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Abstract: Limb regeneration in humans remains a significant biomedical challenge, particularly for individuals who have lost limbs 

due to trauma or congenital conditions. While organisms such as Ambystoma mexicanum (axolotls) and Schmidtea mediterranea 

(planarians) can fully regenerate limbs through highly coordinated cellular and molecular processes, human tissue repair is largely 

limited to wound closure and, in rare cases, partial fingertip regrowth. This literature review examines the mechanisms that enable 

complete regeneration in animal models and evaluates emerging tissue engineering strategies with the potential to achieve similar 

outcomes in humans. Sources were identified through open-access databases including PubMed, ScienceDirect, and the NIH repository. 

In regenerative species, blastema formation driven by pluripotent and mesenchymal stem cells is central to organized tissue regrowth, 

guided by signaling pathways such as Wnt (a pathway regulating cell growth and development) and BMP (bone morphogenetic protein, 

involved in bone and cartilage formation). Translational research in humans is exploring bioengineered scaffolds, advanced biomaterials, 

and 3D bioprinting to replicate these regenerative conditions. However, major barriers persist, including insufficient vascularization, 

immune rejection of engineered tissues, and ethical considerations surrounding certain stem cell sources. Insights from highly 

regenerative species, combined with advances in biomaterials and regenerative medicine, may help bridge the gap between current human 

healing capabilities and full limb restoration. Achieving this goal will require integrated progress in biological understanding, 

engineering innovation, and ethical governance to address the technical and regulatory challenges that currently limit clinical 

translation.  
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1. Introduction  
 

For people who lose limbs due to accidents or are born with 

limb differences, the effects can be lifelong, physically, 

emotionally, and socially. Unfortunately, humans can’t 

regrow lost limbs. Instead, our bodies form scar tissue, with 

limited regrowth possible in specific cases only, like 

fingertip injuries in children. In contrast, highly regenerative 

animals like Ambystoma mexicanum (axolotls) and 

Schmidtea mediterranea (planarians) can regenerate entire 

limbs, organs, and even parts of their central nervous system. 

Understanding why this difference exists and whether we can 

learn from these animals could transform future treatments. 

Regenerative species use unique biological tools like the 

blastema, a mass of cells that forms after injury and guides 

the regrowth process. These animals also rely on specific 

signaling pathways and stem cells that help rebuild tissues 

from scratch.  

 

This paper focuses on what humans can learn from these 

natural models of regeneration. It explores how stem cell 

science (the study of cells that can develop into many 

different cell types), scaffold engineering (the design of 3D 

structures that support cell growth and tissue formation), and 

3D bioprinting (a technology that uses layer-by-layer 

printing to create living tissues and organ structures) could 

work together to make human limb regeneration possible in 

the future. Alongside these technologies, it also discusses 

major hurdles like immune rejection, ethical concerns, and 

high treatment costs. The scope of this study includes 

biological processes seen in regenerative animals, current 

tools used in tissue engineering, and the real-world barriers 

to translating these discoveries to humans. The review does 

not cover clinical trials or prosthetics. Instead, it focuses on 

regenerative biology, especially signaling pathways such as 

Wnt (a pathway that regulates cell development and 

regeneration), FGF (a pathway that controls cell growth, 

differentiation, and tissue repair), and BMP (a pathway that 

regulates bone and cartilage formation as well as cell 

differentiation), as a starting point for imagining future 

solutions.  

 

2. Methods  
 

This paper is based on a literature review of 11 peer-reviewed 

articles accessed via PubMed, ScienceDirect, and Google 

Scholar. Search terms included ‘limb regeneration,’ ‘stem 

cells,’ ‘tissue engineering,’ and ‘blastema.’ Articles 

published between 2010 and 2024 were selected to ensure 

relevance, with a focus on open-access, scientifically 

credible sources from reputable journals. A total of 50 

articles were screened, and 11 were included based on their 

focus on regenerative mechanisms, tissue engineering, or 

translational barriers. A comparative approach was used, 

analyzing similarities and differences between regenerative 

animals and humans, particularly in cellular responses to 

injury and factors enabling or limiting regeneration.  

