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Abstract 

Severe deep tissue injuries, including extensive traumatic injuries, burns, 

physicochemical damage, or other primary skin loss conditions, continue to present 

significant clinical challenges. Skin tissue engineering provides promising solutions by 

developing bioengineered skin substitutes that promote tissue regeneration and enhance 

patient care. This review paper aims to examine recent advancements and innovations in skin 

tissue engineering (STE) by exploring traditional treatments and capitalizing on their 

weaknesses, utilizing stem cell-based therapies in conjunction with biomaterials and scaffolds 

to enhance skin regeneration. Conventional treatments often lead to the scarring of tissue. 

The emergence of advanced skin tissue engineering techniques, which integrate stem cells 

with biomaterial scaffolds to create bio-inks and are printed using inkjet bioprinting, has the 

potential to provide solutions to current traditional treatments by promoting angiogenesis, 

paracrine signaling, and extracellular matrix deposition in wound treatment. Stem cells, 

including mesenchymal (MSCs), epidermal (EpSCs), and induced pluripotent stem cells 
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(iPSCs), have all demonstrated regenerative potential in independent preclinical studies. 

These studies have identified limitations, including donor variability, short in vivo survival, 

and immune response. Hybrid hydrogels combine natural and synthetic hydrogels, such as 

hyaluronic acid methacrylate (HAMA) and gelatin methacrylate (GelMA), to create a 

scaffold with both mechanical strength and biocompatibility. Recent progress in 3D 

bioprinting, particularly ink-jet-based bioprinting, has the potential to overcome the 

limitations of regenerating vascular networks and skin appendages. Collectively, these 

clinical applications of stem cells provide a pathway for creating fully functional skin through 

skin tissue engineering, which restores function, structure, and its appendages. 

Keywords: skin tissue engineering, mesenchymal stem cells, epidermal stem cells, hydrogels, 

3D bioprinting 

Introduction 

The skin, the largest organ of the human body, is notorious for being the first primary 

layer of defence against the outside environment (e.g., pathogens, bacteria, UV rays), as well 

as helping with body temperature regulation and maintaining homeostasis (Weng et al., 

2021). The skin has a complex anatomy that comprises the epidermis, dermis, hypodermis, 

and appendages (e.g., hair follicles, sweat glands), which enable immune defence and sensory 

perception (Lotfollahi, 2024). Although skin tissue is known for its remarkable regenerative 

abilities compared to other tissues, it still falters against severe skin damage such as traumatic 

injuries, deep burns, and chronic ulcers, leading to fluid loss, life-threatening infections, and 
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scarring (Takeo et al., 2015). Traditional treatments, such as skin grafts and synthetic 

substitutes, often fail to fully mimic the functions of human skin, highlighting the need for 

further advancements in skin tissue engineering, particularly in regenerative cell therapy 

(Dearman et al., 2021; Dixit et al., 2017). Conventional approaches, such as growth factor 

treatments, synthetic skin substitutes, autografts, and allografts, to skin repair face significant 

challenges (Dearman et al., 2021; Dixit et al., 2017). Growth factor treatments, although 

promising, still suffer from short half-lives and high costs, which limit their clinical efficacy 

(Ren et al., 2020). Synthetic skin substitutes, such as Matriderm and Integra, often yield poor 

long-term outcomes, as they fail to integrate with the host’s immune system and lack the 

dynamic remodeling capacity of native tissues (Matei Iordache et al., 2025). Autografts are 

considered the gold standard for severe burns; however, they are constrained by donor site 

morbidity and limited availability, while Allografts risk immune rejection at the site during 

integration (Kenneth et al., 2024). The shortcomings of these conventional approaches 

highlight the need for innovative solutions that can fully regenerate functional human skin. 

Over the past decade, skin tissue engineering (STE) has evolved and progressed 

through numerous methods of wound healing, continually improving each year. STE 

leverages stem cells and biomaterials to provide structure and restore function to specific 

tissues. Unlike traditional and conventional methods, STE aims to recapitulate natural healing 

processes by promoting cell adhesion, cell proliferation, extracellular matrix (ECM) 

deposition, and vascularisation (Yu et al., 2019). Stem cells possess promising abilities, 

including the capacity to differentiate into various cell types (e.g., keratinocytes, fibroblasts, 

and mesenchymal stem cells), as well as the ability to secrete trophic factors that can 
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modulate angiogenesis and inflammation. Recent promising successes in STE include the use 

of mesenchymal stem cells (MSCs) to accelerate wound closure time in diabetic mice by 

enhancing collagen synthesis and promoting angiogenesis via VEGF secretion (Yu et al., 

2023). Moreover, the use of induced pluripotent stem cells (iPSCs) has a similar effect, 

producing patient-specific solutions. Recent trials have demonstrated the potential of these 

methods to generate autologous skin grafts for burn victims (Hadzimustafic et al., 2024). 

