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Original Research Article

Applications, and Future

Abstract: Regenerative medicine is the repair or replacement of damaged tissues and organs through the use of cells,
biomaterials and molecular therapies. Major breakthroughs include stem cell therapies (i.e. induced pluripotent stem
cells, ESCs, MSCs), precise gene editing (CRISPR/Cas9) and engineered tissues by means of 3D bio-printing. Artificial
intelligence and big data are driving discovery in this field. There are promising clinical trials underway, patient derived
cells have improved retinal burns and heart function for example. Major applications are under development in
cardiology (repair of heart), neurology (neuronal regeneration), and orthopedics (repair of bone and cartilage). But there
are difficulties. Immune rejection. Cancer risk. Ethical questions (use of embryos, human cloning). Future directions
include combining approaches: gene-edited universal donor tissues, vascularized organoids and advanced bioreactors.
As techniques mature, the future of regenerative medicine for chronic diseases and trauma looks promising. This review
summarizes current breakthroughs, real world applications, ethical concerns and future prospects.
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INTRODUCTION

Regenerative medicine is the healing of injuries
and curing of disease by biological processes. It covers
cell therapies, tissue engineering & molecular
approaches. Clinicians inject stem cells to replace
damaged cells or scientists 3D print scaffolds that
encourage new tissue growth. These therapies can treat
anything from degenerative diseases to organ failure.
With ageing populations and rising chronic disease rates,
interest is high; new treatments might ease organ
shortages and extend healthy life. Figure 1 shows the
basic process of a regenerative therapy. Cells are taken
from a patient, reprogrammed to a pluripotent state and
guided to a cell type needed, which is then returned to
the patient to repair tissue (Rodolfa, 2008).

Thrilling, but history advises caution. Early
claims for embryonic stem cells ran into ethical and
technical problems. But new tools like CRISPR gene
editing and induced pluripotent stem cells (iPSCs) are
pushing beyond past limitations. In the past 10 years, a
number of clinical trials have begun exploring stem cells
for eye, heart and neurological diseases. This paper

reviews significant advances (stem cells, gene editing,
engineered tissues, Al) and discusses applications in
cardiology, neurology and orthopaedics. It also addresses
ethical and practical challenges and future trends.

Advancements
Stem Cell Therapy

Thanks to their ability to self-renew and to
develop into a broad spectrum of cell types, stem cells
are ideal candidates for therapy. Early work used
embryonic stem cells (ESCs), which are pluripotent but
pose cthical concerns because they are derived from
embryos. In 2006, Takahashi and Yamanaka
revolutionized the field by generating induced
pluripotent stem cells (iPSCs) from adult cells. iPSCs are
like ESCs but without the embryo. For example, a skin
cell from a patient can be reprogrammed into an iPSC
and then converted into heart or nerve cells for therapy.
Stem cells have been tested in clinical trials for
conditions such as heart failure, spinal cord injury and
macular degeneration. Stem cell therapies have been
shown to be safe and of some benefit e.g. corneal burns
were repaired by transplanting limbal stem cells. But
there are still problems: the cells may not develop
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properly or may make tumors. In general, stem cell
therapy is now a well-established basic therapy
complemented by gene editing and biomaterials.

Gene Editing / CRISPR
Gene editing allows scientists to correct genetic
defects in cells before therapy. The CRISPR/Cas9

system is precise “molecular scissors” that can cut DNA
at targeted sites. It uses a guide RNA (gRNA) to find a
DNA sequence, and the Cas9 enzyme to cut it. Figure 2
illustrates how CRISPR works: the gRNA (orange) pairs
with target DNA (grey), Cas9 (blue) makes a double-
strand break, and the cell’s repair mechanisms (often
aided by a DNA template) make the edit.
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Figure 1: Stages of regenerative medicine. Cells are harvested from the patient, re-programmed to pluripotency,

differentiated to the desired cell type and then re-transplanted (source: Rodolfa 2008)
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Figure 1: CRISPR/Cas9 gene editing mechanism: the guide RNA (orange) directs the Cas9 enzyme (blue) to a
specific DNA sequence (purple), where Cas9 makes a cut to allow gene correction

CRISPR is being applied in regenerative
medicine in several ways. Researchers edit stem cells to
fix mutations before transplantation. For example, blood-

forming stem cells have been gene-edited to cure certain
genetic anemias. CRISPR is also used to create
“universal donor” cells: by editing out immune markers,
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cells may avoid rejection in any patient. Current research
includes CRISPR-edited immune cells to fight cancer,
and lab-grown tissues with edited genomes for better
function. While not yet widely in clinical use, gene
editing holds the promise of fundamentally curing
genetic disease in situ, complementing cell therapies.

Tissue Engineering and 3D Bioprinting
Tissue engineering combines cells, scaffolds,
and growth factors to build functional tissues. A major

advance is 3D bioprinting: layer-by-layer printing of bio-
inks (cells plus biomaterials) to fabricate complex
structures. Researchers can now print tissues that mimic
skin, cartilage, blood vessels, or even mini-organs. This
overcomes limitations of conventional tissue scaffolds
by precisely controlling architecture and cell placement.

