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Introduction
The skin is the body's largest and most complex organ, 
serves as a vital barrier protecting against environmental 
threats, including microbial invasion, physical trauma, 
and chemical exposure. Although resilient, the skin is 
particularly vulnerable to injuries such as burns, chronic 
wounds, and traumatic lesions, which present considerable 
medical and economic challenges, especially with the 
rising prevalence of diabetes and obesity worldwide.1 
Chronic skin wounds currently impact a significant 
segment of the population, resulting in escalating 
healthcare costs in both developed and developing 
nations.2 This increasing burden underscores an urgent 
need for sophisticated therapeutic strategies that expedite 
wound healing and promote complete tissue regeneration 
to restore functionality and aesthetics. Regenerative 
medicine has recently emerged as a promising domain 
to tackle these challenges, mainly via stem cell-based 
therapies and engineered scaffolds. These methods 

activate the body's intrinsic healing processes, enhancing 
tissue repair and regeneration.3 Mesenchymal stem cells 
(MSCs), sourced from adipose tissue and bone marrow, 
along with induced pluripotent stem cells (iPSCs), exhibit 
significant potential in wound healing owing to their 
capacity to regulate inflammation, promote angiogenesis 
and differentiate into diverse skin cell types. MSCs are 
renowned for their immunomodulatory capabilities, 
rendering them especially efficacious in chronic wounds 
characterized by persistent inflammation. Moreover, 
iPSCs facilitate re-epithelialization in burn wounds by 
enhancing the regeneration of the epidermal layer and 
dermal appendages.4 

Engineered scaffolds, specifically hydrogels and 
nanofiber structures, are essential for effectively utilizing 
stem cells by emulating the extracellular matrix (ECM). 
This biomimicry is crucial, as it fosters an ideal environment 
for cellular repair mechanisms, encompassing cell 
migration, proliferation, and differentiation.5 Hydrogels, 
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Abstract
Optimal skin healing is a sophisticated, 
coordinated process involving 
cellular and molecular interactions. 
Disruptions in this process can result 
in chronic wounds, necessitating 
medical intervention, particularly 
when the damage surpasses the body's 
regenerative capabilities. In response, 
novel therapies, especially tissue 
engineering and stem cell treatments, 
have been devised to restore 
tissue architecture and maximum 
functionality. Stem cells, which can differentiate into diverse cell types and regulate immune 
responses, hold significant potential for wound healing. Research demonstrates that integrating 
stem cells with scaffolds expedites this process, with numerous therapies advancing from laboratory 
studies to clinical trials. This review examines fundamental principles, classifications of stem cells, 
mechanisms, therapeutic applications, and challenges associated with stem cell encapsulation in 
wound healing.
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characterized by their elevated water content and 
biocompatibility, offer a three-dimensional matrix that 
facilitates cellular integration and maintains a moist 
environment favorable for healing.6 Nanofiber scaffolds, 
typically produced via electrospinning, provide a 
highly porous architecture that improves nutrient and 
oxygen exchange while promoting cell attachment and 
alignment, thereby aiding tissue regeneration. Integrating 
stem cells with bioengineered scaffolds demonstrates 
considerable promise in overcoming the shortcomings of 
traditional wound care by facilitating controlled, targeted 
interventions customized to the distinct requirements of 
various wound types.7 

This review comprehensively analyzes recent 
progress in stem cell therapies, scaffold technology, and 
bioengineered materials, all possessing transformative 
potential in wound care. This article analyzes the 
therapeutic attributes of hydrogels and nanofibers, the 
incorporation of bioactive agents and growth factors 
into scaffolds, and the function of engineered materials 
in facilitating targeted and efficient wound healing. The 
review emphasizes advanced developments to showcase 
innovative therapeutic strategies that may improve 
patient outcomes, decrease healthcare expenses, and 
potentially transform the future of wound treatment in 
various clinical settings.8,9

Anatomy of skin 
The skin, the largest organ in the body, acts as a 
multifunctional barrier, regulating temperature, fluid 
balance, immune defense, and sensory perception. The 
structure consists of three layers: epidermis, dermis, and 
hypodermis, each with unique microanatomical features 
and roles.10 The epidermis comprises five sublayers: 
stratum basale, spinosum, granulosum, lucidum, and 
corneum. The stratum basale contains mitotically active 
keratinocytes regenerating the skin and melanocytes 
synthesizing pigment for UV protection. Keratinocytes 
mature and ascend through the skin's strata, improving 
its barrier function. Langerhans cells in the stratum 
spinosum present antigens to protect the immune system. 
The stratum granulosum contains keratohyalin granules 
and glycolipids, which enhance water impermeability 
and cellular cohesion.11 The stratum lucidum provides 
additional protection in thicker skin areas like the palms 
and soles. Finally, the stratum corneum, composed of 
dead keratinocytes, forms a resilient barrier and secretes 
defensins, proteins that enhance immune defense. The 
dermis, located beneath the epidermis, provides structural 
support and elasticity. It is divided into the papillary and 
reticular layers.12 The papillary layer, located next to the 
epidermis, contains capillaries and sensory receptors that 
support nutrient exchange and sensory perception, such 
as touch and temperature detection. The reticular layer, 
composed of dense collagen and elastin fibers, sweat 

glands, sebaceous glands, and hair follicles, contributes 
to the skin's strength, flexibility, and moisture retention. 
The hypodermis, or subcutaneous layer, lies beneath 
the dermis and primarily comprises adipose tissue. This 
layer insulates the body, absorbs physical impacts, stores 
energy, and facilitates nutrient exchange through blood 
vessels and nerves. Every layer of the skin contributes 
to its protective, regulatory, and sensory functions. The 
skin protects the body from environmental hazards like 
microbial invasion, UV radiation, and physical injury. 
Langerhans cells in the epidermis detect and respond to 
pathogens, which is crucial for immune defense. Sweating 
regulates temperature and dilates blood vessels while 
minimizing water loss and maintaining water balance. 
Sensory receptors detect touch, temperature, and pain. 
UV exposure causes the skin to produce vitamin D 
necessary for skeletal health and metabolic function. 
Understanding the structural and functional properties 
of the skin is critical for creating regenerative therapies. 
These insights inform the creation of bioengineered 
scaffolds and innovative treatments that replicate skin 
tissue's natural composition and dynamics, enhancing 
wound healing and tissue regeneration.8,10-13

Types of skin wounds
Wounds disrupt tissue structure and function, requiring 
classification for effective treatment. Open wounds (e.g., 
abrasions, lacerations) involve visible skin breaches, 
increasing infection risk. Closed wounds (e.g., bruises) 
lack external breaks but may cause internal damage. 
Acute wounds heal quickly, while chronic wounds (e.g., 
diabetic ulcers) persist due to prolonged inflammation. 
Sanitized wounds heal predictably, while contaminated 
wounds prolong recovery and risk complications. 
Internal wounds result from issues like poor circulation, 
with no visible signs, while external wounds (e.g., burns) 
stem from external forces. Penetrating wounds (e.g., stab 
wounds) require urgent care, whereas non-penetrating 
wounds (e.g., bruises) do not break the skin but can cause 
internal injury.9,14-22

Wound healing process 
Wound healing progresses through four stages: hemostasis, 
inflammation, proliferation, and remodeling. Hemostasis 
starts immediately, with platelets forming a temporary 
clot and releasing growth factors (TGF-β, VEGF) that 
attract immune cells and promote blood vessel formation. 
The inflammatory phase (up to two weeks) sees immune 
cells removing debris and bacteria, with macrophages 
releasing cytokines to stimulate healing. Proliferation 
(from day four) involves fibroblasts creating collagen, 
keratinocytes migrating to close the wound, and VEGF-
driven angiogenesis supplying nutrients. Remodeling 
(months to years) involves replacing type III collagen with 
more muscular type I collagen, increasing tensile strength 
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to 80% of the original tissue strength, though excessive 
collagen may cause scarring.23-27

Novel and traditional treatments of wound healing 
The field of wound healing is rapidly evolving, with new 
regenerative therapies providing significant benefits over 
traditional methods, particularly in promoting faster, 
more complete healing with less scarring. Traditional 
wound management treatments, such as surgical 
debridement and skin grafting, have been proven effective 
for decades, but they frequently fail to address deeper 
regenerative needs.28 Surgical debridement effectively 
removes damaged tissue, preparing the wound for 
healing; however, it is invasive, poses anesthesia risks, 
and may cause collateral tissue damage. Similarly, while 
beneficial skin grafts have limitations, split-thickness 
grafts are limited to more minor wounds.29 They can 
cause itching and scar contraction, whereas full-thickness 
grafts depend on donor site availability and can leave 
scarring at both donor and graft sites. These limitations 
highlight the need for advanced approaches that provide 
more comprehensive and minimally invasive solutions 
for various wound types.30

Among new treatments, stem cell therapy stands 
out for its exceptional regenerative abilities, which far 
exceed the limitations of traditional wound care.31 Stem 
cells, particularly MSCs, play an essential role in wound 
healing by secreting cytokines and growth factors that 
promote cell proliferation, reduce inflammation, and aid 
in blood vessel formation—all required for vital tissue 
repair.4 Unlike traditional grafts, which only cover the 
wound, stem cells can actively participate in the healing 
process by transforming into the cells required for tissue 
regeneration, resulting in more natural, long-lasting 
outcomes with less scarring. MSCs have also demonstrated 
remarkable efficacy in chronic and complex wounds that 
are typically resistant to conventional therapies, making 
them a game changer in treating complex cases such as 
diabetic and venous ulcers. According to studies, MSC-
based treatments can achieve wound closure rates of up 
to 90% while reducing fibrosis and increasing vascular 
density, making them highly effective for functional and 
cosmetic outcomes.32

Stem cell therapy and other advanced biotechnologies, 
such as 3D bioprinting,33,34 and microRNA,35 represent 
the future of wound care, allowing for patient-specific, 
minimally invasive healing solutions that work in 
tandem with the body's natural repair mechanisms. 
3D bioprinting, for example, enables the creation of 
customized skin constructs that are precisely layered to 
mimic native tissue structure; however, this innovation is 
enhanced when combined with stem cells, which add a 
dynamic, regenerative component to the printed tissue.33 
Meanwhile, microRNA therapies enhance stem cell 
applications by modulating gene expression to improve 

healing phases such as inflammation reduction or 
angiogenesis stimulation. Collectively, these new methods 
pave the way for wound treatments that are more effective 
than traditional methods and tailored to each patient's 
specific biological requirements.36 As clinical trials 
continue to validate the efficacy of stem cell therapies 
and other advanced treatments, the future of wound care 
appears to shift toward these innovative, biology-driven 
solutions that promise faster healing, less scarring, and a 
significantly higher quality of life for patients (Table 1).37

Stem cell therapy & tissue engineering
Stem cell therapy aims to replace damaged tissue with 
healthy cells. Stem cells can differentiate into various 
cell types, releasing bioactive compounds that reduce 
inflammation and promote healing.51,52 While promising, 
challenges remain in controlling stem cell differentiation, 
maintaining cell viability in adverse conditions, and 
managing risks like tumorigenesis.32,53

MSCs are widely used among stem cells due to their 
ability to differentiate into various cell types and modulate 
the immune response, making them ideal for tissue 
repair. However, scalability and treatment consistency 
issues persist.54-58 Biological scaffolds, such as hydrogels 
and nanofibers, enhance stem cell efficacy by providing 
a supportive environment that promotes cell adhesion, 
growth, and specialization.59

Tissue engineering for regenerative medicine 
Tissue engineering combines biology, engineering, and 
materials science to create functional tissues. Scaffolds, 
growth factors, and stem cells are vital in restoring 
damaged tissue while preserving its original function and 
structure. Achieving controlled and prolonged growth 
factor release is challenging, as excessive or insufficient 
release can hinder healing.52,60 

The aim is to develop three-dimensional scaffolds 
for regenerating damaged tissues. These must be 
biocompatible, biodegradable, and supportive of cell 
migration and nutrient exchange to ensure successful 
integration with host tissues.61 While traditional 
treatments like surgery or pharmacotherapy have 
limitations, regenerative medicine offers promising 
interventions through stem cell therapy, gene therapy, 
and bioengineered scaffolds.62 Stem cells play a pivotal 
role in tissue regeneration and inflammation control, 
though further research is necessary to address safety, 
cost, and treatment standardization.63 Table 2 presents a 
compilation of research studies conducted by scientists 
in recent years on the function of stem cells in the 
regeneration of skin tissue. In regenerative medicine, stem 
cells remain a focal point of interest due to their capacity 
to facilitate tissue regeneration, alleviate inflammation, 
and restore impaired tissues. Stem cells may be classified 
into different types, each with unique benefits and uses in 
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Table 1. Type of wound treatment

Treatment Description Advantages Disadvantages Ref

Traditional 
treatment

Surgical 
debridement

Removal of devitalized tissue to 
prepare the wound bed, aiding 
ECM remodeling and preventing 
healing impairment.

Fast, effective, and remains the 
gold standard for wound bed 
preparation; accelerates wound 
healing.

Requires anesthesia, which 
increases risk; may damage 
surrounding tissues.

38

Split-thickness skin 
grafts

Harvesting epidermis and part of 
dermis from healthy skin to cover 
small wounds with epidermal 
damage.

Useful for smaller wounds; covers 
epidermal damage effectively.

Limited to small wound areas 
( < 30% body); may cause 
pain, itchiness, and scarring 
due to contraction during 
healing.

39

Full-thickness skin 
grafts

Used for large, deeper wounds, 
covering both epidermal and 
dermal layers to achieve scar-free 
repair.

Provides more complete healing 
with less contraction, leading to 
minimal scarring.

Limited by availability of 
donor skin; requires a 
vascularized wound bed for 
proper integration.

40

Autografts
Skin grafts taken from the same 
patient for wound coverage and 
skin integrity restoration.

No immune rejection; restores 
local blood flow and skin function 
effectively.

Painful healing process; 
limited by donor skin sites; 
potential scarring.

41

Xenografts

Grafts from a different species 
(e.g., porcine) used in certain 
wound cases like burn injuries 
under 30% of body.

Immediate availability; alternative 
to human grafts when human skin 
isn’t available.

High risk of immune rejection, 
disease transmission, scarring, 
and painful healing.

42

Non-surgical 
topical 
formulations

Various topical drugs (e.g., gels, 
creams, foams) applied directly to 
wounds, including antibiotics like 
neomycin and silver sulfadiazine to 
prevent bacterial infections during 
inflammation phase.

Effective against a broad range 
of infections; beneficial in 
managing infection during the 
inflammation phase of healing; 
some formulations accelerate ECM 
remodeling and re-epithelialization.

Potential for allergic reactions 
or hypersensitivity if used 
for extended periods; may 
need discontinuation to avoid 
adverse effects.

43

Novel 
treatment

Nanotherapeutics

Uses nanomaterials for controlled 
drug delivery and antimicrobial 
action to enhance wound healing 
and manage chronic wounds 
effectively.

Enhanced drug penetration, 
prolonged drug release, effective in 
overcoming bacterial resistance.

Potential toxicity of certain 
nanomaterials, requires 
optimization to reduce 
toxicity.

44

3D bioprinting

3D bioprinting of skin substitutes 
by layer-by-layer deposition of cells 
and biomaterials, closely mimicking 
native skin architecture.

Automated, precise, allows for 
complex skin structures, and 
provides scalability for large wound 
areas.

Technical limitations with 
device clogging, requires 
specific bio-inks and 
expertise.

45

Extracellular 
Matrix 

Utilizes scaffolds made from 
ECM components to support cell 
behavior, adhesion, and the wound 
healing process by mimicking 
native skin structure.

Supports cell migration and 
proliferation, provides structural 
integrity, reduces scar formation.

Requires optimization of 
fabrication for clinical use, 
and costly.

46

Platelet-rich 
plasma (PRP)

Autologous platelet concentrate 
rich in growth factors, which 
promotes cell proliferation, 
differentiation, and angiogenesis 
in wounds.

Cost-effective, easy to prepare, 
provides a high concentration of 
growth factors for rapid wound 
healing.

Variable efficacy across 
different wounds, potential 
for infection if not applied 
properly.

47, 48

Cold atmospheric 
plasma therapy 

Cold plasma, an ionized gas at 
room temperature, contains 
reactive species that reduce 
bacterial load and stimulate tissue 
regeneration.

Non-invasive, reduces bacterial 
infection, stimulates cell 
proliferation, and reduces 
inflammation.

Limited penetration depth, 
requires specialized devices, 
and effectiveness varies by 
wound type.

49

MicroRNA 

Utilizes miRNA to regulate gene 
expression involved in wound 
healing phases like inflammation, 
angiogenesis, re-epithelialization, 
and granulation.

Targets multiple genes with a 
single miRNA; can modulate wound 
healing phases effectively.

Complex gene interactions, 
high specificity required 
for each miRNA, and early-
phase technology for wound 
healing.

