinetics, reproduci-
bility of the fabrication methods, regulatory complexity, and
cost-effectiveness. Overcoming these issues through stand-
ardized benchmarking, informed biomaterial selection, and
scalable manufacturing methods is crucial for their successful
translation. The next generation of smart scaffold-based ther-
apies for DFUs will rely on the early integration of transla-
tional factors such as regulatory feasibility, degradation
by-product safety, and health-economic viability. The merg-
ing of stimuli-responsive materials and sensor-based moni-
toring platforms is a main pathway toward the creation of
customized wound therapies, which will deliver real-time
feedback and adaptive therapy. By meeting both clinical and
regulatory challenges in a synergistic way, smart scaffolds
can move from laboratory platforms to real, accessible medi-
cines for chronic wound care.
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