 

3. Role of Stem Cells in Tissue Repair  
 

Stem cell biology may unlock regenerative capabilities in 

humans. Stem cells are mainly categorized into two types: 

embryonic stem cells and adult (somatic) stem cells, though 

other types of stem cells exist, too. Embryonic stem cells are 

pluripotent, meaning they can become any cell type, while 

adult stem cells are multipotent or unipotent, limited to 

specific tissues like bone marrow or fat. A breakthrough 

came in 2006 with the discovery of induced pluripotent stem 

cells (iPSCs), adult somatic cells, such as skin or blood cells, 

genetically reprogrammed to behave like embryonic stem 
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cells. The key difference among these stem cells lies in their 

origin and differentiation potential (3).  

 

Another type of stem cell important in regenerative research 

is the mesenchymal stem cell (MSCs), which are crucial in 

regenerative medicine due to their ability to self-renew, 

differentiate, and modulate the immune system. They play a 

key role in repairing cartilage and tendons, offering effective 

treatment for injuries and degenerative diseases with fewer 

risks and ethical concerns compared to embryonic stem cells 

(4).  

 

In animals like Notophthalmus viridescens (salamanders) 

and Lissotriton vulgaris (newts), stem cells form a structure 

called the blastema at the site of injury, which helps regrow 

the lost limb. Scientists are investigating whether similar 

regenerative mechanisms can be adapted for human biology 

(1).  

 

Blastema formation does not occur in humans, as our cells 

cannot de-differentiate into the proliferative cells our 

complex tissues require to rebuild. While humans do have 

stem cells (cells capable of developing into different 

specialized types), these alone cannot regenerate an entire 

limb unless they are guided by specific signaling cues and 

supported by an appropriate biochemical and structural 

environment. Instead of forming a blastema or regenerating, 

human wounds typically heal through scar formation or 

fibrosis, which creates a physical and biochemical barrier to 

regeneration. In natural models of regeneration, precise 

patterning signals, such as Wnt, FGF, and BMP pathways, 

play a critical role in directing where, when, and how new 

tissues form, ensuring that regenerated structures develop in 

the correct shape and function (5).  

 

4. Scaffold Engineering and Bioprinting  
 

Scaffold engineering and bioprinting are two key 

approaches in regenerative medicine aimed at tissue repair 

and organ regeneration.  

 

4.1 Natural Scaffold Materials  

 

Natural materials like collagen, gelatin, chitosan, fibrin, and 

hyaluronic acid act similarly to the body’s extracellular 

matrix or ECM. Collagen provides structural support, helps 

in wound healing, and promotes platelet activation, which is 

essential for skin, cartilage, and tendons. It is used in wound 

healing gels, dressings, and tissue engineering scaffolds. 

Gelatin supports cell adhesion, growth, and differentiation 

thanks to its RGD (Arginine-Glycine-Asparatic) sequences.  

 

Gelatin is used for its ease of processing into hydrogels and 

sponges for tissue engineering. Chitosan, from chitin, is a 

porous, biocompatible scaffold whose effectiveness depends 

on its degree of deacetylation. It is applied in scaffolds for 

wound healing, skin, and cartilage repair. Fibrin serves as 

both a scaffold and a delivery system for cells and growth 

factors, supporting tissue regeneration. It is often used in 

wound healing and surgical sealants. Hyaluronic acid 

regulates key processes like cell differentiation, migration, 

angiogenesis, and inflammation. It enhances hydration, cell 

proliferation, and tissue regeneration, especially in cartilage 

and skin engineering (6).  

 

4.2 Synthetic Scaffold Materials  

 

Synthetic scaffolds widely used in tissue engineering include 

polyethylene glycol (PEG), ploycaprolactone (PCL), 

polylactic acid (PLA), and poly (lactic-co-glycolic acid) 

(PLGA). PEG hydrogels mimic the soft 3D environment of 

tissues and offer tunable properties but require modification 

to support cell adhesion and growth, making them useful for 

bone, skin, and nerve repair. PCL degrades slowly and 

supports cell attachment and differentiation, fabricated 

through techniques like 3D printing and electrospinning. 