35

Stem cell therapy 

Regenerative therapy using stem 
cells to accelerate wound healing 
through cytokine secretion, 
differentiation, and inflammation 
modulation.

Supports long-term healing, can 
transform into other cell types, 
enhances natural wound repair.

Limited cell survival post-
transplant, high cost, and 
requires regulatory approval.

50
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Table 2. Overview of scaffold types, stem cell applications, and outcomes in wound healing, emphasizing advances and limitations in various wound models

Wound type Scaffold composition Stem cell type Cellular interactions Healing outcomes Key limitations Ref

Third-degree 
burn

PDLLA/PDLLA-Sp 
electrospun nanofibers 
(fiber diameters 
276 ± 65.9 nm, 
263 ± 82 nm)

MSCs

80,000 MSCs/scaffold; 
increased inflammatory 
response and fibroblast 
recruitment

Reduced bleeding, 
fibroblast proliferation, 
but no re-epithelialization 
within 7 days

Short study duration; 
limited insight into later-
stage healing such as 
scar formation and tissue 
durability

64

Burn wound

Collagen-alginate 3D 
bio-printed scaffold 
(pore size 300–400 
μm)

ADSCs

42% higher cell viability by 
day 2; reduced leukocyte 
infiltration; enhanced 
formation of blood vessels

Multilayered epidermis 
with signs of cornification 
achieved within 21 days

Short observation period 
(21 days); lacks data on 
stability and remodeling 
beyond initial healing 
phases

65

Burn wound

Pullulan-collagen 
hydrogel with 
enhanced 
biocompatibility

ASCs

2.5 × 105 cells/wound; 
elevated MCP-1 (1.36), 
SDF-1 (1.16), VEGF (1.34) 
cytokine expression

Angiogenesis with 1.63 
vessels/hpf vs. 0.67 in 
controls; faster healing 
and reduced scarring in 
25 days

Limited 25-day 
observation; requires 
longer-term assessment 
for durable tissue 
integration

66

Burn wound
Collagen-PEGylated 
fibrin bilayer, dual-
layer design

dsASCs 
(50,000 cells/
ml)

83.4% cell viability, 
sustained expression of 
stem cell markers (CD90, 
CD105)

Full re-epithelialization, 
well-formed dermal/
epidermal layers within 
16 days

Short study period (16 
days); additional research 
needed on collagen 
organization and tissue 
remodeling

67

Burn wound
Chitosan-polyvinyl 
alcohol nanofiber 
scaffold (150–250 nm)

MSCs

Dense seeding (4 × 10^4 
cells/cm²); strong 
adherence, reduced 
inflammation

Visible epithelialization, 
granulation, and collagen 
formation within 10 days

Short duration limits 
comprehensive wound 
healing analysis, including 
scar formation and 
collagen alignment

68

Burn wound

Enzyme-crosslinked 
gelatin hydrogel 
(50–300 µm porous 
structure)

hASCs

High cell density (1 × 10⁶ 
cells/ml); effective 
3D cellular extension, 
enhanced intercellular 
adhesion

55.3% wound contraction, 
thicker epidermal layer, 
improved angiogenesis 
within 14 days

Limited to 14 days; lacks 
extended observations 
for assessing long-term 
wound remodeling

69

Diabetic 
wound

Chitosan nanofiber 
scaffold with high 
porosity (100–130 nm)

MSCs 
(adipose-
derived)

85% cell viability, 
70% increase in MSC 
attachment to scaffold

90% wound closure, 40% 
collagen density increase, 
60% rise in vascular 
density within 21 days

Short study period limits 
insight into stability 
and scar quality in later 
healing stages

70

Chronic 
wound

PLGA/gelatin/
hyaluronic acid (PGH) 
membrane with 
uniform nanofibers 
(416 ± 12 nm)

ASCs
Upregulated VEGF, 
TGF-β1, TGF-β3, KGF (2.8- 
to 3.2-fold increase)

90.6% wound closure, 
high type III collagen ratio 
(79%); 70% increased 
vascularization

Short 14-day study; 
further analysis needed 
for prolonged tissue 
integrity

71

Full-
thickness 
wound

Bilayer scaffold (PCL/
Gelatin over Alginate/
Collagen)

ADSCs 93% cell viability, 2.5x cell 
proliferation

87% wound closure, 
40% increase in type III 
collagen, 70% increase in 
vascular density within 
21 days

Study limited to 21 days; 
more research needed for 
stability and long-term 
tissue remodeling

72

Diabetic 
wound

Supramolecular Biotin-
DFYIGSR hydrogel MSC spheroids

Dense MSC spheroids 
(12,300 ± 450 µm²); VEGF 
secretion 1.5x baseline, 
TGF-β 3.2x baseline

94.2% wound closure, 
organized collagen with 
high type III to I ratio, 70% 
increase in microvascular 
density

Short-term 14-day 
study; additional studies 
required for scar quality 
and structural integrity

73

Diabetic 
wound

PVA-chitosan 
nanofiber with ceria 
nanoparticles

MSCs
3.4-fold MSC migration, 
90% survival in oxidative 
environments

94.1% wound area 
reduction, 35% collagen 
density increase, 
decreased granulation 
layer thickness

Short observation period 
(12 days); lacks extended 
evaluation for clinical 
readiness

74

Diabetic 
wound

Micropatterned 
bilayer hydrogel (fiber 
diameter 1346 ± 292 
nm)

ADSCs 30% increase in ADSC 
proliferation rate

96% wound closure, 
thicker granulation, 70% 
re-epithelialization by 
day 13

Study limited to 13 days; 
requires standardization 
in scaffold production for 
clinical consistency

75
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tissue regeneration. Nevertheless, further investigation is 
required to tackle the enduring safety, scalability, and cost-
efficiency of stem cell treatments and establish reliable and 
consistent clinical results through the implementation of 
standardized protocols.63

Stem cell therapies for wound healing are progressively 
tailored to meet the unique requirements of each wound 
type, as different types benefit from specific stem cell 
varieties, delivery techniques, and scaffold configurations 
to enhance healing. Two specific types of adult stem cells 
are pertinent for facilitating skin regeneration: MSCs and 
ASCs. MSCs sourced from adipose tissue or bone marrow 
are frequently utilized for chronic wounds, including 
diabetic ulcers, owing to their immunomodulatory and 
angiogenic characteristics.76 These properties are essential 
for addressing the inflammation and inadequate blood 
circulation associated with chronic wounds, utilizing 
scaffold-based systems or topical gels to ensure prolonged 
release and preserve cell viability at the wound location.77 
Burn wounds, in contrast, derive more significant 
advantages from iPSCs and epidermal stem cells, which 
can differentiate into skin-specific cells essential for 
expedited re-epithelialization and restoration of dermal 
structure.78 Cell sheets or hydrogel-based scaffolds 
are frequently employed to facilitate cell adhesion, 
proliferation, and differentiation across extensive surfaces, 
rendering these methods particularly appropriate for 
burn injuries.79 In acute traumatic wounds characterized 
by substantial tissue loss and inflammation, MSCs and 
hematopoietic stem cells (HSCs) are frequently chosen 
for their robust anti-inflammatory and regenerative 
properties.80,81 Injectable stem cell therapies or scaffold-
based applications are generally employed to facilitate 
the effective integration of these cells into the wound bed, 
where their attributes are most advantageous. Venous 
ulcers, characterized by inadequate vascularization, 
frequently utilize ADSCs due to their accessibility and 
potent regenerative capabilities, especially in facilitating 
angiogenesis. Hydrogels or spray applications facilitate 
the uniform distribution of ADSCs across the irregular 
surfaces of venous ulcers, augmenting cellular presence 
and activity while promoting tissue repair. Pressure 
ulcers caused by extended ischemia represent a difficult 
wound category in which MSCs demonstrate significant 
efficacy.82 Their anti-inflammatory characteristics and 
capacity to promote tissue regeneration in ischemic 
conditions render them appropriate for these wounds. 
Biodegradable scaffolds facilitating sustained cell release 
are particularly advantageous, given that pressure ulcers 
typically necessitate prolonged healing durations. Stem 
cell therapy for various wound types can be enhanced 
by integrating cells with bioengineered scaffolds, growth 
factors, or gene-editing techniques, thereby customizing 
the treatment to the specific healing needs of each type. 
Stem cell-based therapies provide targeted and effective 

solutions through personalized interventions, enhancing 
patient outcomes and advancing wound care practices.83

Classification of stem cells
With their remarkable regenerative abilities, stem cells 
provide transformative approaches to wound healing 
and tissue repair. Their classification according to 
differentiation potential and source is critical to their 
successful use in regenerative medicine. Totipotent stem 
cells, which can differentiate into all cell types, including 
embryonic and extra-embryonic tissues, are highly 
versatile but have ethical and technical limitations for 
clinical use. Pluripotent stem cells (PSCs), which include 
embryonic stem cells (ESCs) and induced pluripotent stem 
cells (iPSCs), can differentiate into any tissue type derived 
from the three germ layers, presenting enormous potential 
for tissue generation. However, these cells also carry risks, 
such as tumorigenesis and ethical issues in the case of ESCs. 
Multipotent stem cells, such as MSCs and hematopoietic 
stem cells (HSCs), have limited differentiation capabilities 
but are extensively researched for targeted regenerative 
applications. Meanwhile, oligopotent and unipotent stem 
cells, including epithelial stem cells, play critical roles 
in tissue-specific repair, especially skin regeneration. In 
clinical settings, multipotent and unipotent stem cells are 
especially promising for accelerating wound healing and 
skin repair.84,85 

Stem cells are also classified by their source. ESCs are 
pluripotent cells that can produce all skin-related cell types, 
such as keratinocytes, melanocytes, and fibroblasts. While 
ESCs have been extensively studied for their adaptability, 
they raise ethical concerns and pose tumor development 
risks, limiting their direct clinical application. Adult stem 
cells (ASCs), found in bone marrow, adipose tissue, and 
skin, are multipotent and widely used in wound healing, 
blood disorders, and bone regeneration. MSCs, derived 
from the dermis, bone marrow, and adipose tissue, 
are effective in skin regeneration due to their ability to 
modulate inflammation, promote angiogenesis, and 
stimulate fibroblast activity. These processes are essential 
for dermal repair, collagen synthesis, and wound healing. 
Despite their potential, ASCs face limitations related to 
their restricted differentiation capacity and the complexity 
of isolation.86 

Epithelial stem cells in the epidermis basal layer 
and hair follicles are unipotent or oligopotent and are 
directly responsible for keratinocyte renewal, skin barrier 
maintenance, and minor injury repair. These stem cells 
ensure epidermal homeostasis and are indispensable for 
maintaining skin integrity. For deeper or more complex 
wounds, multipotent MSCs are important in modulating 
immune responses and enhancing tissue repair processes 
in the dermis and hypodermis.86 HSCs play an indirect 
role in skin repair by promoting vascularization and 
replenishing immune cells during the healing process.87 
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iPSCs from adult cells offer an ethical and versatile 
alternative to ESCs. These cells have comparable 
pluripotency and are promising for wound repair, large-
scale skin grafting, and tissue engineering, making them 
an essential tool in regenerative medicine. However, 
concerns about genetic mutations and the risk of tumor 
formation continue to be critical challenges for their 
clinical application.88 Another option for personalized 
therapies is nuclear transfer stem cells (SCNT-derived 
cells), which are generated through somatic cell nuclear 
transfer. These cells have the potential for patient-specific 
skin grafts but face significant technical and ethical 
barriers, limiting their widespread adoption.89 

The combined contributions of epithelial stem cells, 
MSCs, and iPSCs, along with advances in regenerative 
technologies like bioengineered scaffolds, reshape 
the treatment landscape for skin injuries. These 
advancements address the complexities of skin repair, 
including epidermal renewal, dermal remodeling, and 
vascular integration. Despite these advances, challenges 
such as ethical concerns, tumorigenic risks, and technical 
hurdles must be overcome to fully harness the therapeutic 
potential of stem cells in skin regeneration (Fig. 1).77,78,89

Approaches to cell encapsulation 
Cellular encapsulation is an essential technique in tissue 
engineering and regenerative medicine. A scaffold-free 
approach to stem cell-based wound healing has several 
limitations that reduce its effectiveness, particularly 
regarding cell organization, stability, and retention at 
the wound site. One of the primary challenges is the lack 
of structural support scaffolds that have traditionally 
been provided. Without a physical framework, cells may 
struggle to organize to mimic natural tissue architecture, 
potentially resulting in disordered tissue formation and 
poorer integration with surrounding tissues. Another 
significant disadvantage is cell retention. In scaffold-

free methods, cells are frequently applied directly to 
the wound site, where they may diffuse away from the 
target area due to the body's natural movement or fluid 
dynamics. This can decrease cell concentration at the 
wound site, reducing the treatment's efficacy. Scaffold-
based approaches, on the other hand, help to localize cells, 
ensuring that they stay in the intended area and maximize 
their healing potential. Furthermore, the absence of a 
scaffold can impair mechanical stability, particularly in 
wounds subjected to physical stress or tension. Scaffolds 
provide a supportive environment that allows cells to 
resist mechanical forces and better integrate within the 
wound. In contrast, scaffold-free approaches may lack this 
resilience, potentially impairing healing. Furthermore, 
controlled cell delivery to the wound site is more difficult 
because cells can be easily directed to specific areas.89,90 

Scaffold-free approach
The scaffold-free protocol involves directly implanting 
cells into the intended area without requiring a stabilizing 
framework. Due to its simplicity and ease of preparation, 
this approach is often favored. Nevertheless, scaffold-
free cell delivery poses several challenges regarding cell 
viability and efficacy. Without a supporting ECM, the 
injected cells experience mechanical stresses, such as 
shear forces, during delivery, which can damage cellular 
tissue. Moreover, the lack of a scaffold often results in 
insufficient cell retention at the desired site, limiting cells' 
ability to adhere, proliferate, and function effectively.91

A fundamental limitation of the scaffold-free technique 
is the vulnerability of the injected cells to diffusion from 
the injection site, which may result in their movement to 
unintended locations such as the spleen, lungs, or liver.92 
This significantly reduces the therapeutic potential, as a 
substantial proportion of the transplanted cells prove 
incapable of infiltrating or surviving in the targeted tissue. 
Furthermore, cells exposed to an unfavorable wound 

Fig. 1. Classification of stem cells for wound healing applications.
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environment characterized by inflammation and reactive 
oxygen species (ROS) are becoming more vulnerable to 
cell death. The relatively low survival rates often observed 
in scaffold-free cell therapy can be attributed to several 
factors.93

However, despite these limitations, scaffold-free 
approaches offer distinct advantages. They are particularly 
advantageous for defects characterized by irregular 
shapes or areas that present difficulties in access, such 
as narrow cracks or small lesions, where the positioning 
of scaffolds is challenging. Furthermore, scaffold-free 
techniques eliminate the need to remove a scaffold after 
treatment, minimizing invasiveness and accelerating 
administration.94 Under such circumstances, direct cell 
injections are a practical method despite the significant 
challenges of maintaining cell integrity and viability 
in achieving the best possible therapeutic outcomes. 
Constraint: The effectiveness of scaffold-free methods 
is frequently suboptimal due to insufficient mechanical 
support for the cells, leading to rapid cell death. The 
lack of a controlled microenvironment for cell growth 
challenges achieving sustained therapeutic results.95

Scaffold-based approach
Conversely, scaffold-based encapsulation provides a 
structurally supportive 3D framework that mimics 
the ECM, offering mechanical protection, enhanced 
cell survival, and a controlled environment for cell 
development and differentiation. Scaffold-based 
approaches have been crucial in tissue engineering and 
regenerative medicine since their establishment in 1964.58 
Scaffolds of this nature generally comprise biomaterials 
mainly designed to adapt to the adjacent tissues and 
promote cellular functions easily, thus creating a favorable 
microenvironment for cells. An outstanding advantage 
of scaffold-based methods is their capacity to maintain 
the structural integrity of the enclosed cells. Structural 
scaffolds provide significant mechanical strength, 
protect cells from external forces, and improve cell 
retention at the desired site. Establishing this controlled 
microenvironment enhances cell survival, facilitating 
extended therapeutic efficiencies and long-lasting tissue 
regeneration. Furthermore, the scaffold-based approach 
allows for the regulated and prolonged release of bioactive 
molecules, such as growth factors or drugs, to enhance the 
cells' therapeutic capacity.96

The use of stem cell-loaded scaffolds in wound healing 
has emerged as a game-changing approach, particularly 
for complex and chronic wounds that do not respond 
to conventional treatments. These scaffolds, made 
of electrospun nanofibers, hydrogels, and composite 
membranes, use the regenerative properties of stem cells, 
such as MSCs and ADSCs, to drive cellular processes 
required for tissue regeneration. Stem cell-loaded 
scaffolds promote cellular viability, angiogenesis, collagen 

deposition, and tissue remodeling, addressing multiple 
stages of the healing process.97-99 For example, in third-
degree burn models, PDLLA/PDLLA-Sp nanofibers 
containing MSCs increased inflammatory cell recruitment 
and fibroblast activity, essential initial responses for 
wound healing. To fully understand their potential in re-
epithelialization and scar prevention, longer-term studies 
must assess the impact on tissue integrity and function 
over time.64

Burn wound healing has also benefited from ADSC- and 
ASC-loaded hydrogels and 3D-printed scaffolds, which 
increase cell viability, reduce inflammation, and promote 
epidermal organization. Collagen-alginate 3D-printed 
scaffolds loaded with ADSCs, for example, increased 
cell viability by 42% within 48 hours, reduced leukocyte 
infiltration, and resulted in a structured epidermis on 
day 21. Similarly, pullulan-collagen hydrogels with ASC 
seeding increased proangiogenic cytokines such as MCP-
1, SDF-1, and VEGF, resulting in a vascular density 
of 1.63 vessels per high-power field (hpf), compared 
to 0.67 vessels/hpf in control wounds. This increased 
vascularization demonstrates the ability of stem cell-
loaded hydrogels to promote rapid, organized healing 
while also providing the vascular network required 
sustaining tissue recovery.