Stem cells and biomaterials play complementary roles in skin tissue engineering, providing 

solutions for the regeneration of functional skin. Types of stem cells include MSCs, induced 

iPSCs, and epidermal stem cells (EpSCs). MSCs are often derived from bone marrow or fat 

and are notorious for their ability to reduce inflammation and secrete trophic factors (e.g., 

VEGF, FGF) (Han et al., 2022), while iPSCs enable patient-specific therapies through the 

reprogramming of adult somatic cells (Cerneckis et al., 2024).  

EpSCs derived from hair follicles also offer an additional autologous option, enabling 

the maintenance and repair of the skin (Yang et al., 2019). These cells are typically combined 

with biomaterial scaffolds that are either natural (e.g., fibrin, collagen) or synthetic polymers 

(PCL, PLGA), each with its own unique properties. Natural polymers are generally more 

biocompatible, while synthetic polymers exhibit greater mechanical strength (Reddy et al., 

2021). Advanced approaches include the use of hybrid materials, such as gelatin methacrylate 

(GelMA), for 3D printing or decellularized extracellular matrix (ECM), to closely mimic 

native skin in terms of biocompatibility and mechanical strength. Although progress in skin 

tissue engineering has been made, one of the main challenges remains the development of 

vascularization, nerve regeneration, and appendage formation (e.g., sweat glands, hair 

follicles), driving research into CRISPR-edited stem cells and innovative scaffolds with 
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controlled growth factor release. This review paper aims to explore the advances of stem 

cells, as well as their potential roles in skin tissue engineering, focusing on their mechanisms 

of action, effects with biomaterials, and their translational progress. By analyzing clinical and 

preclinical studies, I can highlight how stem cell-based strategies can overcome the 

limitations of current conventional treatments and provide insight into a more effective 

approach for functional skin regeneration. 

Skin Biology and Healing Properties 

The skin is a highly complex organ that consists mainly of three critical layers: epidermis, 

dermis, and hypodermis. These layers are essential as they contain specialized cell types that 

maintain barrier function, sensory perception, and immune defence. The epidermis comprises 

keratinocytes and is avascular (Yousef et al., 2024). The epidermis itself can be divided into 

five different layers: the stratum basale, the stratum spinosum, the stratum granulosum, the 

stratum lucidum, and the stratum corneum. Four main types of cells reside in these layers: 

Keratinocytes, melanocytes, Merkel cells, and Langerhans cells (Lotfollahi, 2024). The 

dermis can be split into two layers, the reticular dermis and the papillary dermis, which 

appear to be much thicker than the epidermis. The dermis is home to skin appendages, 

including sweat glands, sebaceous glands, and hair follicles; however, it also provides a 

pathway for blood vessels and nerves to pass through, allowing for sensation and nutrition 

(Brown and Krishnamurthy, 2022). The hypodermis (subcutaneous fat) is composed of 

adipocytes and collagen, allowing it to provide insulation as well as energy storage (Agarwal 

and Krishnamurthy, 2019). These layers cooperate to create functioning skin, which protects 

vital organs (Table 1). 
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Table 1 

Anatomy and physiology of human skin, showing the principal layers and key cell types 

within them, which are responsible for various functions. This table was created with 

BioRender.com.  

 

The skin undergoes a rigorous process to repair damaged areas, ultimately 

transforming them into healthy, functional skin. It undergoes four main phases: hemostasis, 

inflammation, proliferation, and remodelling (Almadani et al., 2021). Within minutes to 
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hours after the occurrence of the injury, platelets aggregate to form a clot and release growth 

factors, such as PDGF and TGF-β, to recruit immune cells (Opneja et al., 2019). After 

hemostasis, the wound healing process progresses to the inflammatory stage, which typically 

takes a couple of days. During this period, macrophages and neutrophils clear pathogens and 

debris from the wound (Koh & DiPietro, 2011). Moving on with proliferation, which could 

span weeks, fibroblasts deposit collagen, glycosaminoglycans, fibronectins, and much more 

to form a new ECM. Keratinocytes would then migrate to the wound, allowing for wound 

closure, and angiogenesis will be established, creating new blood vessels (Tracy et al., 2016). 

After this, the skin would progress through the remodelling phase spanning months to years 

as collagen fibers are reorganised and cross-linked which can often lead to non-functioning 

scar tissue rather than a complete restoration of functional skin, in many cases, this could lead 

to the healed skin only having about 80% - 85% of its original tensile strength (Mathew-

Steiner et al., 2021). This is the primary issue with natural skin regeneration, as it often fails 

to produce functional skin. 