PLA, derived from renewable sources, supports cell growth 

after surface treatment and breaks down into lactic acid, 

aiding tissue remodeling, especially for bone and cartilage. 

PLGA, a copolymer of lactic and glycolic acids, has 

adjustable degradation rates, promotes cell adhesion when 

modified, and degrades into safe byproducts, making it ideal 

for tissue engineering and drug delivery (6).  

 

4.3 Bioprinting Techniques  

 

Bioprinting uses 3D printing to deposit bioinks, living cells 

combined with natural polymers like alginate or synthetic 

ones like PEG, to create complex, vascularized tissues with 

high precision. PEG is popular for its biocompatibility and 

tunable properties, but needs chemical modification to 

support cell adhesion. While 3D bioprinting offers 

remarkable customization and the potential to revolutionize 

regenerative medicine, it still faces challenges such as high 

cost, technical complexity, and maintaining cell viability. 

Although progress has been made in bioprinting cartilage, 

skin, and mini-organ constructs, full limb regeneration 

remains a challenge. This is because a limb requires not just 

bone and muscle, but also complex vascular networks, 

nerves, and functional joints to be integrated and coordinated 

to a level of biological complexity that current bioprinting 

technology cannot yet replicate. A key limitation in both 

scaffold engineering and bioprinting is creating fully 

functional vascular networks to supply nutrients and oxygen 

essential for tissue survival and integration. Without proper 

vascularization, engineered tissues struggle to sustain cell 

viability and grow beyond limited sizes. Overcoming these 

obstacles is critical for advancing regenerative therapies, and 

ongoing research is focused on improving vascularization 

and nerve regeneration to enhance the success of engineered 

tissues (6). Thus, while scaffolds provide a support structure, 

bioprinting enables precise placement of cells and materials 

in 3D, making both methods complementary.  

 

5. Animal Models vs. Human Regeneration  
 

Unlike animals like Notophthalmus viridescens 

(salamanders) and Schmidtea mediterranea (planarians) that 

can fully regenerate limbs or organs, humans have limited 

regenerative abilities, mainly healing wounds or regrowing 

digit tips. This limitation arises from several factors, 

including the tendency for injury sites to undergo fibrosis 

(scar tissue formation that blocks regrowth), the inability of 

mature human cells to de-differentiate back into a 

proliferative state, and the presence of limited stem cell 

niches that cannot supply enough undifferentiated cells for 
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large-scale regeneration. Regenerating animals form a 

blastema, an undifferentiated cell mass essential for 

regrowth, whereas humans instead produce scar tissue, 

which acts as both a physical and biochemical barrier to 

regeneration. Examples of our limited regenerative capacity 

include the repair of small skin wounds, the regeneration of 

liver tissue after partial removal, and the regrowth of 

fingertip tips in young children.  

 

In Schmidtea mediterranea (planarians), injury triggers 

signals such as TGF-β and Wnt that activate pluripotent 

neoblasts to migrate, proliferate, and differentiate for tissue 

repair. Neoblasts (pluripotent stem cells in planarians that 

can become any cell type) are the cells planarians use for 

regeneration. Ambystoma mexicanum (axolotl) uses 

pathways like Wnt/β-catenin, FGF, and Shh to 

dedifferentiate mature cells into a blastema, with BMP and 

TGF-β guiding new tissue formation. Bioelectrical signals 

also play a key role in controlling cell behavior during 

regeneration (1).  

 

Differences in immune system complexity are linked to 

regeneration ability, with highly regenerative species often 

having simpler adaptive immunity. For example, 

Notophthalmus viridescens (salamanders) have a strong 

innate but limited adaptive immune response, while frogs 

and mice have complex immune systems that quickly 

respond to injury. However, studies in spiny mice show that 

a strong adaptive immune response can still support 

regeneration, suggesting it’s not inherently a barrier. 