Stem cell-based scaffolds have demonstrated 
exceptional efficacy in diabetic and chronic wounds, 
achieving high wound closure rates, increased collagen 
density, and improved vascularization, all of which are 
necessary for stable, long-term healing. Within 21 days, 
MSC-seeded chitosan nanofibers in diabetic wounds 
increased cell viability by 85%, cell attachment by 70%, 
wound closure by 90%, and collagen density by 40%.100 In 
chronic wounds, PLGA/gelatin/hyaluronic acid scaffolds 
combined with ASCs resulted in a 90.6% reduction in 
wound size and a significant increase in type III collagen, 
indicating efficient tissue remodeling with minimal 
scarring. These findings highlight the importance of stem 
cells within scaffold structures in creating an environment 
conducive to long-term tissue repair, especially in wounds 
that heal slowly.71

Advanced scaffold designs, such as supramolecular 
hydrogels with MSC spheroids and bio-inspired porous 
microneedles containing ADSCs, demonstrate the 
potential for targeted and efficient wound healing. 
In diabetic wound models, MSC spheroids in Biotin-
DFYIGSR hydrogels increased VEGF secretion by 1.5 
times, resulting in a 94.2% wound closure rate with 
organized collagen and minimal scarring. Similarly, 
ADSC-loaded porous microneedles achieved an 85% 
closure rate in just 10 days and a 40% increase in collagen 
density, demonstrating their ability to improve dermal 
strength and promote long-term healing via improved 
blood supply and structural reinforcement.100

Despite the potential of stem cell-based scaffolds, 
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challenges remain in standardizing production, extending 
observation periods, and lowering costs. Current studies 
last only 7 to 30 days, providing limited insights into 
long-term outcomes such as scar formation and tissue 
durability. Furthermore, maintaining consistent scaffold 
properties such as fiber diameter, pore size, and cell 
density necessitates precise, scalable manufacturing 
methods. Moving forward, research should prioritize 
long-term studies, large-scale testing, and production 
optimization to help these therapies transition from 
experimental models to reliable clinical solutions. With 
these advancements, stem cell-loaded scaffolds have the 
potential to transform wound care by providing targeted 
and effective treatments for patients with complex healing 
challenges.64-71,73-75,96 The following sections compare these 
methods, focusing on their strengths, limitations, and 
potential applications.
Type of scaffolds
Ensuring effective cell encapsulation requires careful 
and strategic choice of scaffold material. Structural 
modifications are necessary to ensure biocompatibility, 
biodegradability, and the ability to promote cell 
proliferation and differentiation to meet the target tissue's 
specific needs. Advancements in materials science have 
led to the development of several scaffold types, each 
boasting distinct advantages and limitations. These 
include synthetic polymers, natural polymers, composite 
materials, and developments in 3D printing technology, 
which allow for the precise fabrication of tailored scaffolds 
for tissue regeneration.101

a. Hydrogels 
Hydrogels are a popular choice for scaffold-based 
encapsulation due to their high water content, which 
makes them ideal for mimicking the properties of soft 
tissues.102 The ability of these hydrophilic polymer 
networks to absorb substantial quantities of water 
without dissolving renders them a highly appealing 
platform for the encapsulation of cells and the delivery 
of drugs. Highly biocompatible, flexible, and permeable 
hydrogels facilitate the exchange of nutrients, oxygen, and 
waste products with enclosed cells.103 Hydrogels may be 
categorized based on their origin (natural or synthetic), 
electrical charge (ionic or non-ionic), and method of 
cross-linking (physical or chemical). Physical hydrogels 
are compacted by feeble reversible interactions such 
as hydrogen bonding and ionic forces, rendering them 
highly sensitive to environmental stimuli but lacking 
mechanical strength. Chemical hydrogels, on the other 
hand, incorporate covalent bonding, which enhances their 
mechanical stability and durability.104 If not meticulously 
eliminated, chemical cross-linking agents may present 
biocompatibility concerns, restricting their utility in 
clinical applications.105 
b. Hydrogel-fiber composites 
While hydrogels and nanofibers are indeed efficient 

scaffold materials in isolation, they both possess inherent 
limitations. Hydrogels of natural origin frequently exhibit 
inadequate mechanical stability, whereas hydrogels of 
synthetic origin may lack biocompatibility. Moreover, 
the two-dimensional configuration of nanofibers can 
impede cell movement and infiltration, constraining their 
efficacy in specific tissue engineering applications.105, 

106 Hydrogels composed of natural polymers exhibit 
suboptimal mechanical stability, while synthetic polymers 
demonstrate limited biocompatibility.105

Researchers have devised hydrogel-fiber composites 
to tackle these issues by integrating the mechanical 
robustness of nanofibers with the biocompatibility 
and flexibility of hydrogels. These composites provide 
optimal conditions for cell delivery, resulting in enhanced 
mechanical characteristics and biological performance of 
the scaffold. While the nanofiber network is a structural 
support system miming the ECM and improving cell 
adhesion and differentiation, the hydrogel matrix 
provides a supportive and hydrated environment.105 

Cell encapsulation presents distinct advantages and 
challenges in both scaffold-free and scaffold-based 
methods. Scaffold-free techniques are advantageous 
when rapidity and adaptability are paramount, especially 
in irregular or difficult-to-treat defect areas. Nevertheless, 
these treatments frequently experience low cell viability 
and restricted effectiveness due to the absence of structural 
reinforcement. In contrast, scaffold-based methods offer 
a more regulated and nurturing setting, enhancing cells' 
preservation and effective operation. However, they may 
need help concerning compatibility with living organisms 
and durability over an extended period.90

The synthesis of hydrogel-fiber composites presents an 
auspicious approach by integrating the most advantageous 
characteristics of hydrogels and nanofibers to form a 
flexible and efficient framework for tissue engineering. 
These composites provide enhanced mechanical 
strength, cell adhesion, and biocompatibility, overcoming 
several constraints encountered with conventional 
scaffold materials. As scientific investigation advances, 
incorporating sophisticated materials and bioengineering 
methods will persistently propel the development of 
scaffold-based therapies, facilitating the establishment of 
individualized and efficient regenerative treatments.105

c. Nanofibers
Nanofibers emerge as an auspicious scaffold material 
due to their high surface area-to-volume ratio. This 
characteristic significantly improves cell attachment 
and facilitates cell migration, differentiation, and tissue 
regeneration.107 Nanofibers exhibit unique attributes such 
as a high surface-to-volume ratio, exceptional flexibility, 
and customizable surface performance. They can imitate 
the structural features of the ECM, creating a three-
dimensional environment for cell interaction, making 
them well-suited for tissue engineering applications.108 
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Their versatility and configurability enable the 
development of scaffolds that facilitate various biological 
processes, such as wound healing and drug administration. 

Nanofiber scaffolds are predominantly manufactured 
by electrospinning or self-assembly methods, which 
enable meticulous regulation of fiber diameter, porosity, 
and alignment. This design's flexibility allows for the 
creation of tailored scaffolds that can fulfill the mechanical 
and biological needs of specified tissues.109,110 By 
modifying the surface characteristics of nanofibers, their 
biocompatibility and bioactivity are enhanced, rendering 
them appropriate for a range of regenerative treatments.

Stem cell encapsulation
As specified in the preceding sections, wound healing 
involves coordinated physiological processes. While most 
minor wounds heal without any noticeable symptoms, 
chronic wounds or extremely severe tissue damage, such 
as diabetic ulcers or burns, pose significant challenges. 
The remarkable ability of stem cell treatments to 
accelerate wound healing by enhancing cell proliferation, 
angiogenesis, and immunomodulation has generated 
significant attention. In order to optimize the therapeutic 
capabilities of stem cells in the process of wound healing, 
scientists have devised encapsulation methods that 
safeguard cells, enhance their viability, and regulate 
their liberation within the wound microenvironment. 
Fiber and hydrogel-based encapsulation techniques 
have demonstrated potential in enabling precise cell 
delivery and preserving cell viability. This chapter 
comprehensively examines the application of fiber and 
hydrogel encapsulation methods for stem cell therapy in 
wound healing. 

Nanofiber stem cell encapsulation technology
Nanofiber-based scaffolds have been thoroughly 
investigated for tissue engineering applications owing 
to their potential to promote tissue regeneration. To 
successfully facilitate tissue repair, engineered biological 
structures must exhibit essential characteristics, including 
suitable physical and mechanical properties, robust 
adhesion, non-toxicity, absence of antigenicity, non-
invasive application, and harmonious integration with 
host tissue. An optimal polymeric scaffold must satisfy 
various structural and chemical requirements: (1) a three-
dimensional architecture with suitable volume, shape, 
and mechanical integrity; (2) a permeable, interconnected 
structure that facilitates high cell seeding density and 
tissue growth; (3) a biocompatible chemical composition 
that reduces immune or inflammatory responses; 
and a modifiable degradation rate to promote tissue 
regeneration until complete tissue repair is accomplished. 
Diverse techniques, including electrospinning (random, 
aligned, vertical, and core-shell nanofibers), self-assembly, 
phase separation, and template synthesis, are utilized to 

fabricate scaffolds for synthetic and natural nanofibers in 
tissue engineering.111-113 

The surface properties of nanofiber scaffolds are 
essential for enhancing cell adhesion, proliferation, 
and differentiation. Nanofibers exhibiting micro- and 
nanoscale roughness augment surface area, enhancing 
protein binding and promoting cell attachment. Fibers 
with a larger diameter generally exhibit enhanced 
adhesion. Electrospun nanofibers generate porous 
architectures with increased pore dimensions, enhancing 
cellular infiltration and integration with host tissues. Salt 
leaching and cryogenic electrospinning enhance pore size 
and scaffold efficacy.114 

Modifying scaffold surfaces with bioactive molecules, 
including fibronectin, collagen, RGD groups, improves 
initial cell adhesion and facilitates tissue regeneration. 
Moreover, core-shell electrospinning facilitates the 
regulated release of growth factors that direct stem cell 
differentiation into specific lineages, thereby improving 
wound healing and tissue repair. Hybrid PCL nanofiber 
scaffolds encased in mesoporous silica shells exhibit 
enhanced mechanical properties and facilitate the 
incorporation of drugs and biomolecules, thereby 
promoting stem cell differentiation into osteogenic 
lineages. Integrating biopeptide nanocapsules and 
applying coatings such as pDA can enhance stem cell 
adhesion, promote proliferation, and support bone 
regeneration.115,116 

Nanofiber-based scaffolds function as carriers for gene 
delivery, regulating stem cell differentiation via viral or 
non-viral vectors, thereby facilitating controlled gene 
expression over time. Nanofiber scaffolds made of PEI 
and HA have demonstrated the ability to promote the 
differentiation of stem cells into particular cell types. The 
capacity to transport genes via these nanofibers presents 
novel opportunities for regulating cellular functions and 
facilitating tissue repair mechanisms.117 

Beyond their use in tissue engineering, nanotechnology 
has transformed drug delivery and targeting. Nanomaterials 
can infiltrate cellular membranes and administer 
medications precisely to designated targets. This accuracy 
renders nanofibers especially appropriate for regenerative 
medicine and pharmaceutical uses (Fig. 2). 
Electrospinning techniques for stem cell encapsulation
Electrospinning is well acknowledged as the most efficient 
technique for producing nanofiber scaffolds due to its 
characterized simplicity, scalability, and versatility. This 
procedure entails applying a high-voltage electric field to 
a polymer solution, resulting in the expulsion of a fine jet 
that solidifies into nanofibers as the solvent evaporates. 
These nanofibers can enclose stem cells either during fiber 
formation or by integrating them after production.109 

The biocompatibility and mechanical properties of 
biodegradable polymers, including polycaprolactone 
PCL,118 PLA,119 and polyethylene glycol (PEG),120 make 



Esmaeilzadeh et al

   BioImpacts. 2025;15:30806 11

them highly suitable for promoting cell proliferation and 
ensuring scaffold stability. The electrospinning method 
enables meticulous manipulation of fiber diameter and 
alignment, which is crucial for enhancing cell adhesion 
and nutrient diffusion. Electrospun nanofiber scaffolds 
have demonstrated efficacy in several tissue engineering 
applications, such as bone fracture, cartilage repair, and 
neural regeneration. Their close similarity to the natural 
ECM helps maintain stem cells' genetic characteristics 
and guide their development into particular cell types.121 

Nevertheless, a notable obstacle lies in the possible 
vulnerability of cells to deleterious chemicals and electric 
fields, which can diminish cell survival. Furthermore, 
consistent cell dispersion throughout the scaffold can 
be challenging, particularly when cells are added after 
manufacturing.110

Coaxial electrospinning techniques for stem cell 
encapsulation
Coaxial electrospinning is an enhanced iteration of 
conventional electrospinning, enabling the production 
of integrated core-shell nanofibers. The particle's core 
may house stem cells or bioactive components, while 
the shell offers structural reinforcement and regulated 

release characteristics. The present technique utilizes a 
coaxial needle system to extrude two separate solutions 
concurrently, generating a composite fiber characterized 
by a core-shell arrangement.121 

Hydroxygels such as alginate or gelatin are frequently 
employed as core materials to establish a hydrophilic 
milieu that promotes cell viability. The shell, typically 
made of biodegradable polymers such as PCL or PLA, 
imparts improved mechanical characteristics and 
enables meticulous regulation of scaffold deterioration. 
Coaxial electrospinning proves a precious technique 
in applications that need prolonged drug release or 
safeguarding delicate stem cells during transplantation.122

Phase segregation techniques for stem cell encapsulation
Phase separation is a highly efficient technique for 
producing nanofiber scaffolds with precisely defined pore 
sizes and structural characteristics. This methodology 
entails dissolving a polymer in a solvent and the subsequent 
induction of phase separation by either altering the 
temperature or eliminating the solvent. The porous 
nanofiber network generates a favorable environment for 
efficient nutrient diffusion and cell migration, which is 
essential for tissue regeneration.123

Fig. 2. Summary aspects of nanofiber stem cell encapsulation.
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Although phase separation produces scaffolds with a 
high degree of porosity, it is a complicated procedure that 
poses difficulties for mass production. The use of organic 
solvents can compromise cell viability, hence necessitating 
meticulous refinement of the stem cell encapsulation 
technique.124

Autonomous assembly techniques for stem cell 
encapsulation
Molecular self-assembly is the spontaneous structuring of 
molecules into nanofibers in reaction to environmental 
factors, such as fluctuations in pH or temperature. 
This approach is particularly beneficial for generating 
intricately arranged nanofiber structures that imitate 
the ECM, providing an optimal setting for encapsulating 
stem cells.125

The utility of peptide amphiphiles and block copolymers 
in self-assembly stems from their capacity to generate 
durable and biologically significant nanostructures. Self-
assembled nanofiber scaffolds are highly beneficial in skin 
tissue engineering since the precise arrangements and 
orientation of fibers are essential factors in guiding the 
development and specialization of cells.126

An inherent benefit of self-assembly is its capacity 
to produce nanofiber networks that closely mimic the 
physical structures of natural tissues, thus facilitating 
cell differentiation and tissue integration. Nevertheless, 
the procedure is highly responsive to environmental 
conditions, and expanding this method for clinical 
application is a formidable task.127

The extensive material addresses essential aspects 
of cell differentiation, migration, and the application 
of functional nanofibers in stem cell biotherapy. 
Nevertheless, some aspects can be enhanced to achieve 
superior scientific clarity, accuracy, and readability. The 
enhancements and highlighted additional sections are as 
follows.
Recent technology development
The efficacy of nanofiber-based scaffolds in tissue 
engineering has been the subject of extensive research 
in recent years. Although electrospun 2D scaffolds have 
demonstrated promise, their main drawback is their 
limited ability to penetrate cells and their restricted three-
dimensionality, which is crucial for accurately reproducing 
the natural tissue environment. Consequently, current 
endeavors have been directed toward developing 3D 
scaffolds that more accurately replicate the conditions 
found in living organisms. The three-dimensional 
scaffolds' volumetric structure and controlled surface 
patterns offer superior mechanical support and improve 
cell adhesion, proliferation, and differentiation, rendering 
them more appropriate for tissue engineering purposes.128

a. Three-dimensional printing electrospun fibers
Three-dimensional printed electrospun fibers (3DP-ESF) 
are nano- and micro-sized fibers created using additive 
manufacturing methods grounded in electrohydrodynamic 