The frequent failure to achieve the growth of skin appendages, such as sweat glands 

and hair follicles, or to fully regenerate after intervention highlights the limitations of natural 

healing. Chronic wounds, such as diabetic foot ulcers and pressure sores, are a prime example 

of the failure to renew and grow functional skin, characterized by a stalling state known as 

chronic inflammation that actively prevents wound healing. Three key factors have repeated 

played a significant role in maintaining this pathological state, first would be frequent 

infections, where bacterial biofilms form a protective barrier that resists both antibiotics as 

well as immune clearance which constantly reactivates the inflammation response; ischemia 

also known as poor blood flow, is common in diseases such as diabetes which deprives the 
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tissues of nutrients and oxygen that are essential in cell proliferation and tissue building; and 

third, cellular senescence, also known as non-dividing cells can secrete inflammatory 

cytokines and matrix degrading enzymes; a phenotype known as senescence associated 

secretory phenotype of SASP, which damages and degrades the extracellular matrix (Zhao et 

al., 2016). This challenge of natural regeneration to achieve complete healing without 

scarring creates a demand for STE.  

 

Skin tissue engineering (STE) 

STE helps to overcome these shortcomings by using stem cells to modulate hostile 

wound environments, simulate angiogenesis, and suppress chronic inflammation. This would 

be achieved by combining stem cells with biomaterial scaffolds to provide a guiding structure 

for the growth of functional, vascularized tissue, thereby improving current natural human 

healing outcomes.  

Type of Stem Cells in STE 

STE addresses key issues and limitations of natural healing processes and 

shortcomings of conventional treatments, such as allografts, growth hormone treatments, and 

synthetic skin substitutes, by leveraging the unique abilities of different types of stem cells. 

The three main types of stem cells that have revolutionized STE would be mesenchymal stem 

cells, induced pluripotent stem cells, and epidermal stem cells. These types of stem cells aim 

to provide a solution for limiting factors that hinder the healing of functional skin, such as 

ischemia, chronic inflammation, scarring, and failure of skin appendage regeneration 

(Nourian Dehkordi et al., 2019). 
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Mesenchymal Stem Cells (MSCs) 

MSCs are multipotent cells that are most isolated and extracted from bone marrow, 

the umbilical cord, or adipose tissue. MSCs are essential and valuable as they possess the 

mechanism to have paracrine activity (Gerdfaramarzi et al., 2022). MSCs secrete bioactive 

factors or molecules such as TGF-β (transforming growth factor-beta), VEGF (vascular 

endothelial growth factor and FGF (fibroblast growth factor) that interact with the tissues and 

cells around them to reduce inflammation, stimulate collagen production, and promote 

angiogenesis (Bian et al., 2022; Lee et al, 2016). Although some studies have shown that 

MSCs can differentiate into fibroblast-like cells under specific microenvironmental cues, 

their overall role in Skin Tissue Engineering is as paracrine regulators that help with 

regeneration by contributing to the secretion of their bioactive factors to help with wound 

closure and more due to their ability to stimulate growth (Maxson et al., 2012). Studies have 

shown that MSC-loaded decellularized grafts can accelerate wound closure in diabetic mouse 

models through enhanced collagen synthesis, promotion of neovascularisation, and less 

oxidative stress, as demonstrated through 13±0.37 days where this was applied, compared to 

20±0.71 days with the scaffold-only group and 27±0.44 days in the no-treatment group (Du et 

al., 2022).  

Induced-Pluripotent Stem Cells (iPSCs) 

iPSCs are made from the reprogramming of adult somatic cells, such as skin 

fibroblasts, where they are introduced to specific reprogramming or transcription factors 

called Yamanaka factors, including Oct4, Sox2, Klf4, and c-Myc, to force the cell to revert 
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into its embryonic state discovered in mice in the University of Japan in 2006 (Takahashi & 

Yamanaka, 2006). Since IPSCs can be reverted into an embryonic-like state, they can 

differentiate into any cell type in the human body, including functional cells, fibroblasts, 

melanocytes, and vascular endothelial cells, within the context of skin. Since IPSCs are first 

extracted from patients, the use of these stem cells would be highly personalized, eliminating 

most factors of immune rejection (Ortuño-Costela et al., 2019). In burn therapy, IPSC-

derived keratinocyte sheets have overall demonstrated a positive outcome after 

transplantation onto second-degree burns, showing integration with host tissue, 

vascularization, and a reduced risk of immune rejection due to the ability to produce IPSCs 

autologously (Wu et al., 2023). Nonetheless, concerns persist about using this technology, as 

it can lead to risks such as genetic instability, tumorigenicity, and the need for stringent 

quality control in reprogramming protocols (Pasi et al., 2011; Liang et al., 2013).  