Humans, in contrast, have limited regenerative capacity due 

to factors like a lack of key regenerative signals, predominant 

scar formation, and restricted stem cell niches, which 

together prevent full tissue regrowth. The discovery of 

mouse embryonic stem cells transformed stem cell research, 

but mice have limitations as models for human diseases due 

to differences in physiology, lifespan, and disease traits. 

Although mice are often used to study human biology, 

differences in immune response and physiology mean that 

they don’t fully replicate human regenerative processes. By 

studying animals with strong regenerative abilities, we can 

identify key biological signals and mechanisms to mimic in 

the lab, and studying these organisms may also help scientists 

discover and identify similar regenerative pathways in 

humans. These natural mechanisms provide insight into the 

biological processes that could guide scientific advances in 

human regeneration (7).  

 

 
Figure 1: Amphibian epimorphic regeneration process, wound healing, blastema formation, and limb regrowth (adapted 

from “Could Humans Ever Regenerate Limbs?”: The Kurzweil Library, Feb 10, 2016) 

 

6. Translational Barriers and Ethical 

Concerns  
 

Human limb regeneration is difficult because it involves 

rebuilding complex tissues that must integrate perfectly. 

Unlike Notophthalmus viridescens (salamanders), humans 

can only partially regenerate, and current therapies haven’t 

achieved full limb regrowth. Ethical concerns over 

embryonic stem cells (e.g., embryo destruction, consent 

issues) and animal testing lead to strict regulations that slow 

research progress. For instance, the use of embryonic stem 

cells raises ethical debates about the moral status of embryos, 

requiring adherence to guidelines like those from the 

International Society for Stem Cell Research (8).  

 

Regulatory factors also delay clinical trials due to safety 

requirements and legal limits on stem cell use. Different 

countries’ regulations impact the speed of therapy 

development. For instance, the United States has adopted a 

more flexible regulatory stance under the FDA, facilitating 

the rapid development of stem cell therapies, while South 

Korea and Japan balance innovation with strict oversight, 

incorporating practices from both regimes (8). Financial and 

socioeconomic barriers, such as the high cost of bioprinting 

(estimated at $10,000–$100,000 per device) and stem cell 

therapies, limit access, especially in low-resource areas, 

while individual differences in regeneration add complexity 

(9). Clinical trials are lengthy and subject to strict 

regulations, further delaying advancements. While 

prosthetics (artificial devices) are improving, true limb 

regeneration needs breakthroughs in science, ethics, and 

funding (9).  
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7. Conclusion  
 

This literature review, conducted over six weeks, thoroughly 

explores human limb regeneration to understand its immense 

potential and complexity. A clear understanding of limb 

anatomy and the role of stem cells, especially pluripotent and 

multipotent types, is crucial, as these cells can generate the 

diverse tissues needed for regrowth. Key findings include the 

role of pluripotent and mesenchymal stem cells, blastema 

formation in species like axolotls, and emerging tools like 

scaffold engineering and 3D bioprinting. Major challenges 

remain, such as limited vascularization, nerve repair, ethical 

concerns, and high costs, but mimicking natural regeneration 

processes may lead to future breakthroughs in restoring lost 

human limbs.  

 

Looking ahead, future research must focus on unlocking the 

molecular signals that drive natural regeneration in animals 

and finding ways to replicate these in humans. Advances in 

biomaterials and 3D bioprinting, along with optimized stem 

cell techniques, such as the use of induced pluripotent stem 

cells, could bring us closer to effective therapies. At the same 

time, addressing ethical and regulatory concerns will be 

essential to ensure the responsible development and 

application of these technologies. Ultimately, by bridging 

biology and technology, human limb regeneration holds the 

potential to move from scientific ambition to life-changing 

reality, offering hope for restoring form and function to those 

living with limb loss. With further understanding of signaling 

pathways, improved scaffold materials, and ethical 

application of stem cell technologies, limb regeneration may 

shift from concept to clinical reality.  
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