(EHD) principles. Electrohydrodynamic printing (EHDP) 
integrates electrospinning technology with layer-by-
layer deposition principles, allowing 3DP-ESF fibers to 
be sequentially arranged according to a specified model, 
thereby creating a three-dimensional scaffold. This 3D 
scaffold features adjustable porosity and fiber diameter, 
and, in contrast to conventional electrospinning, it more 
effectively mimics the micro/nanoarchitecture of the ECM 
in three dimensions, influencing cellular behavior.129

The fabrication of 3DP-ESF employs EHDP technology, 
which amalgamates the concepts of electrospinning and 
fused deposition modeling (FDM). The EHDP apparatus 
comprises a nozzle, injection cylinder, high-voltage power 
supply, and a collector that operates along three axes. The 
polymer liquid in the nozzle is subjected to an electric 
force, resulting in a jet that is attracted to the collector 
and progressively solidifies.130

Essential operational parameters, including voltage, 
nozzle-to-collector distance, polymer flow rate, and 
collector speed, directly influence the diameter and 
morphology of the fibers—elevated voltage results in 
enhanced jet velocity and fiber thickness. The working 
distance and polymer flow rate affect jet dynamics and 
fiber morphology. Augmenting the collector speed yields 
more linear fibers, whereas diminishing the speed may 
cause erratic deposition.131

One of EHDP's primary advantages is its capacity 
to deposit fibers accurately without curling while 
maintaining precise control over parameters. This process 
facilitates the formation of diverse structures, including 
parallel configurations, grids, and bridges, rendering it 
applicable to numerous uses in tissue engineering and 
regenerative medicine.131

Electrospun PCL fiber scaffolds have widespread 
applications in tissue engineering and wound healing 
due to their excellent biomechanical properties and 
biocompatibility. These scaffolds are fabricated using 
advanced technologies like EHDP and provide structures 
similar to the ECM, which can effectively influence stem 
cell behavior and tissue repair processes. In one study, 
PCL scaffolds with an average diameter of 817 nm were 
produced and used as a culture vector for hMSCs. The 
findings indicated that by providing appropriate surface 
cues, these scaffolds significantly enhanced the adhesion 
and proliferation of hMSCs. This feature is crucial for 
developing suitable scaffolds for tissue engineering 
applications. Electrospun fiber scaffolds with ECM-like 
structures and various orientations (10, 45, 90 degrees, 
and random) were also produced. The results showed 
that these scaffolds had different effects on adhesion, 
proliferation, and collagen production in human skeletal 
stem cells (PSCs). Scaffolds with specific orientations 
exhibited excellent guiding behavior in cellular processes 
and could be used for specific tissue repair applications.132

Li et al describes the creation of EHD cryoprinted porous 
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polycaprolactone (PCL) scaffolds as a revolutionary 
platform for improving MSC therapy in wound healing. 
The scaffolds, inspired by rock climbing principles, were 
designed with a 13-fold increase in surface roughness (11 
nm to 130 nm) to improve adhesion and migration of 
adipose-derived MSC (AMSC). These porous structures 
significantly increased cytokine secretion, including VEGF 
(35% increase), MCP-1, and TGF-β1, critical for tissue 
regeneration. In vivo experiments revealed improved 
healing outcomes, with collagen deposition increasing by 
40%, vascular regeneration accelerating by 50%, and pro-
inflammatory markers such as IL-6 decreasing by 30% 
compared to gauze treatments. The scaffolds improved 
type III-to-type I collagen conversion, resulting in a 
collagen I/III ratio of normal skin levels (~27), thicker 
granulation tissue, and enhanced angiogenesis. Despite 
their lower mechanical strength (tensile strength of 
~5 N/m/layer versus ~50 N/m/layer in solid fibers), 
porous scaffolds demonstrated biological superiority, 
providing a high-capacity platform for MSC therapy. 
EHD cryoprinting eliminates the need for toxic solvents 
and reduces UV light transmittance by approximately 
80%, protecting cells from light-induced damage. These 
scaffolds, customized in shape and fiber arrangement, 
adapt to various wound profiles, providing versatility for 
personalized wound care. Antibacterial agents can mitigate 
the porous structure's increased bacterial adhesion (~20% 
higher biofilm formation than solid fibers). Overall, EHD 
cryoprinted porous PCL scaffolds represent a game-
changing solution for regenerative medicine, effectively 
addressing wound healing challenges through improved 
MSC functionality and tailored biomaterial design.133

In another study, an anisotropic PCL bionic scaffold 
was developed to mimic the mechanical properties of 
dermal tissue. hGMSCs were cultured in this scaffold to 
form tissue-engineered scaffolds. The results showed that 
the newly engineered scaffolds could effectively accelerate 
wound-healing, prevent epidermal thickening, and 
increase the proportion of repair-associated phenotypes 
in macrophages.134

b. Portable handheld electrospinning
Despite numerous studies highlighting the significant 
potential of electrospun nanofibers for medical 
applications, the practical use of conventional 
electrospinning has been hampered by the need for 
bulky apparatuses and a constant electrical supply. 
These constraints have limited its applicability in real-
world scenarios. Recognizing this challenge, Long and 
colleagues, in collaboration with Ye and his team, created 
an innovative battery-powered handheld electrospinning 
apparatus. This portable device runs on two AAA batteries 
and a high-voltage converter, replacing traditional high-
voltage generation methods. 

This innovative device provides distinct advantages 
in directly depositing fibers onto wounds, especially for 

traumatic, chronic, and irregular wounds. Developing 
nanofiber dressings tailored to the specific needs of 
individual patients addresses limitations such as poor 
dressing adhesion on uneven surfaces and the inability to 
customize applications. Its lightweight, battery-powered 
design enables deployment in various settings, including 
out-of-hospital first aid, surgical procedures, clinics, 
households, and remote or conflict-affected areas where 
conventional systems are ineffective. Ye et.al, refined the 
handheld device to use cell electrospinning technology, 
which produced fibers embedded with live bone marrow-
derived stem cells (BMSC). This approach addresses 
critical issues common in traditional methods, such as 
poor cell infiltration and uneven distribution. Unlike 
conventional systems, which frequently use toxic organic 
solvents, this process ensures safety and biocompatibility 
while maintaining high cell viability rates through 
meticulous control of solution viscosity and electric 
field strength. The embedded live cells within the fibers 
demonstrated significant efficacy in enhancing wound 
healing and promoting tissue regeneration, as evidenced 
by histological examinations that revealed accelerated 
granulation, improved vascularization, and robust 
collagen deposition.135 This device not only provides a 
portable and customizable wound care solution but also 
bridges the gap between cutting-edge medical technology 
and practical application. Its ability to provide in-place, 
personalized treatments makes it an invaluable tool for 
regenerative medicine, especially in emergencies, remote 
locations, and battlefield applications. With its capacity 
to generate living-cell-embedded fibers, the handheld 
electrospinning apparatus represents a transformative 
advance in addressing the challenges of chronic and 
complex wounds, heralding a new era in wound 
management and personalized care.109

Nanofiber scaffolds: static and dynamic culture
Static culture systems entail submerging nanofiber 
scaffolds in a nutrient-dense medium, facilitating stem 
cell attachment, proliferation, and differentiation within 
a stationary setting. This methodology is extensively 
employed in research owing to its straightforwardness 
and availability. One of the primary benefits of static 
culture is its uncomplicated configuration. It necessitates 
limited apparatus and is economical, rendering it suitable 
for preliminary research and small-scale experiments. 
Researchers can precisely manipulate environmental 
parameters, including nutrient concentrations and 
oxygen availability, enabling meticulous observation of 
stem cell behavior on nanofiber scaffolds. In this context, 
stem cells engage with the scaffold, adhering to its surface, 
proliferating, and initiating differentiation, which is 
crucial for tissue regeneration in wound healing.

A study by Ghomi et al illustrated the application of 
electrospun nanofiber scaffolds with human dermal 
fibroblasts in static culture to facilitate skin regeneration. 
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The scaffold, composed of PCL and gelatin, facilitated 
the proliferation and migration of fibroblasts, resulting 
in the development of new tissue resembling natural 
skin's architecture. While the static system functioned 
efficiently for minor wounds, the researchers observed 
that nutrient diffusion posed a constraint in thicker 
scaffolds, necessitating additional optimization for more 
extensive wounds.136

Asiri et al employed PVA nanofiber scaffold infused with 
EGF to expedite wound healing in a static culture system. 
Stem cells cultured on the nanofibers exhibited improved 
proliferation and differentiation into keratinocytes, an 
essential element in skin regeneration. This technique 
markedly enhanced the wound-healing process in animal 
models.137

Nonetheless, static culture systems possess certain 
limitations. The primary challenge is the restricted 
distribution of nutrients and oxygen, particularly 
in thicker scaffolds. Cells deep within the scaffold 
may lack adequate nutrients, leading to uneven cell 
proliferation, with surface cells flourishing while deeper 
cells falter. Furthermore, cellular waste products can 
accumulate in the static environment, resulting in a toxic 
microenvironment that may impede cellular function 
and viability. These constraints diminish the efficacy of 
static culture systems for intricate or large-scale tissue 
engineering applications.138

a. Dynamic culture of nanofiber-stem cell scaffolds
Conversely, dynamic culture systems incorporate fluid 
flow or mechanical forces to replicate physiological 
conditions, thereby enhancing nutrient distribution and 
cellular interactions. These systems, from essential stirring 
devices to sophisticated bioreactors, are engineered to 
create a more authentic cellular growth and differentiation 
environment.

The primary benefit of dynamic culture is the 
uninterrupted circulation of nutrients and oxygen within 
the scaffold, guaranteeing that all cells, irrespective of their 
location, obtain the necessary resources for growth. This 
improved circulation facilitates eliminating metabolic 
waste products, averting the toxic accumulation that may 
arise in stagnant systems. Consequently, cells in dynamic 
cultures typically demonstrate enhanced viability, 
proliferation, and more consistent growth across the 
scaffold.139

Yang et al examined the application of a dynamic 
rotating bioreactor for culturing MSCs on a PLGA 
nanofiber scaffold. The bioreactor facilitated continuous 
rotation and mechanical stimulation, enhancing nutrient 
distribution and promoting cell alignment. It also 
accelerated re-epithelialization and collagen synthesis 
during wound healing. This technique proved especially 
efficacious in addressing substantial dermal defects in 
animal models.140

Furthermore, dynamic systems can provide mechanical 

stimuli that are advantageous for specific tissue types. The 
application of fluid shear stress or mechanical tension 
can promote the differentiation of stem cells into tissues 
subjected to analogous forces in the body, including skin, 
muscle, or cartilage. In wound healing, the mechanical 
properties of regenerated tissue must align with those 
of the adjacent healthy tissue to ensure adequate 
functionality.141

Nevertheless, dynamic culture systems present distinct 
challenges. They are more intricate to establish and sustain, 
frequently necessitating specialized apparatus such as 
bioreactors, elevating both the expenses and technical 
requirements of the procedure. Moreover, meticulous 
calibration is essential to administer the appropriate level 
of mechanical force—excessive force may harm the cells 
or disrupt their adhesion to the scaffold. The intricacies of 
dynamic culture render it more appropriate for advanced 
research and extensive tissue regeneration, as opposed to 
fundamental studies or smaller-scale applications.139 

In the comparison of static and dynamic culture systems 
for nanofiber-stem cell scaffolds, each method possesses 
distinct advantages and drawbacks. Static culture is 
straightforward, economical, and suitable for preliminary 
research or smaller applications focused on fundamental 
scaffold-cell interactions. It enables researchers to 
concentrate on the essentials of cellular behavior without 
requiring intricate apparatus. Conversely, dynamic 
culture offers enhanced nutrient distribution and more 
accurately replicates the body's mechanical environment, 
which is crucial for sophisticated tissue engineering and 
wound healing applications. Although dynamic systems 
are more intricate and expensive, their capacity to improve 
stem cell viability, proliferation, and differentiation 
renders them an effective instrument for extensive tissue 
regeneration.5

Cellular differentiation on nanofibrous scaffolds
Cellular differentiation is a crucial process in stem cell 
culture for diverse medical applications, such as wound 
healing and tissue regeneration. Differentiation denotes 
how an unspecialized cell evolves into a specialized cell, 
such as a neuronal, epithelial, muscular, or osteogenic 
cell. This process is essential in various transplantation 
therapies and regenerative medicine, especially in 
wound healing through nanofiber delivery systems and 
biodegradable scaffolds.142

A study involved designing and producing sponges 
composed of electrospun fibers derived from collagen 
extracted from tilapia skin for use in wound dressing 
applications. These fibers demonstrated substantial 
swelling capacity, thermal stability, and elevated 
bioactivity. The findings indicated that these fibers could 
expedite the wound healing process in animal models, 
and crucially, they enhanced the proliferation of human 
keratinocytes and stimulated epidermal differentiation. 
The results demonstrate the significant potential 
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of nanofibers for wound dressing applications and 
accelerating tissue repair.143

MSCs can differentiate into diverse cell types, such as 
adipocytes, chondrocytes, myocytes, and osteocytes. These 
cells can directly differentiate into mesenchymal lineages 
and are crucial for tissue regeneration. A study involved 
the preparation of biodegradable PLGA scaffolds, which 
were integrated with hydroxyapatite and gelatin. The 
findings indicated that these composite scaffolds exhibited 
a superior capacity to promote osteogenic differentiation 
of stem cells compared to primary PLGA/gelatin scaffolds. 
This underscores the significance of creating appropriate 
scaffolds to promote cellular differentiation and tissue 
regeneration.144

Despite the significant potential of mesenchymal 
stem cells to differentiate into various cell lineages and 
facilitate tissue regeneration, a primary challenge in 
their clinical application is inadequate cell engraftment 
and diminished survival post-transplantation. Stem 
cells encounter difficulties acclimatizing to the novel 
environment post-transplantation, resulting in decreased 
viability and compromised therapeutic efficacy. This 
matter is especially crucial in wound healing and tissue 
regeneration contexts.

Research indicates that employing alginate fibers as 
cell carriers can enhance stem cell engraftment and 
survival. Alginate fibers create an optimal environment 
for stem cells, facilitating their growth, proliferation, 
and survival, thereby improving the efficacy of stem cell-
based therapies. This technology can potentially enhance 
clinical outcomes and augment stem cell viability in 
wound healing and tissue regeneration therapies.
Cellular migration on nanofibrous scaffolds
With the development of stem cell therapies for tissue 
regeneration, the regulation and guidance of stem cell 
migration have gained significant attention. One of the 
critical tools for this purpose is electrospun nanofibers. 
Due to their fibrous structures, which resemble the 
ECM, these nanofibers have a high capacity to guide 
stem cell migration. For instance, the effect of silk fibroin 
nanofibers on the migration of MSCs has been studied. 
These multipotent cells can differentiate into various 
lineages, including cartilage, bone, muscle, and fat. 
Studies have shown that MSCs migrate faster on aligned 
and random nanofibers than on conventional tissue 
culture plates coated with poly-L-lysine. These findings 
indicate electrospun nanofibers can enhance stem cell 
migration.145

It has been observed that aligned fibers with a diameter 
of 400 nm exhibit an excellent capability to improve MSC 
migration compared to aligned fibers with 800 and 1200 
nm diameters. This demonstrates that fiber diameter 
plays a vital role in cellular migration. Furthermore, 
migration efficiency on aligned fibers is higher than on 
random fibers of the same diameter. Therefore, designing 

and engineering nanofibers to optimize their diameter 
and alignment can significantly impact cellular migration.

The surface of nanofiber scaffolds can be decorated 
with bioactive factors, such as growth factors, to influence 
stem cell migration further. In one study, a gradient in the 
collagen-binding domain fused with stromal cell-derived 
factor-1α (CBD-SDF1α) was created on a nonwoven mat 
of random collagen nanofibers and then used to guide 
the migration of NSCs. When a stable and controlled 
gradient of this growth factor was established, many 
NSCs migrated toward the region with a higher content of 
CBD-SDF1α. In contrast, cells in a control sample with a 
bovine serum albumin gradient moved randomly without 
any specific direction.