1.1.1. Epidermal Stem Cells (EpSCs) 

EpSCs are formally used for both skin repair and maintenance. EpSCs are located in 

the basal layer of the epidermis and the hair follicle bulge. EpSCs are primarily known for 

their roles in wound re-epithelialization, maintaining homeostasis, promoting tissue renewal, 

and mediating paracrine signaling (Yang et al., 2019; Blanpain & Fuchs, 2006; Balañá, 

2015). EpSCs were first found helpful in the 1980s, when Howard Green used these cells to 

create cultured epithelial autografts for burn patients. Afterwards, EpSCs were recognized for 

their potential in regenerative medicine, which expanded the use of these cells for therapeutic 

uses (Pitt, Yoshiyuki Mochida, & Makoto Senoo, 2023). EpSCs are currently used in clinical 

trials, specifically in burn therapy. Epidermal stem/progenitor cells containing autologous 
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products, including cultured epithelial autografts (CEAs) and autologous skin cell 

suspensions (ASCS), have consistently shown positive outcomes, as they possess the ability 

to rapidly re-epithelialize and integrate into well-vascularized wound beds. Due to these 

treatments being autologous, they carry less risk of immune rejection compared to other 

grafts, such as allogenic grafts (Milner, 2023; Kahn et al., 2024). Notably, in a randomized 

CTP001-5 trial, ASCS had a 97% reduction in donor skin area compared to meshed split-

thickness autograft (U.S. Food & Drug Administration, 2018). It is essential to note that 

ASCS provides a mixed basal keratinocyte and fibroblast-enriched population rather than 

pure EpSCs (U.S. Food & Drug Administration, 2018).  

The combination of all three stem cells cooperates for optimal skin regeneration. 

MSCs modulate hostile wound environments and stimulate repair via paracrine secretion of 

trophic factors (Lee et al., 2016), IPSCs provide a personalized cell source for bioengineered 

grafts and sheets (Ortuño-Costela et al., 2019), and EpSCs help with the regeneration of skin 

appendages as well as the epidermis (Pitt et al., 2023). When supplemented with biomaterial 

scaffolds, these stem cells can be mechanically guided to create functional skin rather than 

merely wound closure, as wound closure itself carries a high risk of scarring and other 

complications (Kaur et al., 2019). By combining stem cells and biomaterials, the potential 

applications of this approach could lead to the development of advanced techniques for 

solving the crisis of regenerating functional skin. 

Recent Advancements and Innovations in STE  

Scaffolds 
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Scaffolds derived from biomaterials are the architectural backbone of STE, which is 

used to mimic the native ECM as closely as possible and to provide critical cellular activities 

such as proliferation, adhesion, differentiation, and tissue organization. There are different 

types of scaffolds, including natural (e.g., collagen, fibrin, hyaluronic acid, and chitosan), 

synthetic (e.g., PCL, PEGDA, and PLGA), and hybrid scaffolds that combine both natural 

and synthetic components. Scaffolds and biomaterials are often used for a moment to 

resemble the ECMs, delivering cells and bioactive molecules to wound sites while guiding 

the growth and regeneration of functional skin layers, as these synthetic ECMs would be 

replaced by the patient’s own cells and ECMs (Riha et al., 2021; Kaur et al., 2019). Scaffolds 

made by biomaterials facilitate wound healing and closure by maintaining an optimal 

environment, protecting against external pathogens, promoting angiogenesis, and reducing 

scarring through controlled degradation and mechanical support. Moreover, these scaffolds 

are also beneficial as they facilitate guiding cell behaviour and possess the ability to degrade 

over time (Golebiowska et al., 2024). Without scaffolds, cells would often fail to engraft, 

migrate, or form organized tissues, leading to poor therapeutic outcomes such as scarring 

(Chan & Leong, 2008).  

Scaffolds Derived from Synthetic Biomaterials 

Synthetic hydrogel scaffolds are engineered from man-made polymers, such as 

polyethylene glycol (PEG) (Zustiak & Leach, 2010), polylactic-co-glycolic acid (PLGA), and 

polyvinyl alcohol (PVA) (Liang et al., 2024). These materials offer precise control over 

mechanical properties, degradation rates, and architecture, making them highly reproducible 

for clinical use. For example, PEG hydrogels are often used for their crosslinking factor, 
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which allows them to incorporate bioactive peptides such as arginine-glycine-aspartic acid 

(RGD(Arg-Gly-Asp)) to enhance cell adhesion, a critical component of wound healing 

(Bellis, 2011). Synthetic scaffolds, such as PLGA scaffolds, offer excellent mechanical 

strength and controlled release of growth factors, as demonstrated in studies treating full-

thickness burns in rodent models (Jiao et al., 2021). However, synthetic hydrogels often lack 

innate bioactivity, which prevents them from supporting cell interactions (Mancha Sánchez et 

al., 2020). 