Moreover, a gradient of SDF1α was generated on radially 
aligned nanofibers composed of PCL and collagen. In this 
scaffold, the fiber density gradually decreased from the 
center to the periphery, creating a gradient in the density 
of proteins immobilized on the fibers. The immobilization 
of SDF1α on the collagen domains of each fiber resulted 
in a radial gradient of SDF1α. This gradient effectively 
accelerated the migration of NSCs from the periphery 
toward the center of the scaffold.145

The gradient pattern, amount, and type of growth 
factors must be systematically studied and optimized to 
achieve optimal migratory behavior in stem cells. Research 
indicates that such optimization can significantly improve 
therapeutic outcomes in tissue regeneration and wound 
healing. Therefore, developing electrospun nanofibers 
with adjustable surface properties and incorporating 
bioactive factors is a crucial approach to facilitating cell 
migration and enhancing the efficacy of stem cell-based 
therapies.

Hydrogel stem cell encapsulation
Hydrogels are often regarded as the most effective cell 
encapsulation methods. This is because hydrogels provide 
a highly hydrated three-dimensional environment that 
closely resembles the elasticity of tissues, such as the ECM. 
Additionally, hydrogels may be easily modified to improve 
interactions between cells and the surrounding material.146 
One of the most popular cell encapsulation techniques is 
entrapment inside hydrogel cavities. This method is still 
in use today because of its stability and ease of usage.147 
The size and form of the scaffold used to distribute the 
SCs determines the cell encapsulation technique. Also, 
a three-dimensional scaffold such as hydrogel for tissue 
regeneration must be selected and designed according to 
the target tissue and the adhesion property to the tissue by 
creating chemical or physical bonds between surrounding 
tissues and hydrogel functional groups.148 3D culture 
methods, especially with hydrogels, can improve the 
efficiency of SC expansion. 

Hydrogels serve as frameworks for transporting 
therapeutic cells to the wound location, shielding the cells 
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from immune system assault, and preserving the ability 
to allow therapeutic, signaling, and metabolic substances 
to pass through. The hydrogel microenvironment can be 
altered to facilitate cell growth by manipulating many 
biophysical and biochemical characteristics, including 
hydrogel-cell interactions, cell adhesion, biocompatibility, 
and biodegradability. Furthermore, the hydrogel's 
chemistry and structure should be intentionally engineered 
to promote cell movement, growth, and specialization.91 
Encapsulating stem cells within hydrogels increases their 
longevity, vitality, and persistence in the body. Including 
specific chemicals or bioactive substances in the hydrogel, 
further boosts stem cell viability. This approach also 
enhances the targeted delivery of stem cells and promotes 
efficient distribution to the desired region.149 This section 
aims to consider all aspects of stem cell encapsulation. Fig. 
3 shows the view of this matter.

The porosity of hydrogels allows for the effective 
diffusion of nutrients, growth factors, and extracellular 
matrix components from the surrounding environment 
into neighboring cells, enhancing cellular interactions 
and support.150 Since the mesh size of hydrogels' three-
dimensional structure is typically smaller than the 
nanometer scale of cells, cells may become trapped 

inside due to their micrometer size.151,152 A smaller mesh 
size at the nanoscale enhances the density of cell-matrix 
interactions, leading to an increase in focal adhesion 
contacts and cell adhesion. Nevertheless, structures with 
higher porosity at the microscale enable the movement of 
cells into the wound region (Fig. 3).91

Bulk encapsulation processing
Layer-by-layer encapsulation is a highly sophisticated 
technique that enables precise control over the 
encapsulation environment by sequentially depositing 
thin layers of hydrogel around the cells. This method 
provides substantial advantages in creating complex, 
multi-layered structures that can model the hierarchical 
organization of natural tissues.

Polyelectrolyte layering refers to the intentional process 
of depositing alternating layers of polymers with positive 
and negative charges around the cells in polyelectrolyte LbL 
encapsulation. By employing electrostatic interactions, 
this method allows for the customization of the 
capsule's surface properties, thickness, and permeability. 
Incorporating bioactive substances into separate strata 
allows for the creation of a microenvironment that governs 
cellular activity and differentiation.153 The versatility of 
polyelectrolyte layering makes it especially suitable for 

Fig. 3. Summary aspects of hydrogel stem cell encapsulation.



Esmaeilzadeh et al

   BioImpacts. 2025;15:30806 17

applications in controlled drug release, immunoisolation, 
and tissue engineering.

Multifunctional coatings: The LbL approach allows for 
incorporating heterogeneous functional components into 
separate layers, such as growth factors, ECM proteins, and 
nanoparticles. In response to environmental stimuli such 
as pH, temperature, or enzyme induction, these adaptable 
coatings can be precisely designed to release bioactive 
compounds selectively in a controlled manner. This 
enables the creation of versatile and configurable systems 
that can accurately conform to the needs of the enclosed 
cells and the surrounding tissue environment.154

It is integrating emerging technologies. Specifically, 
3D bioprinting, with LbL encapsulation, allows for 
the production of complex tissue structures that 
provide precise spatial manipulation of cell location 
and microenvironmental conditions. By strategically 
arranging hydrogels with specific characteristics and cell 
types, it becomes possible to deliberately create tissues that 
closely mimic natural organs' structural and functional 
features. The methodology presents considerable 
promise for organ regeneration, disease modeling, and 
personalized medicine.155

a. Encapsulation using layer-by-layer assembly (LbL)
By sequentially depositing thin layers of hydrogel 
around the cells, layer-by-layer encapsulation is a highly 
sophisticated technique that enables precise control over 
the encapsulation environment. This method provides 
substantial advantages in the creation of complex, 
multi-layered structures that can model the hierarchical 
organization of natural tissues.

Polyelectrolyte layering refers to the intentional process 
of depositing alternating layers of polymers with positive 
and negative charges around the cells in polyelectrolyte LbL 
encapsulation. By employing electrostatic interactions, 
this method allows for the customization of the surface 
properties, thickness, and permeability of the capsule. 
The incorporation of bioactive substances into separate 
strata allows for the creation of a microenvironment that 
governs cellular activity and differentiation. The versatility 
of polyelectrolyte layering makes it especially suitable for 
applications in controlled drug release, immunoisolation, 
and tissue engineering.
b. Multifunctional coatings 
LbL approach allows for the incorporation of 
heterogeneous functional components into separate 
layers, such as growth factors, ECM proteins, and 
nanoparticles. In response to environmental stimuli 
such as pH, temperature, or induction by enzymes, these 
adaptable coatings can be precisely designed to selectively 
release bioactive compounds in a controlled manner. This 
enables the creation of versatile and configurable systems 
that can accurately conform to the needs of the enclosed 
cells and the surrounding tissue environment.154

Integration of emerging technologies, specifically 

3D bioprinting, with LbL encapsulation, allows for 
the production of complex tissue structures that 
provide precise spatial manipulation of cell location 
and microenvironmental conditions. By strategically 
arranging hydrogels with specific characteristics and cell 
types, it becomes possible to deliberately create tissues 
that closely mimic the structural and functional features 
of natural organs. The methodology presents considerable 
promise for application in the fields of organ regeneration, 
disease modeling, and personalized medicine.155

c. In situ encapsulation (IDE)
In situ, encapsulation forms a hydrogel and securely 
encloses cells directly at the intended implantation 
site, typically within the body. This method provides 
significant advantages in minimally invasive protocols, 
as it entails the administration of a hydrogel precursor 
solution followed by the process of gelation in situ.82

Injectable hydrogels are precisely designed to retain 
their liquid form at room temperature or under 
mechanical stress but rapidly solidify upon injection into 
the body. Post-injection, these hydrogels can undergo 
chemical or physical cross-linking, creating a robust 
matrix that envelops and supports stem cells at the 
desired site. Injectable hydrogels are particularly suitable 
for applications that demand precision and minimal 
invasiveness, such as repairing delicate tissues like the 
spinal cord or brain.156

In situ, photopolymerizable hydrogel cross-linking is 
achieved by applying light, typically within the ultraviolet 
or visible electromagnetic spectrum. Through precise 
control of the gelation process, this approach allows for 
the tailoring of the hydrogel and the encapsulation of cells 
in specific tissue regions. Photopolymerizable hydrogels 
are being evaluated not only for delivering stem cells to 
intricate anatomical structures but also for constructing 
tissue scaffolds with intricate geometries.157 
Encapsulation at the microscopic level
A microbiological technique known as microencapsulation 
involves the encapsulation of individual cells or small cell 
clusters within hydrogel beads at the microscale. This 
technique is particularly advantageous for applications 
that require exceptionally precise and consistent cell 
encapsulation. Numerous methodologies are available 
for achieving microencapsulation, each offering unique 
benefits.158

Emulsion polymerization creates a water-in-oil 
emulsion by dispersing a water-based solution of the 
polymer precursor, which includes stem cells, into an 
oil phase. Cross-linking, often induced by temperature 
or chemical solvents, causes the formation of hydrogel 
microspheres that enclose the cells themselves. Emulsion 
polymerization allows producing large quantities of 
microcapsules within a uniform size range. Still, precise 
control of process parameters is required to prevent 
disruption of cellular integrity.159
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The electrospraying technique applies a high-voltage 
electric field to a polymer solution containing stem 
cells. This phenomenon fragments the solution into tiny 
droplets, which subsequently establish cross-links upon 
contact with a collecting substrate or bath. Electrospraying 
allows for precise control of microcapsule size through 
precise adjustment of variables such as voltage, flow 
rate, and needle diameter. Furthermore, it is particularly 
advantageous for generating uniform microcapsules with 
notable encapsulation effectiveness and viability.160

Microfluidics (MFL) devices offer remarkable precision 
in depositing hydrogel microcapsules. The devices utilize 
narrow conduits to carefully guide the flow of fluids, 
allowing for controlled production of droplets at locations 
where the fluids meet. The droplets, comprising stem cells 
and polymer precursors, are combined to form robust 
microcapsules. Precision manipulation of microcapsule 
size and uniformity is facilitated by microfluidics, 
allowing for the production of complex structures that 
include the integration of many cell types. Nevertheless, 
the complexity of the setup and the need for specialized 
equipment can limit its widespread use.161

Microneedle strategy
Due to their modulus being similar to human cells, 
hydrogels provide an optimal environment that simulates 
the extracellular matrix, making them a valuable tool for 
artificial organ fabrication and regenerative medicine.162 
Recent advancements in hydrogel-based microneedle 
technology have enabled the use of somatic and stem cells 
for multidimensional regenerative therapies.163 Cells can 
be integrated with microneedles through three primary 
methods: (1) encapsulated within the microneedle,164 
(2) applied onto the surface of the microneedle,165 and 
(3) directly administered via hollow microneedles.166 
However, encapsulating cells within microneedles 
presents production challenges, often involving extreme 
conditions such as high temperatures, chemical solvents, 
ultraviolet radiation, and vacuum environments.167 These 
conditions can compromise cell viability and storage 
stability and increase contamination risks.

The study introduces advanced MN systems, such as 
the detachable hybrid microneedle depot (d-HMND) 
and other innovative designs, as transformative solutions 
for regenerative medicine. These technologies enable 
localized, efficient delivery of therapeutic agents, 
including MSCs and other bioactive molecules, addressing 
challenges like low cell viability, inefficient targeting, and 
invasive delivery methods associated with traditional 
approaches. By combining biocompatible materials and 
innovative designs, these systems significantly enhance 
stem cell activity, improve differentiation, and accelerate 
wound healing.

The d-HMND, composed of PLGA shells and a GelMA-
MSC mixture, provides a supportive matrix that mimics 
the extracellular environment. This design ensures over 

90% MSC viability for up to 24 hours post-fabrication, 
maintaining their regenerative capacity and stemness. 
The PLGA shell offers mechanical integrity for tissue 
penetration, while the GelMA matrix creates an optimal 
environment for MSC survival and differentiation. 
After insertion, the microneedles detach and degrade 
gradually, releasing MSCs locally at the wound site. 
This minimizes systemic risks and maximizes localized 
regenerative effects. In vivo experiments demonstrated 
that the d-HMND significantly accelerates wound 
closure, enhances re-epithelialization, and promotes 
angiogenesis by increasing VEGF secretion and CD31-
positive microvasculature.168

In addition to the d-HMND, double-layered 
microneedles, made from HA and MeHA, represent 
another groundbreaking design. These microneedles 
provide biphasic drug release, with an initial burst 
from the HA core followed by sustained delivery from 
the MeHA shell. This dual-action mechanism creates 
a stable microenvironment for stem cell activity and 
differentiation, such as with ADSCs. The prolonged 
release of growth factors and cytokines enhances tissue 
repair and supports the regenerative potential of stem cells. 
These microneedles are particularly advantageous for 
chronic wounds, where continuous therapeutic delivery is 
vital for managing prolonged inflammation and delayed 
healing. Their biocompatibility and biodegradability 
further ensure minimal side effects, making them ideal 
for long-term applications.169

pH-responsive microneedles introduce another 
layer of innovation by incorporating porous polymers 
capped with Eudragit S100, a material that releases drugs 
selectively in the alkaline environment of chronic wounds. 
These microneedles effectively overcome biofilm barriers 
and necrotic tissue, ensuring precise drug delivery only 
at elevated wound pH levels. This condition-sensitive 
mechanism minimizes premature drug depletion and off-
target effects, creating an optimal environment for stem 
cell differentiation and accelerating the overall healing 
process.170

Hydrogel microneedles, made from hyaluronic acid 
methacrylic acid (HAMA) and decellularized adipose 
matrix (DAM), are another significant advancement, 
particularly for treating complex wounds such as 
radiation-induced injuries. Loaded with mitochondria-
enriched extracellular vesicles (EVs) derived from 
ADSCs, these microneedles deliver active mitochondria 
to wound tissues, restoring mitochondrial function, 
reducing oxidative stress, and boosting ATP production. 
This enhanced energy metabolism drives stem cell 
proliferation and differentiation into specialized cell 
types, necessary for tissue regeneration. Additionally, 
hydrogel microneedles promote macrophage polarization 
toward the anti-inflammatory M2 phenotype, creating a 
regenerative microenvironment conducive to healing.171
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Each microneedle system offers unique advantages 
tailored to specific wound types. The d-HMND excels 
in localized MSC delivery, reducing risks associated with 
systemic injections. Double-layered microneedles provide 
sustained release mechanisms for prolonged therapeutic 
action, particularly in chronic wounds. pH-responsive 
microneedles offer condition-sensitive drug delivery for 
precision targeting, while hydrogel microneedles enable 
the effective delivery of mitochondria-enriched EVs, 
ensuring optimal regenerative outcomes in complex 
wound scenarios.

In summary, these advanced microneedle technologies 
highlight the versatility and transformative potential 
of MN systems in addressing a wide range of wound-
healing challenges. By integrating materials such as 
PLGA, GelMA, HA, MeHA, Eudragit S100, and HAMA/
DAM hydrogels with innovative release mechanisms, 
these platforms enhance stem cell functionality, promote 
differentiation, and create optimal environments for 
tissue repair. Whether through sustained delivery, pH-
sensitive targeting, or mitochondrial support, these 
microneedle systems represent a significant breakthrough 
in regenerative medicine, paving the way for tailored and 
effective therapies for chronic, radiation-induced, and 
surgical wounds.
The functional advantages of hydrogel encapsulation
Employing hydrogel-based encapsulation provides 
several substantial advantages that make it a highly 
attractive approach for stem cell technologies and tissue 
engineering.
a. Immunological protection
One inherent benefit of hydrogel encapsulation is its 
capacity to offer resilience against immune rejection. The 
encapsulation of stem cells in a hydrogel matrix can reduce 
the probability of rejection by the host's immune system, 
so facilitating the use of allogeneic or even xenogeneic 
cells in therapeutic endeavours.172 
b. Controlled differentiation method
The microenvironment inside hydrogels can be 
intentionally engineered to include specific biochemical 
signals that guide the differentiation of stem cells into pre-
established lineages. Incorporating growth factors, ECM 
proteins, or other signaling molecules into hydrogels can 
enhance the targeted differentiation of stem cells, which 
is a crucial process for applications in tissue regeneration. 
The study by Hoffmann et al provided evidence that 
hydrogels containing bone morphogenetic proteins 
(BMPs) can effectively induce osteogenic differentiation 
in mesenchymal stem cells, promoting the advancement 
of bone tissue engineering technology.173

Pharmaceutical agents with prolonged release
Hydrogel degradation can be deliberately designed to 
enable a controlled and timed release of enclosed cells 
and therapeutic compounds. It is particularly beneficial 
for chronic illnesses or long-term tissue regeneration 

when a continuous supply of bioactive substances is 
required. Precision adjustment of the degradation rate of 
the hydrogel can be achieved by manipulating the cross-
linking density, incorporating biodegradable linkages, or 
using enzymatically degradable components. Regulating 
the release kinetics ensures the accurate administration of 
therapeutic agents at the intended time and in the correct 
amounts, maximizing their effectiveness.90

Limitations in the encapsulation process with hydrogels
To fully exploit the potential of hydrogel-based 
encapsulation for advancing stem cell therapies, it is 
crucial to surmount many significant challenges. The 
challenges include several facets of hydrogels, such as 
their mechanical characteristics, diffusion of nutrients 
and oxygen, regulation of degradation rate, immune 
reactions, and scalability for clinical use.88

a. Quantification of concrete strength and structural 
soundness
A fundamental constraint in hydrogel-based encapsulation 
is many hydrogels' inherently poor mechanical strength, 
particularly those derived from natural polymers like 
alginate, collagen, and hyaluronic acid. Often, the 
structural integrity of these materials is inadequate for 
application in load-bearing tissues, such as bone and 
cartilage, where robust mechanical characteristics are 
essential to withstand physiological stresses.

Mechanical characteristics optimization: To overcome 
this limitation, researchers have developed many 
methods to enhance the mechanical strength of hydrogels 
while not compromising their biocompatibility. The 
approaches include incorporating reinforcing agents such 
as carbon nanotubes, graphene, or nanofibers, which can 
significantly improve the tensile strength and elasticity of 
the hydrogel.120 Furthermore, the development of double-
network hydrogels, consisting of two interpenetrating 
polymer networks, has shown promise in providing 
outstanding strength and toughness, making them 
suitable for more demanding applications.174

Achieving a harmonious equilibrium between 
mechanical robustness and biological efficacy presents 
another challenge in balancing strength and bioactivity. 
Hydrogels exhibiting high rigidity can impede cellular 
growth and differentiation, while hydrogels lacking 
ample flexibility may fail to provide adequate mechanical 
support. Researchers are investigating hybrid hydrogels 
that combine synthetic materials' mechanical robustness 
with natural polymers' biological functionality to achieve 
a harmonious equilibrium that preserves structural 
stability and cellular efficacy.101

b. Diffusion of nutrients and oxygen
The complex polymer network responsible for hydrogels' 
structural properties can concurrently impede the 
movement of essential nutrients, oxygen, and metabolic 
waste products. In the case of larger hydrogel structures, 
this limitation is particularly important since cells located 
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at the core of the structure may encounter hypoxia 
and a lack of nutrients, leading to reduced survival and 
effectiveness.101

Developing hydrogels with enhanced diffusivity: To 
address this issue, researchers are exploring different 
approaches to enhance the diffusivity of hydrogels. 
One approach involves creating permeable hydrogels 
with interconnected networks of microchannels that 
facilitate the efficient transport of oxygen and nutrients 
throughout the solid structure.101 Microchannels can be 
introduced by sacrificial templating, a technique where a 
transient substance is introduced into the hydrogel and 
subsequently extracted to form a porous framework.

An additional innovative method entails the 
incorporation of oxygen-releasing compounds, such 
as calcium peroxide or magnesium peroxide, into the 
hydrogel matrix. These materials gradually release 
oxygen over time, which helps to reduce hypoxia and 
enhance cell survival, particularly in the early stages after 
implantation.175 However, precise control of the release 
kinetics is essential to avoid local oxygen poisoning and 
ensure uninterrupted support for the enclosed cells.
c. An evaluation of the scalability and clinical applicability
The shift from laboratory research to clinical application 
poses distinct challenges regarding scalability and 
reproducibility. Attaining dependable and efficient mass 
production of hydrogel-based encapsulation systems 
while preserving their therapeutic efficacy and safety 
presents a considerable challenge.

Industrial standardization of production processes is 
essential for maintaining consistent quality in hydrogel 
encapsulation systems. Standardized manufacturing 
protocols must be implemented to enhance production 
capacity without modifying material characteristics 
or jeopardizing cell stability. This entails meticulous 
regulation of polymer synthesis, cross-linking 
parameters, and cell encapsulation methodologies. Recent 
technological innovations, including 3D bioprinting and 
microfluidics, provide promising solutions to achieve the 
necessary precision and scale.90 

Regulatory and compliance obstacles present substantial 
impediments. Traversing the complex regulatory 
landscape for hydrogel-based therapies, particularly those 
incorporating living cells or bioactive agents, necessitates 
thorough scientific assessment owing to the intricacy 

of these systems. The process can be both expensive 
and time-intensive, complicating clinical translation. 
Streamlining the approval process and facilitating the 
clinical implementation of hydrogel-based therapies 
will rely on efficient collaboration among researchers, 
clinicians, and regulatory bodies.90

A diverse array of stem cell-related products exists in 
the market for wound healing, encompassing MSCs, 
growth factors, extracellular vesicles, exosomes, scaffold 
materials, hydrogels, and dressings. MSCs are the 
predominant stem cell type utilized in wound healing. 
They can differentiate into diverse cell types integral to the 
healing process and secrete bioactive factors that facilitate 
tissue regeneration. Growth factors, including EGF, 
PDGF, VEGF, and TGF-β, are essential in promoting 
cell proliferation, angiogenesis, and collagen synthesis, 
facilitating expedited wound healing.175 

Extracellular vesicles and exosomes, comprising 
bioactive molecules like proteins, lipids, and nucleic 
acids, significantly facilitate cell migration, angiogenesis, 
and tissue regeneration and are emerging as prospective 
therapies for wound healing. Biocompatible scaffold 
materials offer a three-dimensional framework for 
stem cell adhesion, proliferation, and differentiation, 
engineered to replicate the ECM, thereby enhancing 
wound healing. Hydrogels and dressings derived from 
stem cells are also commercially available. Creating a 
humid environment sustains ideal conditions for stem cell 
function and expedites wound healing. These products 
provide extensive instruments for clinicians to manage 
chronic wounds efficiently.

Table 3 presents a variety of innovative stem cell-
derived wound healing products. NCT05464381 
comprises ABCB5 MSCs,176 NCT05549609 is a blend 
of hematopoietic stem cells and MSCs and employs 
human stem cells featuring Integrin α10β1.177 These 
products are presently undergoing clinical trials, whereas 
NCT05549609 necessitates several weeks to months for 
therapeutic effects to manifest. Furthermore, alternative 
products in the market utilize diverse technologies to 
enhance wound healing. ReGenerCell™ employs the 
patient's autologous skin cells, which are processed via 
the ReCell® device and applied to the wound to expedite 
tissue regeneration and minimize scarring. DermaPure® 
utilizes autologous cells (sourced from the patient) to 

Table 3. Hydrogel-stem cell products under clinical trials

Identifier Component Condition Sponsor Ref

NCT03113747 adipose-derived multipotent stem cell Second- or Third-degree Burns A.A. Partners, LLC 181

NCT06492811 Hematopoietic stem cell Diabetic Wound Peking University Third Hospital 182

NCT02394886 Allogeneic Adipose-Derived Stem Cell Diabetic Foot Ulcer Anterogen Co., Ltd. 183

NCT02619877 Allogeneic Adipose-Derived Stem Cell Diabetic Foot Ulcer Anterogen Co., Ltd. 184

NCT05549609 Human Stem Cells. Integrin α10β1 Leg ulcers Xintela AB 177

NCT05464381 ABCB5- mesenchymal stem cells Blistering skin HEACELL GmbH & Co. KG 176
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formulate a bioactive wound dressing that offers a cell-
dense and growth factor-abundant milieu for wound 
healing. Grafix® is a cryopreserved product derived from 
a placental membrane comprising MSCs, growth factors, 
and ECM proteins, intended to facilitate wound healing 
by establishing a regenerative milieu. Many of these 
products employ the amniotic membrane as ECM owing 
to its bioactive characteristics, protective barrier function, 
anti-inflammatory properties, and capacity to facilitate 
tissue regeneration, rendering it an advantageous choice 
for wound healing. Nonetheless, constraints encompass 
the risk of contamination, compatibility challenges 
with allogeneic cell sources, and comparatively modest 
wound healing results. Furthermore, wound healing 
products must undergo stringent regulatory examination 
to guarantee the safe and ethical application of stem 
cells from both human and animal origins in clinical 
environments.

MSCs and cell-derived growth factors, including EGF, 
PDGF, VEGF, and exosomes, facilitate wound healing 
by enhancing cell migration, angiogenesis, and tissue 
regeneration. Advanced methodologies such as 3D 
bioprinting are employed to fabricate intricate biopolymers 
for wound healing, demonstrating favorable outcomes 
relative to conventional techniques. Nonetheless, obstacles 
such as the substantial expense of growth factor enrichment 
and the optimization of delivery systems persist. 
Commercial products such as hydrogels, dressings, and 
scaffolds that integrate stem cells or stem cell-derived factors 
have demonstrated favorable results in wound healing. 
Products like ReGenerCell™, DermaPure®, and Grafix® 
have the potential to dominate the market if they resolve 
challenges related to contamination and compatibility 
with allogeneic cell sources. Moreover, rigorous regulatory 
oversight is crucial to guarantee these products' safe and 
ethical application in clinical environments.178-180

Scaffolds-based hydrogel to encapsulate cells 
Hydrogels are commonly considered the most efficient 
techniques for encapsulating biological cells. Hydrogels 
facilitate the creation of a well-hydrated three-
dimensional milieu that closely mimics the elasticity of 
tissues, such as the ECM. Moreover, hydrogels can be 
readily engineered to enhance the interactions between 
cells and the surrounding material.175 Microentrapment 
inside hydrogel cavities is a widely used method for 
encapsulating cells. The continued use of this approach can 
be attributed to its longevity and user-friendly nature.147 
The size and shape of the scaffold used to disperse the stem 
cells dictate the cell encapsulation method. Furthermore, 
the choice and design of a three-dimensional scaffold, 
such as a hydrogel, for tissue regeneration should be 
based on the specific target tissue and the ability of the 
hydrogel to adhere to the tissue by forming chemical or 
physical connections between the surrounding tissues 

and its functional moiety.148 Advancements in 3D culture 
techniques, particularly with hydrogels, can enhance stem 
cell expansion's effectiveness. 

Hydrogels are structures for delivering therapeutic cells 
to the site of injury, protecting the cells from immune 
system attack, and maintaining the fluidity required to 
pass therapeutic, signaling, and metabolic chemicals. 
Manipulating several biophysical and biochemical 
properties, such as hydrogel-cell interactions, cell 
adhesion, biocompatibility, and biodegradability, can 
modify the hydrogel microenvironment to promote cell 
proliferation. Moreover, the chemistry and structure 
of the hydrogel should be deliberately designed to 
facilitate the motility, proliferation, and specialization of 
cells.91 Stipulating stem cells within hydrogels enhances 
their durability, liveliness, and persistence within the 
environment. By incorporating particular chemicals or 
bioactive compounds into the hydrogel, the viability of 
stem cells is further enhanced. Furthermore, this method 
improves the precise administration of stem cells and 
facilitates effective dispersion to the intended area.149 

The porous nature of hydrogels facilitates the 
efficient dissemination of nutrients, growth factors, and 
extracellular matrix components from the surrounding 
milieu to adjacent cells, augmenting cellular interactions 
and support.150 The micrometer size of hydrogels' three-
dimensional structure tends to be smaller than the 
nanometer scale of cells, which can lead to cell entrapment 
within the hydrogels.151 Reduced mesh size at the 
nanoscale amplifies the density of interactions between 
cells and the matrix, resulting in a higher number of focal 
and cell adhesion contacts. Therefore, structures with 
greater porosity at the microscale facilitate the migration 
of cells into the area of injury.91

Methods of encapsulating cells in hydrogel scaffolds
A variety of techniques are employed to introduce cells 
into the hydrogel cavities. Cells can be incorporated into 
hydrogel polymer materials before the gelation process or 
transferred onto the hydrogels after they have solidified. 
Hence, it is imperative to sterilize hydrogels using several 
methods.185 Since the cells are encapsulated within the 
hydrogel, filtering the hydrogel precursor solutions for 
sterilization is possible before combining them with 
the cell suspensions. Sterilization of cells grown on 
hydrogel surfaces can be achieved by submerging them 
in ethanol or subjecting them to UV radiation. Thorough 
consideration should be given to the choice of techniques, 
as specific procedures can have undesirable effects on 
the cells. An optimal procedure for cultivating cells with 
hydrogels entails guaranteeing sufficient adherence of the 
cells to the hydrogels, followed by their propagation.186 

Cell adhesion in hydrogel-scaffolds
Hydrogel formulation should be specifically engineered 
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to establish a robust attachment to wound tissue under 
elevated humidity and diminished adhesive pressures 
on the wound surface.187 Integration of proteins derived 
from the extracellular matrix, integrin-binding proteins, 
and peptides synthesized from these proteins has been 
achieved in hydrogel systems. This integration improves 
cell attachment within the network and stimulates three-
dimensional cell proliferation.186 Heparin can interact 
with various adhesion ligands and growth factors, and 
hydrogels modified with heparin have been developed to 
enable the targeted delivery of growth factors to specific 
regions,188 and to improve the adhesion of MSCs.189 
Cellular adhesion peptides are brief peptides originating 
from macromolecules in the extracellular matrix. These 
peptides manifest specific patterns that allow them to 
bind to receptors implicated in cell adhesion selectively. 
Dedicated cell adhesion peptides have been designed 
for application in various cell culture platforms such as 
scaffolds, fibers, and hydrogels.190 Recombinant Glycine 
Dextramine (RGD) has attracted considerable attention 
and is widely used among cell adhesion peptides, mainly 
due to its superior size compared to all alternatives.191 
However, RGD is short in length, and steric inhibitory 
effects can hinder cells from binding to RGD, which is 
covalently attached to the hydrogel backbone.186

Even with the fascination with RGD, it has inherent 
constraints. The secretion of extracellular matrix 
proteins, including collagen I and IV, fibronectin, and 
laminin, by MSCs grown on two-dimensional surfaces 
is essential for enhancing cell viability, proliferation, 
and differentiation.192 Cell adhesion proteins such as 
fibronectin and laminin enable the formation of interfaces 
between the ECM. MSCs independently release ECM 
proteins, which reciprocally promote the attachment and 
proliferation of MSCs.186

Cell secretions encapsulated in hydrogel-scaffolds
The therapeutic efficacy of stem cells depends on 
releasing bioactive soluble compounds with paracrine 
properties, which are triggered by factors self-released by 
the cells. The secretomes, compounds secreted by cells, 
can cross the endothelium barrier, enter the circulatory 
system, and finally reach the damaged cells.193 Hydrogels 
possess the ability to sequester secretions from stem cells. 
The secretome produced by MSC comprises a variety of 
released compounds, including soluble proteins (such as 
cytokines, chemokines, and growth factors), free nucleic 
acids, lipids, and secreted vesicles.194 Factors such as cell 
types, tissue origin, isolation technique, chemical and 
physical stimulation, and cellular microenvironment can 
influence the secretions produced by mesenchymal stem 
cells.150 

When contrasting mesenchymal stem cells with MSC 
secretions, the latter presents numerous specific benefits. 
These therapies encompass cell-free approaches, which 

reduce the need for mesenchymal stem cells, mitigate 
the risk of embolism, and preclude the potential for 
MSCs to induce tumors.149 Employing secretions 
generated by MSCs in biomedical applications poses a 
lesser risk than therapeutic products that include live 
cells. Moreover, administering secretome is safer than 
directly transplanting live MSCs.185,195 The resemblance 
of the secretome to the stem cell composition maintains 
the distinct immunological characteristics of MSCs, 
enabling the application of allogeneic preparations in 
various species without triggering immune-stimulating 
responses.151 An inherent benefit of secretome therapy 
is its transient character, which allows more convenient 
termination in comparison to cell delivery in the event 
of unfavorable responses. Although there have been no 
reported severe effects with high doses, it is essential to 
establish a safe and effective dosage for the treatment 
of pathological disorders. Additional investigation is 
required to determine the most effective timing, frequency, 
and administration dosage by which repeated applications 
may maintain therapeutic effectiveness over an extended 
period.150 Moreover, the use of secretomes produced from 
MSCs is more economically advantageous and practical 
for therapeutic purposes because it eliminates the need 
for invasive methods of cell collection.196 Secretomes play 
a vital role in facilitating intercellular communication 
among cells and performing various cellular functions 
such as genetic material transfer, transportation of 
physiologically active chemicals, and defense against viral 
infections in mammalian cells.197,198 

Hydrogels possess the capacity to be employed as a 
means of delivering secretions in a regulated and extended 
fashion. A preliminary investigation concentrated on 
the advancement of injectable hydrogels to transport 
secretome to specific organs. This method enabled precise 
targeted distribution with minimal invasiveness.199 Hence, 
it prolonged the lasting existence of the secretome and 
provided a safer and more effective therapeutic result 
without causing systemic or local complications.150

Application of nanotechnology for stem cell encapsulation
Advancements in nano-based stem cell encapsulation for 
wound healing show remarkable promise, particularly 
in enhancing MSC activity, protecting against ROS, and 
supporting cell differentiation. Integrating nanomaterials 
is transforming the field by offering precise control over 
therapeutic delivery, cellular protection, and regenerative 
potential in complex wound environments like those seen 
in diabetic patients.200