Scaffolds Derived from Natural Biomaterials 

Natural hydrogel scaffolds, derived from biological sources such as fibrin, hyaluronic 

acid, chitosan, and collagen, inherently possess biocompatibility properties, low 

immunogenicity, and bioactive motifs that promote signaling and cell recognition. The 

promotion of signaling and cell recognition is essential as it allows for spatial organization, 

differentiation, and functional integration of cells to form a proposed structure, such as the 

skin’s dermal layers. Collagen-based scaffolds (e.g., Integra) closely resemble the native 

dermal ECM and have been clinically approved for burn and chronic wound treatment (Zhao 

et al., 2023). Other instances of the use of natural hydrogel scaffolds for clinical purposes 

would be fibrin hydrogels, derived from blood plasma, which mimic the provisional wound 

matrix and have been used to deliver MSCs in diabetic murine wounds, which significantly 

improved cell retention and angiogenesis in regeneration and recovery (Hopfner et al., 2018). 

Despite the advantages of natural hydrogel scaffolds, they still struggle with creating 

variability, rapid degradation, and limited mechanical strength (Gounden & Singh, 2024; 

Ansari & Darvishi, 2024). 
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Scaffolds Derived from Hybrid Biomaterials 

Hybrid hydrogel scaffolds combine natural and synthetic materials to leverage the 

properties and strengths of each, creating a superior hydrogel scaffold (Ansari & Darvishi, 

2024). For instance, gelatin methacrylate (GelMA) combines the bioactivity of gelatin with 

the photopolymerization of synthetic methacrylate groups, enabling the 3D printing of 

structures with enhanced cell viability (Yue et al., 2015). These hybrids address key 

limitations in both natural and synthetic hydrogels, as they provide mechanical strength while 

also supporting the biological functions of cells, such as migration and vascularization. 

Tested in mice, Hybrid hydrogels have demonstrated a higher level of performance in 

promoting wound healing and closure, resulting in reduced scarring compared to single-

component hydrogel scaffolds, such as natural or synthetic ones (Xu et al., 2023). 

Application of Hydrogels with Stem Cells  

A significant problem with MSC therapy is that it has a substantial loss of 

transplanted cells due to hostile wound conditions such as hypoxia, nutrient deprivation, 

inflammation, and oxidative stress. A specific example illustrating this is that at 24 hours of 

saline delivery, only 10% of cells were retained. In contrast, the use of injectable hydrogels 

retained 50-60% of cells, representing a significant increase from 10%. This considerable 

difference demonstrates the capabilities of hydrogels, specifically hybrid hydrogels (Roche et 

al., 2014).  

Hydrogels essentially create a hydrated three-dimensional environment that mimics 

the native extracellular matrix where cells proliferate, migrate, adhere, and differentiate. This 
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improves cell adhesion, viability, and paracrine signaling. Specifically in diabetic mouse 

wounds, delivering MSCs within a thermosensitive hydrogel cut the day 7 residual wound 

area to 24.6 ± 4.21% versus 66.5 ± 6.67% with hydrogel alone, and 79.54 ± 5.92% in 

untreated controls, alongside greater keratinocyte proliferations, enhanced differentiation, and 

reduced scarring by day 35 (Chen et al., 2015). Although natural hydrogels are mostly 

biocompatible, their mechanical weakness proves a significant limitation. Synthetic 

hydrogels offer excellent mechanical strength; however, they have weaknesses, including 

biocompatibility issues. The introduction of hybrid hydrogels addresses these two essential 

problems, as they possess abilities that provide great mechanical strength and structure while 

also being biocompatible. An example of greater MSC retention in diabetic wounds would be 

PEGDA/sodium alginate/collagen-l composite carrying different types of perinatal MSCs in 

db/db diabetic mice, which demonstrated a two-fold increase in MSC retention in diabetic 

wounds, with accelerated wound re-epithelialization and neovascularisation via PI3K/AKT 

pathway activation, which is a key intracellular signaling cascade used to promote cell 

proliferation, migration, survival, and angiogenesis, making it essential in tissue regeneration 

and repair. The MSC hydrogel groups showed faster wound closure in the early healing 

phases (days 3 to 5), and by day 10, most wounds were nearly closed, whilst the control 

group still had 9.2 ± 4.0% of the wound area remaining. Further histological analysis showed 

thicker granulation tissue and denser vascular networks in the MSC hydrogel groups (Huang 

et al., 2025).  