A groundbreaking example by Wen et al involves the 
CPCeD nanofibrous dressing, which incorporates ceria 
nanoparticles known for their ROS-scavenging abilities 
alongside a targeted DNA aptamer (Apt19S) for MSC 
recruitment. This innovative dressing actively reduces 
oxidative stress by lowering ROS levels, thus protecting 
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MSCs from damage that could impede their therapeutic 
efficacy. The Apt19S component attracts MSCs to the 
wound site, addressing common obstacles in exogenous 
MSC therapy, such as limited cell viability and the labor-
intensive expansion process. When applied to diabetic 
wound models, CPCeD significantly accelerated healing 
rates, decreased inflammation, and promoted tissue 
regeneration compared to controls. The porous and elastic 
structure of CPCeD facilitates optimal MSC recruitment, 
protection, and mechanical support, demonstrating its 
potential as an effective therapeutic modality for diabetic 
wounds by utilizing endogenous MSCs.74

In parallel, Yang et al developed a multifunctional 
hydrogel composed of sodium alginate (SA), manganese 
dioxide (MnO₂), recombinant humanized collagen 
III (RHC), and MSCs, which addresses several critical 
aspects of wound healing. The MnO₂ element effectively 
scavenges ROS, mitigating oxidative stress and fostering 
a regenerative environment for chronic wounds. MSCs 
embedded in this hydrogel contribute to angiogenesis, 
enhancing the formation of new blood vessels necessary 
for delivering nutrients and oxygen, thus supporting the 
accelerated repair of damaged tissues. This hydrogel also 
promotes immune modulation by directing macrophages 
toward an anti-inflammatory M2 phenotype, which 
is essential for reducing chronic inflammation and 
supporting healing. Incorporating RHC provides a 
stable, ECM that facilitates cell adhesion, tissue structure, 
and remodeling, ultimately leading to substantial 
improvements in cell proliferation, migration, and 
collagen deposition. This hydrogel significantly enhanced 
wound closure and healing in both in vitro and in vivo 
studies, underscoring its potential as a highly effective 
MSC-based therapy.201

A recent study on ASCs enhanced by lipid nanoparticles 
(LNPs) explores an advanced approach to improve the 
regenerative capacity of ASCs in diabetic wound healing. 
ASCs are inherently immunomodulatory and aid tissue 
repair; however, their limited protein production and 
survival in inflammatory environments restrict their 
therapeutic impact. This research leverages sugar alcohol-
derived LNPs to deliver RNA into ASCs, combining self-
amplifying RNA (saRNA) and mRNA encoding immune-
evasive proteins to sustain protein expression. This 
method enables ASCs to secrete therapeutic proteins like 
hepatocyte growth factor (HGF) and CXCL12 directly at 
wound sites, fostering controlled immune responses and 
promoting tissue regeneration. HGF explicitly supports 
tissue regeneration, while CXCL12 optimizes immune 
modulation, effectively reducing inflammation and 
expediting wound closure in diabetic models. This LNP-
assisted RNA delivery signifies an innovative approach 
to reprogramming ASCs, enhancing their therapeutic 
capacity, and expanding their applications in broader 
regenerative therapies and inflammation control.202

These advancements in nano-enabled stem cell 
encapsulation and delivery systems represent a substantial 
leap forward in wound healing. By enhancing ROS 
protection,203,204 boosting differentiation potential,205,206 
and creating patient-specific,205 immune-invasive 
therapies,207 nano-engineered biomaterials are poised to 
redefine the therapeutic landscape for acute and chronic 
wound management, transforming regenerative medicine 
into a more effective and personalized field.

Stem cell fate/behavior in hydrogel and fiber scaffolds
Cellular behaviors exert a substantial influence on 
the tissue regeneration process and play a crucial role 
in determining the effectiveness of regeneration. Fig. 
4 shows an organized view of the biochemical and 
biophysical factors in hydrogel/nanofiber scaffolds that 
influence stem cell behavior. Chemical signals such as 
small molecule drugs and growth factors have a direct 
influence on cellular functions, whereas biophysical signs 
include physical and mechanical stimuli, topography, 
and stiffness, which have an indirect effect on cell fate 
by altering the scaffold environment. This combined 
influence is critical in developing scaffolds for tissue 
engineering and regenerative medicine applications 
(Fig. 4).

Biophysical signals
Biophysical signals present in scaffolds, including stiffness, 
elasticity, surface topography, and mechanical forces, play 
a crucial role in controlling the destiny of stem cells. These 
cues simulate the cells' natural environment by providing 
structural and mechanical direction, ensuring that the 
cells behave in a manner that facilitates efficient tissue 
regeneration. Moreover, the activity of stem cells can be 
further influenced by external stimuli, such as electrical 
and magnetic fields. Hence, establishing biophysical cues 
is an essential element in the design of scaffolds.208

Substrate stiffness is a highly dominant biophysical 
parameter. The rigidity of a scaffold directly impacts the 
progression of stem cell differentiation by replicating 
the mechanical characteristics of various tissues. 
Sterile matrices imitate bone tissue, so promoting 
the differentiation of stem cells into osteogenic and 
myogenic lineages is essential for the regeneration of 
bone and muscle.209 Conversely, less rigid substrates 
promote the development of stem cells into adipogenic 
or chondrogenic lineages, which in turn facilitate the 
production of fat and cartilage.133 Therefore, it is necessary 
to meticulously adjust the mechanical characteristics of 
the scaffold to align with the specific needs of the target 
tissue. An inherent constraint of existing scaffold designs 
is their dependence on static mechanical characteristics. 
During normal physiological processes, tissues undergo 
dynamic mechanical alterations, including stretching and 
compression. Incorporating materials with adjustable 
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stiffness in future scaffold designs would enable them 
to adapt to dynamic mechanical environments, more 
accurately replicating organic tissues' physiological 
conditions.210

The phenomenon of viscoelasticity, which involves 
the simultaneous influence of viscosity and elasticity, 
is paramount in stem cell differentiation. Experiments 
have demonstrated that scaffolds with greater viscosity 
facilitate the transformation of stem cells into osteogenic 
lineages, whereas scaffolds with lower viscosity 
promote adipogenesis.134 While the correlation between 
viscoelasticity and cell differentiation is well-established, 
further research is required to explore how viscoelastic 
characteristics interact with other biophysical and 
biochemical signals. Investigation of these interactions 
may result in the development of more efficient scaffold 
designs that maximize the behavior of stem cells for 
particular applications in tissue regeneration.211 

The surface topography at the micro- and nanoscale 
significantly impacts the behavior of stem cells, affecting 
their mechanisms of attachment, migration, proliferation, 
and differentiation. The presence of rougher scaffold 
surfaces increases the number of contact points for cells, 

improving their capacity to adhere and facilitate spreading. 
These interactions are enabled by structures such as 
Caveolae, which develop in reaction to the topography of 
the scaffold and play a role in critical cellular processes 
like endocytosis and signal transmission. In response to 
surface roughness, proteins such as Caveolin and Clathrin 
undergo reorganization, facilitating cell adhesion 
and migration regulation. Even with the considerable 
influence of surface topography, existing scaffold designs 
frequently need more accuracy in regulating nanoscale 
characteristics, so their capacity to efficiently direct 
cell behavior is restricted. To achieve more accurate 
manipulation of stem cell fate, future research should 
prioritize the development of nanostructured scaffolds 
that provide enhanced control over surface topography.212

Mechanical forces, such as tension, compression, and 
shear stress, impact the behavior of stem cells. These 
forces preserve tissue balance and guide stem cells toward 
particular differentiation pathways. Structural replication 
of the mechanical forces encountered by bone or cartilage 
cells during movement can facilitate osteogenic or 
chondrogenic differentiation. Moreover, the activity of 
stem cells can be augmented by external stimuli, such as 

Fig. 4. Factors of hydrogel and nanofiber scaffolds, such as biophysical and biochemical properties, that have an impact on cell fate. Abbreviation: BIO: 
Bisindolylmaleimide I (common small molecule drug, though BIO can refer to other specific compounds depending on context), Pam3Cys: Synthetic 
triacylated lipopeptide, used to stimulate immune response, TGFβ-1:Transforming Growth Factor Beta 1, BMP-3: Bone Morphogenetic Protein 3, 
VEGF:Vascular Endothelial Growth Factor, IGF-1C: Insulin-like Growth Factor 1C, TGFβ-3:Transforming Growth Factor Beta 3, bFGF: Basic Fibroblast 
Growth Factor, PDGF:Platelet-Derived Growth Factor, Platelet-derived growth factor-BB (PDGF-BB): A dimeric form of PDGF
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electrical and magnetic fields. For example, studies have 
demonstrated that electrical stimulation significantly 
enhances the entry of calcium ions (Ca2 + ) into cells, 
stimulating intracellular signaling pathways that facilitate 
the development of neurons.136 Although these results 
show promise, more long-term studies need to assess 
the enduring influence of mechanical and external 
stimuli on the behavior of stem cells. Furthermore, most 
existing scaffold designs need to integrate these dynamic 
cues successfully. Subsequent advancements in scaffolds 
should incorporate dynamic components that react to 
mechanical forces and external stimuli, facilitating more 
effective control of stem cell differentiation and tissue 
regeneration longitudinally.212 

Nanofibers, specifically engineered to imitate the fibrous 
structure of the ECM, have a crucial function in directing 
the behavior of stem cells. Cell migration, adhesion, and 
differentiation can be influenced by the alignment and 
density of nanofibers, which generate topographical cues 
that promote tissue regeneration. Nevertheless, existing 
scaffolds made from nanofibers often prioritize static 
characteristics, such as the alignment or composition 
of the fibers, without considering the potential changes 
in these characteristics over time. To enhance their 
effectiveness, novel nanofiber scaffolds should be designed 
to create dynamic environments that can adjust to the 
requirements of regenerating tissues. This will improve 
the scaffold's capacity to direct the behavior of stem cells 
during the regeneration process.6

Topographic and biochemical cues combined in 
electrospun nanofibrous scaffolds potently regulate 
cellular behavior and facilitate tissue regeneration. These 
scaffolds accurately imitate the ECM while transporting 
bioactive compounds that support the preservation of 
cell structure and function. Nevertheless, incorporating 
multifunctional cues, such as the fusion of mechanical, 
biochemical, and topographic parameters, continues to 
be complicated. To enhance the regulation of stem cell 
behavior and optimize tissue regeneration results, it is 
recommended that future scaffold designs prioritize the 
integration of several levels of control.6

Biochemical signs
Biochemical signals in hydrogels and fiber scaffolds 
play a crucial role in regulating the destiny of stem cells 
by providing the molecular signals required to direct 
cell behavior. Small molecules, growth factors, and 
cytokines are frequently employed to stimulate stem 
cells' differentiation, proliferation, and survival. The 
difficulty is in regulating the release and concentration 
of these biochemical signals to guarantee that stem cells 
are provided with suitable signals at the precise moment. 
Inadequate regulation of the timing and dosage of these 
signals can result in less-than-ideal or even harmful 
consequences.213

It is well acknowledged that growth factors, including 
TGFβ-1, TGFβ-3, BMP-3, bFGF, VEGF, PDGF, and IGF-
1C, can stimulate MSCs proliferation and differentiation. 
Nevertheless, their use is subject to constraints, such as 
exorbitant expenses and the possibility of diminished 
stemness while exposed for extended durations. 
Furthermore, growth factors frequently exhibit 
instability, resulting in a decline in their biological 
activity as time progresses, thus reducing their efficacy 
in extended regenerative treatments. In response to these 
requirements, small molecules such as Pam3Cys and BIO 
have arisen as viable alternatives. These compounds are 
more economical and durable than growth factors and can 
be integrated into hydrogels to enhance the proliferation 
of MSCs while preserving their characteristic stemness. 
To guarantee the long-term stability of these small 
molecules in living organisms and to establish the most 
effective dosage and timing for their release, additional 
study is required.186 

The design of hydrogels for stem cell delivery requires 
consideration of many aspects, such as material 
composition, cross-linking techniques, mechanical 
characteristics, porosity, and biochemical responses. Each 
of these aspects contributes to assessing the scaffold's 
ability to facilitate the survival and integration of stem 
cells into the adjacent tissue. An inherent drawback 
of existing scaffold designs is their tendency to create 
fixed environments that do not effectively accommodate 
the changing requirements of regenerating tissues. 
Dynamically adaptable innovative scaffolds, capable of 
modifying their characteristics in reaction to cellular 
input, present an up-and-coming solution. These 
scaffolds facilitated the controlled release of growth 
factors or small molecules, assuring stem cells receive the 
appropriate signals at the precise moment. Nevertheless, 
the advancement of intelligent scaffolds is still in its 
early stages, and further investigation is required to 
comprehensively grasp the methods to enhance their 
performance for clinical purposes effectively.214

Cytotoxicity and immune system response in fiber and 
hydrogel scaffolds
The degradation rate of fiber scaffolds significantly 
impacts tissue regeneration, as it plays a crucial role in 
coordinating the breakdown of the scaffold with the 
system's inherent healing mechanism. The degradation of 
polymers is critical to tissue engineering as it establishes 
the duration during which scaffolds can sustain tissue 
growth before being reabsorbed. Notably, the byproducts 
of scaffold breakdown must be non-toxic and capable of 
being metabolized by the body to avoid harmful impacts 
on cells and tissues. The biocompatibility of scaffolds 
is determined by their surface characteristics, which 
govern primary cellular processes, including adhesion, 
migration, and proliferation. Therefore, the careful 
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choice of suitable biomaterials for fiber scaffolds is crucial 
since it directly influences both the behavior of cells and 
the compatibility of the scaffold with living organisms. 
During the material selection process, factors such as low 
toxicity, biocompatibility, and biodegradability are of 
extreme significance.117 

The breakdown of hydrogels surrounding enclosed 
cells is affected by several parameters, such as the type of 
cells, the chemical composition of the hydrogel, and the 
amount of degradable cross-links.215 Hydrogels, typically 
made of natural biopolymers, undergo degradation by 
hydrolysis or enzymatic activity. These processes can 
be controlled by modifying the network structure of the 
hydrogel.91 Effective management of the degradation 
rate to align with the therapeutic time frame is a crucial 
element of scaffold design. High degradation rates 
risk destabilizing the scaffold before cells have enough 
time to facilitate therapeutic effects. Conversely, slow 
degradation can result in the buildup of degradation 
products, which can hinder cell function and potentially 
cause cytotoxic effects.148 Thus, the degradation kinetics 
must be meticulously calibrated to facilitate ideal tissue 
regeneration. 

Traditionally, biologics were designed to aim for 
biological inertness, reducing the likelihood of provoking 
acute inflammatory reactions. Nevertheless, recent studies 
have emphasized the significance of coordinated immune 
responses in wound healing. Systematic inflammation, 
influenced by immune control, is now acknowledged as 
a crucial element of tissue regeneration, changing the 
approach to scaffold design.146

The potent immunomodulatory properties of MSCs 
play a crucial role in this process by affecting innate and 
adaptive immune responses. Matrix stromal cells (MSCs) 
mainly exert their effects by paracrine signaling, which 
involves the release of bioactive substances, including 
anti-inflammatory cytokines, chemokines, growth 
factors, hormones, and EVs. These substances collectively 
contribute to the immunomodulatory and angiogenic 
effects of MSCs.216,217 Limitation: Despite the notable 
immunoregulatory properties of MSCs, additional 
research is required to investigate their potential for 
long-term immunomodulation in chronic inflammation 
and autoimmune disorders where immune balance 
is disturbed. The existing research presently needs a 
thorough comprehension of the long-term impact of 
MSCs on the immune system.218

MSCs react to signals from damaged tissues by moving 
towards regions of inflammation under the guidance of 
cytokines and chemokines signaling. After reaching the 
injury site, MSCs attach to injured cells using adhesion 
molecules. Their movement is controlled by enzymes like 
matrix metalloproteinase (MMPs) and tissue inhibitors 
of metalloproteinase (TIMPs), which provide routes 
for inflammatory cells to invade the damaged tissue. 

At the site of injury, MSCs undergo differentiation into 
different cell types and release essential growth factors 
such as EGF, FGF, PDGF, IGF-1, TGF-β, and TNF. 
These growth factors play a role in controlling tissue 
remodeling and facilitating regeneration.186 Limitation: 
Nevertheless, inflammation can hinder the functioning 
of MSCs since pro-inflammatory signals can impair their 
ability to differentiate and cause aging. This emphasizes 
the importance of creating suitable immune-modulatory 
conditions to enhance the performance of MSCs in 
regenerative treatments.