Another example related to this is a study that investigated an arginine-based 

polyester amide/chitosan hybrid hydrogel (AC gel) in a mouse model of third-degree burns. 
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The use of MSC-loaded AC hydrogels helps maintain cell viability (~95% cell viability in 

vitro at day 6). With improved survival, this would lead to better healing, allowing in vivo 

wounds to close at a faster rate by day 8 compared to medium controls. Additionally, it would 

exhibit more re-epithelialization and a larger tissue granulation area. Following this, 

Immunostaining was performed further to demonstrate a substantial increase in CD31 blood 

vessel area, confirming its properties of promoting angiogenesis. The experiments 

demonstrate the application of stem cells in conjunction with hybrid hydrogels to encourage 

the development of vascularized tissue during burn repair, as well as to enhance the viability 

of MSCs (Alapure et al., 2018). 

In addition to structural benefits such as wound closure, hydrogels, especially those 

functionalized with pro-adhesive RGD (Arg-Gly-Asp) peptides, enhance MSC survival and 

the secretion of proangiogenic factors. A study reported that dissociated MSCs in RGD (Arg-

Gly-Asp)- modified alginate had a 4.2-fold higher DNA content compared to unmodified 

gels, indicating improved MSC survival. Meanwhile, MSC spheroids in unmodified gels had 

1.4-fold more VEGF than dissociated cells in RGD (Arg-Gly-Asp) gels. On a per-cell basis, 

VEGF secretion was 1.8-fold higher in spheroids in RGD (Arg-Gly-Asp) when compared to 

unmodified alginate; importantly, total angiogenic protein output in spheroids was 2.5-fold 

and 5-fold higher than dissociated and unmodified controls (Ho et al., 2016). Overall, these 

findings underscore the transformative potential of hydrogels, specifically hybrid hydrogel 

formulations for MSC-based skin repair. By mitigating the loss of MSCs from injection, 

augmenting survival in inflammatory conditions such as wounds, and enhancing paracrine 

function, this highlights the significant importance of hybrid hydrogels, as they outcompete 
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single-component systems in preclinical models, including mice (Rustad et al., 2012). These 

results provide a compelling rationale for further development of hydrogel MSC composites 

toward effective clinical translation for treating chronic wounds, severe burns, and other 

conditions (Hopfner et al., 2018). 

Recent Approaches 

Three-dimensional (3D) bioprinting has emerged as a powerful innovation in skin 

tissue engineering and regenerative medicine, offering the ability to construct and design 

layer-by-layer living skin constructs that replicate the architecture, functionality, and 

structure of native skin more effectively than conventional techniques for scaffold seeding 

(He et al., 2018). 3D Bioprinting's primary role is to integrate cells, biomaterials, and 

signaling molecules into precisely organized layers and structures, which overcome 

conventional methods of skin graft approaches that fail to restore functional skin fully, mostly 

its appendages (Cui et al., 2016).  

3D Bioprinting has been further developed into various versions, each with unique 

strengths and limitations. The most used technique is extrusion-based bioprinting, as it allows 

the deposition of highly viscous, cell-laden hydrogels in continuous filaments. This method is 

excellent as it supports multicellular constructs; however, it subjects cells to stress, which 

often results in lowering viability compared to other 3D Bioprinting strategies (Malekpour & 

Chen, 2022). Laser-assisted bioprinting is another type of 3D bioprinting that offers 

exceptional resolution and high cell viability by propelling cell-laden droplets with laser 

pulses. However, its weaknesses include being costly and having low clinical scalability 
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(Guillotin et al., 2010). Another version of 3D bioprinting could also be inkjet bioprinting as 

it combines, resolution, speed and accessibility, this version relies on non-contact, droplet-

based deposition of low viscosity bioinks which ensures reduced shear stress, higher cell 

viability, and the ability to rapidly pattern multiple bioinks simultaneously eliminating the 

problem of scalability (Xu et al., 2022; Kavita Kumari Thakur et al., 2023).  

The primary use of inkjet bioprinting would be its potential to address major unsolved 

issues in skin regeneration. This would include the production of fully functional skin with 

skin appendages such as hair follicles, sweat glands, and sebaceous glands. Conventional 

grafts and even stem cell therapies still result in tissue scarring, which needs to be addressed 

(Xu et al., 2022; Kavita Kumari Thakur et al., 2023). In a recent study by Ma et al. (2025), 

the authors demonstrated that hybrid hydrogel-based inkjet bioprinting can overcome this 

challenge, achieving functional skin appendages in murine models, specifically mice. This 

specific study designed prefabricated artificial skin using 5% GelMA and 0.5% hyaluronic 

acid methacrylate (HAMA) hybrid hydrogels embedded with epidermal stem cells (EpSCs) 

and skin-derived precursors (SKPs), which are a type of multipotent stem cells found in the 

dermis of adult skin (Ma et al., 2025). The reason for selecting these cell types was that the 

study aimed to replicate the epithelial-mesenchymal interactions, which are crucial for the 

growth of hair follicles and sweat glands. Rheological analysis confirmed that the 

GelMA/HAMA hybrid exhibited excellent printability, stability, and swelling properties, 

which sustained cell viability during printing, as tested over a frequency range of 0.1 to 10 

rad/s (Ma et al., 2025).  Regarding in vivo experiments, the investigation used full-thickness 

wounds on nude mice treated with bio-printed constructs, which showed rapid wound closure 



The Princeton Journal of Interdisciplinary Research  

ISSN 3069-8200                                 

 
 

as well as the integration of host tissue. By day 14 in qualitative results, wounds treated with 

cell-laden GelMA/HAMA grafts demonstrated near-complete re-epithelialization and an 

organized dermal structure, reinforcing the healing effects of 3D bioprinting in producing 

functional skin, as shown through histological staining (Ma et al., 2025) (Figure 1).  

Figure 1 

This figure highlights that graft-treated wounds developed a multi-layered, stratified 

epidermis and a structured dermis. The hydrogel control demonstrated thinner, irregular 

epidermal layers and poorly organised dermal structure. This figure was created with 

BioRender.com. 
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To further validate epidermal renewal, differentiation, and angiogenesis, 

immunostaining must be imaged through fluorescent microscopy compared with control 

hydrogels. K14, K1, and CD31 were all used to validate this. K14, used to identify EpSCs, 

was strongly expressed in the basal layer of the graft-treated wound, indicating progenitor 

activity. K1 is used to determine the differentiated keratinocytes present in the upper 

epidermal layer, demonstrating successful epidermal stratification (Guo et al., 2020; Ma et 

al., 2025). CD31 is used to identify endothelial cells, which line the inner walls of blood 

vessels. The presence of CD31 staining indicates the density of blood vessels in graft-treated 

wounds, suggesting the growth of new blood vessels (Pusztaszeri et al., 2006; Ma et al., 

2025). Additionally, Biotin was also expressed, indicating the regeneration of sebaceous 

glands (Ma et al., 2025). Hair growth was also more prominent in the 6-hour culture time 

compared to the 12-hour culture time, as at 6 hours, there were 800 hair shafts, whereas at 12 

hours, there were only 200 hair shafts. The use of 5% GelMA and 0.5% HAMA, infused with 

EpSCs, restored epidermal stratification, as assessed by K14 and K1 immunostaining. 

Additionally, it promoted angiogenesis, as indicated by CD31 immunostaining, and increased 

hair shaft growth. These outcomes were absent in control groups, where hydrogels remained 

singular, failing to produce and regenerate appendages or develop a functional skin structure 

(Ma et al., 2025). Figure 1 summarizes these details in a graphical abstract.  
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Challenges and Future Direction 

 Challenges 

Despite the promising advances in STE, several significant limitations remain before 

these methods can be translated into widespread clinical use. The main challenge lies in 

translating laboratory research and findings into clinical trials, which is constrained by the 

high costs associated with these methods, primarily including stem cell isolation, expansion, 

culture, and 3D bioprinting technologies such as Inkjet bioprinting. These extraordinary 

expenses, combined with the need for proper and specialized biomanufacturing facilities, 

currently hinder the scalability of therapies for a broader patient population (Yu et al., 2019).  

Additionally, another major problem would be the ethical and regulatory bodies. The 

use of stem cells in regenerative medicine requires extensive oversight, as this allows for the 

prevention of serious health risks such as infections, tumor formation, and inflammation. 

Regulatory bodies such as the FDA demand extensive preclinical safety data, and finding 

these approval pathways is time-consuming and resource-intensive. Moreover, sourcing 

certain cell types also raises ethical concerns, particularly with the use of fetal and perinatal 

tissues, which further intensifies the approval process for the FDA (Belsky & Smiell, 2020). 

The use of stem cells poses specific risks and side effects, which are significant 

concerns. However, stem cells such as MSCs are widely studied and researched. These cells 

still have side effects. MSCs are renowned for their ability to exhibit paracrine activity and 

immunomodulatory effects; however, studies have shown risks, including ectopic 

differentiation, reduced potency in long-term culture, and immune activation (Lalu et al., 
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2012; Galipeau & Sensébé, 2018). Moreover, MSCs also have donor variability, which 

means that their regenerative performance relies on the donor's health. These side effects can 

also lead to fibrosis or ectopic tissue formation, which compromises skin graft quality when 

MSCs are poorly controlled during the differentiation stage (Lalu et al., 2012; Galipeau & 

Sensébé, 2018).  