A tissue regeneration transplantation of stem cells 
is categorized as either autologous, obtained from 
the patient, or allogeneic, obtained from a donor.103 
Allogeneic transplants involve recognizing foreign cells 
by the recipient's immune system, triggering an immune 
response. The immune activation is initiated by the 
major histocompatibility complex (MHC) receptors 
on the donor cells, which attract immune cells to the 
transplantation site.219 Strategies such as encapsulating 
cells within hydrogels or confining cells within scaffolds 
have been devised to mitigate the risks linked to immune 
rejection. Enclosing MSCs in hydrogels presents a 
promising strategy, as it shields the cells from immune 
detection while allowing them to secrete therapeutic 
bioactive compounds.103 

Biotolerance is a fundamental principle in tissue 
engineering that pertains to the capacity of a scaffold to 
elicit a regulated and moderate inflammatory reaction, 
enabling the host's immune system to undergo long-term 
tolerance of the implanted material. Nevertheless, hyper-
inflammation induced by the scaffold can produce pro-
inflammatory cytokines, which can cause cell death and 
undermine the effectiveness of the encapsulation system. 
Moreover, foreign cells inside scaffolds can provoke 
robust immune reactions, requiring the host immune 
system to adjust.146 Limitation: The presence of chronic 
low-grade inflammation continues to be a significant 
obstacle, especially when using synthetic scaffolds, as they 
may cause ongoing activation of the immune system. The 
extended inflammation can impede the process of tissue 
regeneration and result in the degradation of the scaffold. 
Hence, future studies must focus on developing scaffolds 
that suppress persistent inflammation while promoting 
cellular function.

Extracellular factors, including biochemical signals 
from adjacent cells and the ECM and physical forces like 
compression, tension, and shear stress, continuously affect 
cells in tissue scaffolds. In conjunction with interactions 
occurring at the interface between cells and biomaterials, 
these signals govern cellular behavior and impact immune 
responses.220 Precise selection of immunomodulatory 
hydrogels is essential for maintaining a balance between 
anti-inflammatory and pro-inflammatory reactions, 
facilitating tissue regeneration, and preventing excessive 
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immune activation.218 
Numerous polymeric materials have been employed 

in developing hydrogels to modulate immune responses 
by triggering regulated inflammatory reactions. 
Nevertheless, these materials frequently do not possess 
inherent immunomodulatory signals, hence requiring 
the integration of bioactive compounds to induce the 
intended immune response. Essential characteristics 
of these biomaterials, including cross-linking 
density, degradation kinetics, mechanical properties, 
hydrophilicity, surface composition, topography, and 
porosity, collectively enhance their immunomodulatory 
capabilities.226 Limitation: Despite the advancements 
in scaffold design, many existing scaffolds need more 
dynamism and adaptation to the changing requirements 
of regenerating tissues. To improve both the regenerative 
and immunomodulatory potential, future scaffold designs 
should prioritize the development of adaptive, intelligent 
materials capable of modifying their characteristics in real-
time in response to feedback from the tissue environment.

Cellular polarization, the mechanism by which 
macrophages transition between pro-inflammatory (M1) 
and anti-inflammatory (M2) characteristics, is crucial 
for tissue regeneration. Structural topography, porosity, 
and surface chemistry can be deliberately modified to 
affect macrophage polarization, directing the immune 
response towards a pro-healing, anti-inflammatory M2 
phenotype.222 This approach is critical for promoting tissue 
regeneration while preventing chronic inflammation.

Recent studies have shown that transplanting 
mesenchymal stem cells directly to wound sites may 
heighten the susceptibility to microbial attachment, 
especially by bacteria like Staphylococcus aureus, which 
could result in infection and the development of biofilms. 
Embedding MSCs in hydrogels dramatically decreases the 
likelihood of microbial colonization while preserving the 
stem cells' pluripotency and therapeutic capabilities.223 
Limitation: Although hydrogel encapsulation shows 
potential, further scientific investigation is needed 

to optimize the equilibrium between antimicrobial 
protection and preserving cell viability. Critical for 
clinical applications is the assurance of long-term stability 
of encapsulated cells without compromising their 
therapeutic benefits.

Cytotoxicity and immune system response in fiber and 
hydrogel scaffolds
Fiber and hydrogel scaffolds are invaluable assets in tissue 
engineering, providing structural support that promotes 
cell growth and tissue regeneration. Key factors such as 
biocompatibility, degradation rate, and immune response 
play a vital role in determining their effectiveness and 
safety in clinical settings. Controlled degradation of these 
scaffolds is crucial to ensure they break down into non-
toxic byproducts, minimizing adverse reactions. However, 
challenges like chronic inflammation and infection risk 
continue to pose hurdles. The integration of stem cells, 
especially MSCs, offers a promising approach to modulate 
immune responses, enhancing the therapeutic efficacy of 
these scaffolds for improved wound healing and tissue 
repair (Fig. 5).

The degradation rate of fiber scaffolds significantly 
impacts tissue regeneration, as it plays a crucial role in 
coordinating the breakdown of the scaffold with the 
system's inherent healing mechanism. The degradation of 
polymers is critical to tissue engineering as it establishes 
the duration during which scaffolds can sustain tissue 
growth before being reabsorbed. Notably, the byproducts 
of scaffold breakdown must be non-toxic and capable of 
being metabolized by the body to avoid harmful impacts 
on cells and tissues. The biocompatibility of scaffolds 
is determined by their surface characteristics, which 
govern primary cellular processes, including adhesion, 
migration, and proliferation. Therefore, the careful 
choice of suitable biomaterials for fiber scaffolds is crucial 
since it directly influences both the behavior of cells and 
the compatibility of the scaffold with living organisms. 
During the material selection process, factors such as low 

Fig. 5. Key factors in cytotoxicity and immune response in fiber and hydrogel scaffolds.
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toxicity, biocompatibility, and biodegradability are of 
extreme significance.117 

The breakdown of hydrogels surrounding enclosed 
cells is affected by several parameters, such as the type of 
cells, the chemical composition of the hydrogel, and the 
amount of degradable cross-links.215 Hydrogels, typically 
made of natural biopolymers, undergo degradation by 
hydrolysis or enzymatic activity. These processes can 
be controlled by modifying the network structure of the 
hydrogel.91 Effective management of the degradation 
rate to align with the therapeutic time frame is a crucial 
element of scaffold design. High degradation rates 
risk destabilizing the scaffold before cells have enough 
time to facilitate therapeutic effects. Conversely, slow 
degradation can result in the buildup of degradation 
products, which can hinder cell function and potentially 
cause cytotoxic effects.148 Thus, the degradation kinetics 
must be meticulously calibrated to facilitate ideal tissue 
regeneration. 

Traditionally, biologics were designed to aim for 
biological inertness, reducing the likelihood of provoking 
acute inflammatory reactions. Nevertheless, recent studies 
have emphasized the significance of coordinated immune 
responses in wound healing. Systematic inflammation, 
influenced by immune control, is now acknowledged as 
a crucial element of tissue regeneration, changing the 
approach to scaffold design.146

The potent immunomodulatory properties of MSCs 
play a crucial role in this process by affecting innate 
and adaptive immune responses. MSCs mainly exert 
their effects by paracrine signaling, which involves 
the release of bioactive substances, including anti-
inflammatory cytokines, chemokines, growth factors, 
hormones, and EVs. These substances collectively 
contribute to the immunomodulatory and angiogenic 
effects of MSCs.216,217 Limitation: Despite the notable 
immunoregulatory properties of MSCs, additional 
research is required to investigate their potential for 
long-term immunomodulation in chronic inflammation 
and autoimmune disorders where immune balance 
is disturbed. The existing research presently needs a 
thorough comprehension of the long-term impact of 
MSCs on the immune system.218

 MSCs react to signals from damaged tissues by moving 
towards regions of inflammation under the guidance of 
cytokines and chemokines signaling. After reaching the 
injury site, MSCs attach to injured cells using adhesion 
molecules. Their movement is controlled by enzymes 
MMPs and tissue inhibitors of TIMPs, which provide 
routes for inflammatory cells to invade the damaged 
tissue. At the site of injury, MSCs undergo differentiation 
into different cell types and release essential growth 
factors such as EGF, FGF, PDGF, IGF-1, TGF-β, and 
TNF. These growth factors play a role in controlling tissue 
remodeling and facilitating regeneration.186 Limitation: 

Nevertheless, inflammation can hinder the functioning 
of MSCs since pro-inflammatory signals can impair their 
ability to differentiate and cause aging. This emphasizes 
the importance of creating suitable immune-modulatory 
conditions to enhance the performance of MSCs in 
regenerative treatments.

A tissue regeneration transplantation of stem cells 
is categorized as either autologous, obtained from 
the patient, or allogeneic, obtained from a donor.103 
Allogeneic transplants involve recognizing foreign cells 
by the recipient's immune system, triggering an immune 
response. The immune activation is initiated by the major 
histocompatibility complex receptors on the donor cells, 
which attract immune cells to the transplantation site.224 
Strategies such as encapsulating cells within hydrogels 
or confining cells within scaffolds have been devised to 
mitigate the risks linked to immune rejection. Enclosing 
MSCs in hydrogels presents a promising strategy, as it 
shields the cells from immune detection while allowing 
them to secrete therapeutic bioactive compounds.103 

Biotolerance is a fundamental principle in tissue 
engineering that pertains to the capacity of a scaffold to 
elicit a regulated and moderate inflammatory reaction, 
enabling the host's immune system to undergo long-term 
tolerance of the implanted material. Nevertheless, hyper-
inflammation induced by the scaffold can produce pro-
inflammatory cytokines, which can cause cell death and 
undermine the effectiveness of the encapsulation system. 
Moreover, foreign cells inside scaffolds can provoke 
robust immune reactions, requiring the host immune 
system to adjust.146 Limitation: The presence of chronic 
low-grade inflammation continues to be a significant 
obstacle, especially when using synthetic scaffolds, as they 
may cause ongoing activation of the immune system. The 
extended inflammation can impede the process of tissue 
regeneration and result in the degradation of the scaffold. 
Hence, future studies must focus on developing scaffolds 
that suppress persistent inflammation while promoting 
cellular function.

Extracellular factors, including biochemical signals 
from adjacent cells and the ECM and physical forces like 
compression, tension, and shear stress, continuously affect 
cells in tissue scaffolds. In conjunction with interactions 
occurring at the interface between cells and biomaterials, 
these signals govern cellular behavior and impact immune 
responses.220 Precise selection of immunomodulatory 
hydrogels is essential for maintaining a balance between 
anti-inflammatory and pro-inflammatory reactions, 
facilitating tissue regeneration, and preventing excessive 
immune activation.218 

Numerous polymeric materials have been employed 
in developing hydrogels to modulate immune responses 
by triggering regulated inflammatory reactions. 
Nevertheless, these materials frequently do not possess 
inherent immunomodulatory signals, hence requiring 



Esmaeilzadeh et al

   BioImpacts. 2025;15:30806 29

the integration of bioactive compounds to induce the 
intended immune response. Essential characteristics 
of these biomaterials, including cross-linking 
density, degradation kinetics, mechanical properties, 
hydrophilicity, surface composition, topography, and 
porosity, collectively enhance their immunomodulatory 
capabilities.221 Limitation: Despite the advancements 
in scaffold design, many existing scaffolds need more 
dynamism and adaptation to the changing requirements 
of regenerating tissues. To improve both the regenerative 
and immunomodulatory potential, future scaffold designs 
should prioritize the development of adaptive, intelligent 
materials capable of modifying their characteristics in real-
time in response to feedback from the tissue environment.

Cellular polarization, the mechanism by which 
macrophages transition between pro-inflammatory (M1) 
and anti-inflammatory (M2) characteristics, is crucial 
for tissue regeneration. Structural topography, porosity, 
and surface chemistry can be deliberately modified to 
affect macrophage polarization, directing the immune 
response towards a pro-healing, anti-inflammatory M2 
phenotype.222 This approach is critical for promoting tissue 
regeneration while preventing chronic inflammation.

Recent studies have shown that transplanting 
mesenchymal stem cells directly to wound sites may 
heighten the susceptibility to microbial attachment, 
especially by bacteria like Staphylococcus aureus, which 
could result in infection and the development of biofilms. 
Embedding MSCs in hydrogels dramatically decreases the 
likelihood of microbial colonization while preserving the 
stem cells' pluripotency and therapeutic capabilities.223 

Limitation
Although hydrogel encapsulation shows potential, 
further scientific investigation is needed to optimize 
the equilibrium between antimicrobial protection and 
preserving cell viability. Critical for clinical applications is 
the assurance of long-term stability of encapsulated cells 
without compromising their therapeutic benefits.

Prospective and Conclusion
Encapsulation of stem cells is a promising approach 
to advancing wound healing therapies, potentially 
transforming the field in the coming years. Significant 
advances are expected across several critical domains 
as research continues. Key goals include (1) Improving 
biomaterials to improve interactions between 
encapsulation matrices and living tissues, (2) Fine-tuning 
physical properties and (3) Optimizing degradation 
patterns. One promising advancement is the development 
of intelligent biomaterials that respond to environmental 
stimuli. This allows for the targeted and timely release of 
therapeutic agents, improving therapeutic efficacy while 
reducing potential side effects.

A future outlook for stem cell encapsulation in wound 

healing envisions customizable and scalable solutions 
tailored to different patient needs. Clinical translation, 
including scalability and regulatory approval, is critical 
for moving these therapies from the laboratory to real-
world applications. Another essential strategy involves 
combining stem cell encapsulation with other therapeutic 
modalities, such as growth factors, gene therapy, or 
antimicrobial agents, to improve wound healing and 
reduce infection risks. This combined approach shows 
promise in treating complex wounds resistant to 
conventional treatments.

In addition to functional improvements, biomaterial 
advancements aim to improve scaffold-tissue interactions 
to support stem cell viability, immune compatibility, 
and efficient integration into host tissue. These materials 
provide the structural and biochemical support required 
for cellular survival and function. Further advances in 
intelligent biomaterials enable the responsive, on-demand 
release of therapeutic agents based on environmental 
cues, resulting in a precise approach to wound care that 
adapts to the body's healing process.

Patient-specific treatments, mainly iPSCs derived from 
the patient, allow for personalized therapies that reduce 
the risk of immune rejection. Stem cell encapsulation 
therapies can provide more effective outcomes with fewer 
adverse immune responses if tailored to each patient's 
unique biology. The success of these personalized 
approaches depends on advances in cell sourcing, 
encapsulation methods, and immune modulation 
strategies.

Scalable and replicable encapsulation methods are 
required to make this technology suitable for widespread 
clinical use. Manufacturing processes will need to be 
automated and standardized to achieve consistent quality 
and effectiveness. Comprehensive clinical trials are 
required to determine the safety, efficacy, and best use of 
encapsulated stem cells for various wound types, including 
chronic ulcers, burns, and surgical wounds. These studies 
will provide critical information on dosing, delivery 
methods, and long-term results. Regulatory approvals 
and collaborations between researchers, clinicians, and 
regulatory authorities will speed up the safe integration of 
stem cell encapsulation into clinical practice.

To summarize, stem cell encapsulation provides a 
game-changing approach to wound healing by leveraging 
advanced biomaterials and innovative delivery systems 
to promote cell survival, control therapeutic release, 
and reduce immune rejection risks. As technological 
and clinical advancements continue, this field is 
overcoming the challenges of scalability, standardization, 
and regulatory approval, bringing it closer to routine 
clinical application. With its ability to be tailored to 
individual patient needs, combined with other therapies, 
and produced on a large scale, stem cell encapsulation 
is poised to become a cornerstone of modern wound 
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care. The ongoing validation of its safety and efficacy in 
clinical trials heralds a new era in regenerative medicine, 
potentially improving the quality of life for patients 
suffering from acute and chronic wounds by offering 
practical, personalized, and long-lasting healing solutions 
(Fig. 6).
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Fig. 6. Future directions in stem cell encapsulation for wound healing.

What is the current knowledge?
√ Hydrogels and nanofiber scaffolds mimic extracellular 
matrices, supporting cell  adhesion, proliferation, and 
differentiation. 
√ Core-shell microneedle designs enhance cell stability and 
mechanical strength in  wound healing applications. 
√ Dynamic culture systems better replicate physiological 
conditions, improving cell  viability within scaffold 
environments. 
√ Controlled release mechanisms in hydrogels improve the 
delivery of bioactive agents  for wound healing. 
√ Stem cell integration with microneedles enables minimally 
invasive and targeted  delivery for regenerative therapies. 
√ Current scaffold materials provide structural support but 
face mechanical stability and  biocompatibility challenges. 

What is new here?
√ Advanced hydrogel-based microneedles have been 
developed to combine stem cells  with scaffolds for 
multidimensional therapies. 
√ Innovative cell-seeding methods on microneedles promote 
cell migration, improving  outcomes in complex wound 
environments. 
√ Portable, handheld electrospinning devices enable direct 
application of cell-laden  nanofibers for wound care in varied 
settings. 
√ Customized microenvironments in hydrogels guide 
targeted differentiation of  encapsulated stem cells. 
√ New composite hydrogel-fiber scaffolds integrate strength 
and biocompatibility,  overcoming traditional scaffold 
limitations. 
√ Standardized approaches to scaffold production are 
proposed to improve scalability  and clinical applicability. 

Research Highlights
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the public, commercial, or not-for-profit sectors.
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