EpSCs reside in the basal layer of the epidermis and the hair follicle bulge. Although 

EpSCs have immense potential based on previous original studies, these stem cells still 

present risks. Due to EpSCs’ high proliferative capacity, they can undergo aberrant or 

uncontrolled expansion when not rigorously regulated, which can potentially lead to 

dysplasia or non-functional epidermal tissue (Balañá, 2015). Moreover, another major issue 

with stem cells is that they have a short lifespan, specifically only up to a couple of days in 

vivo, which is most likely caused by harsh wound conditions such as inflammation, oxidative 

stress, or hypoxia. However, it can increase its population through differentiation and self-

renewal (Hopfner et al., 2018).  

Overall, these limitations highlight the gap between preclinical successes and clinical 

feasibility, underscoring the need for safety profiling and observation of stem cell therapies, 

as well as standardized protocols to ensure predictable and reliable outcomes across a diverse 

patient population. Rather than focusing on cost reduction strategies for scalability, this 

approach should prioritize the development of effective treatments.  
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Future Directions 

The clinical translation of skin tissue engineering (STE) faces several pressing 

challenges that must be addressed before stem cell-based therapies can become standard 

clinical practice (Heinrich et al., 2019). The most significant pressing issue is the ethical and 

regulatory bodies, which include the U.S. Food and Drug Administration (FDA) and the 

Good Manufacturing Practice (GMP) guidelines. Although Mesenchymal stem cells and 

epidermal stem cells are not subject to the same level of ethical debate regarding sourcing as 

embryonic stem cells, clinical-grade production requires rigorous quality control, which will 

be assessed by these large international regulatory bodies (Gerdfaramarzi et al., 2022). 

Moreover, STE also faces challenges, including scalability. The process of cell isolation, 

expansion, and long-term monitoring is exceptionally costly, hindering the progress from 

preclinical to human trials. Thus, the combination of streamlined regulatory frameworks, 

alongside public and private partnerships, will be essential for the progress of STE clinical 

translation (Lalu et al., 2012) (Galipeau & Sensébé, 2018). 

Another important future direction that needs to be addressed would be the limitations 

of MSCs and EpSCs-based therapies. To combat this limitation, we could implement genetic 

modification tools such as CRISPR-Cas9. Studies have shown that CRISPR-Cas9 has the 

potential to reduce these limitations, as in a specific study, the TLR4 gene was knocked out 

of MSCs in a lung injury sample, and this created a positive effect as the MSC changed its 

phenotype to anti-inflammatory instead of pro-inflammatory, which overall improved 

survival (Wang et al., 2010). By applying this approach to STE, the limitations of MSCs can 

be mitigated. EpSCs, although valuable for epidermal regeneration and stratification, still 



The Princeton Journal of Interdisciplinary Research  

ISSN 3069-8200                                 

 
 

pose risks such as hyperproliferation and dysplasia under prolonged stimulation. To 

potentially limit the probability of hyperproliferation and dysplasia, careful monitoring of 

proliferation markers and the cell itself will be required to balance its regenerative 

capabilities with safety (Balañá, 2015). 

Additionally, 4D bioprinting offers a promising pathway to overcome the transient 

survival of transplanted stem cells. The 4th dimension represents time. In 3D Bioprinting, 

stem cells often survive for only a few weeks after grafting, which limits their long-term 

regenerative impact. By contrast, 4D Bioprinting integrates innovative, stimuli-responsive 

biomaterials that can adapt to environmental stimuli (Morouço et al., 2017). These 

biomaterials can respond to environmental cues, such as temperature, pH level, or enzymatic 

activity, enabling the effective release of growth factors and other substances. These 

materials are engineered to biodegrade, which maintains the regenerative support during the 

critical stages of wound healing before being eventually replaced by the native extracellular 

matrix (Wang et al., 2024). 4D Bioprinting aims to mimic stem cell activity after stem cell 

decline, allowing for a more extended period before being replaced by the native extracellular 

matrix, thereby promoting tissue organization and reducing inflammation. 

Conclusion 

Advances in skin tissue engineering underscore the combined potential of stem cells 

and biomaterials to address the current limitations of traditional wound treatments. Stem cells 

possess unique regenerative benefits, while hybrid hydrogels offer both biological activity 

and mechanical strength/ structural support to enhance the survival and functionality of 

hydrogels. Techniques such as Ink-jet-based 3D bioprinting enable the precise spatial 
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placement of cells within hydrogel scaffolds, resulting in layered constructs that mimic native 

skin. In preclinical studies, hybrid hydrogels combining MSCs and EpSCs, along with inkjet 

bioprinting, enabled researchers to regenerate appendages such as hair follicles, sebaceous 

glands, and sweat glands. Despite these advances, translation into clinical settings remains 

limited due to costs, regulatory bodies, and the potential for stem cell-specific side effects. 

Looking towards the future, the genetic modification of MSCs and the recent development of 

4D biomaterials that can adapt to environmental stimuli and respond over time may help 

provide solutions to these limitations, offering the possibility of long-term functional 

regeneration of skin and skin appendages. 
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