Figure 3 summarizes 3D bioprinting: key milestones,
essential components, and major applications.
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Figure 2: Overview of 3D bioprinting: (A) timeline of major milestones; (B) core components (bioink, printer,
cells); (C) applications (e.g. printed skin grafts, bone scaffolds, organ-on-chip devices)

Recent breakthroughs include the printing of
vascularised tissues almost 10 times thicker than
previously possible, owing to new bio-inks and growth
systems. For example, Wyss Institute scientists created a
3D-printed “heart-on-a-chip” with integrated sensors to
study heart tissue in vitro. Bioprinted skin grafts and
cartilage plugs are being developed for transplantation.
These technologies hold the promise of ready-made
organs and advanced models for drug testing. 3D
scaffolds are combined with patient cells (e.g. iPSCs) for
personalised implants. With improvements in materials
and methods, 3D bioprinting is on the verge of changing
organ replacement.

Artificial Intelligence in Medicine

Artificial intelligence (AlI), and especially
machine learning (ML), is emerging as a key tool for
regenerative medicine. Al can analyze large datasets
(genomes, medical images, patient records) to identify
patterns and optimize treatments (Nosrati & Nosrati,
2023). Al also contributes to the development of delivery
mechanisms in regenerative medicine such as oral
biologic systems that are designed based on molecular
structure and absorption patterns (Khalifa, Al-Awkally,
& Eljamay, 2022). These are in addition to the stem cell-
based and gene therapies delivery mechanisms. Figure 4
contextualizes Al, ML and deep learning. Al is the
overarching term, ML is a branch of Al that uses data-
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driven models and deep learning is a more advanced type
of ML that uses neural networks.

Hidden Layer

Figure 3: Relationship of AI, machine learning, and deep learning: Al is an umbrella term; machine learning uses
data to train models; deep learning employs neural networks for complex tasks (Nosrati ez al., 2023)

In regenerative medicine, Al is used for image
analysis, treatment planning and research. For example,
Al algorithms can classify images of stem cells to assess
the quality of the cells. Interpretable models such as
decision trees (Figure 5) have transparent rules, while
“black-box” neural networks (Figure 6) can recognize

subtle patterns. Both transparent models and deep
networks are used, say Nosrati et al, (2023). For
example, deep learning is used to analyses medical scans
and decision trees may predict the outcomes of cell
differentiation.

Available data (train data)
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A 35 Yes No Fit
B 44 No No Unfit
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Figure 4: Decision tree model: an interpretable Al example (Nosrati ef al., 2023)
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Fit / Unfit

Figure 5: Multi-layer perceptron (MLP) neuramulti-layera “black box” AI model with many hidden layers
(Nosrati et al., 2023).

Al is being fed huge databases of biological
data. For example, Nosrati et al., describe a nationwide
clinical imaging database linking 100 hospitals. With
such data sets, Al can predict what cell therapies will
work, or which patients will benefit. Al is also used to
design new biomaterials and simulate tissue growth in
silico. Al improves accuracy and efficiency in
regenerative research, such as drug discovery and
personalized therapy.

Applications

Regenerative approaches are being tested in
many medical fields. This section highlights cardiology,
neurology, and orthopedics.

Cardiology

The heart has limited self-repair ability after
injury. Regenerative cardiology aims to restore heart
tissue after myocardial infarction or heart failure.
Strategies include injecting stem cells or progenitor cells
to replace dead muscle, and using engineered patches to
support tissue. Early trials used bone-marrow or cardiac-
derived stem cells; results have been mixed but generally
safe. A recent advance is the use of 3D-bioprinted
cardiac patches seeded with patient iPSCs to integrate
with heart tissue. For example, bioengineered heart
tissue with blood vessels has been grown in animals and
improved function. Gene therapy is also explored:
editing heart cells to resist fibrosis. While fully grown
whole hearts are not yet available, tissue-engineered
constructs (like the heart-on-a-chip mentioned earlier)

show promise for testing therapies. Overall, regenerative
cardiology seeks to supplement or replace heart
transplant for heart failure patients.

Neurology

Another area of focus is neurological diseases
and injuries. Cell therapies aim to replace lost neurons
and promote repair as neurons in the brain and spinal
cord do not regenerate easily. For example, iPSC-derived
dopamine neurons are being tested in Parkinson’s
disease to restore motor function. Organoids (mini-
brains grown in vitro) are models to study degeneration
and screen drugs. Stem cell grafts and engineered nerve
scaffolds are being tested in clinical trials for spinal cord
injury to stimulate nerve regrowth. One well-known
example was the restoration of vision in a blind person
by implanted retinal cells. Brain organoid transplantation
and gene editing of neural cells are futuristic approaches
being explored. Neurology trials are subject to rigorous
ethical and safety oversight, but the potential rewards are
substantial: even small advances in neuronal repair can
have a large clinical impact.

Orthopedics

Orthopedic injuries most often involve bone
fractures, cartilage damage and tendon tears and often
heal poorly. Here, regenerative techniques are well suited
since bone and cartilage can be engineered.
Mesenchymal stem cells (MSCs) are used to treat
osteoarthritis and nonhealing fractures. Table 1 lists the
major types of stem cells used in such therapies.

Table 1: Comparison of stem cell types in regenerative medicine

Cell Type Potency Immunogenicity Ethical Common
Issues Applications
ESC Pluripotent High (foreign cell) Embryo destruction Eye burns, blood diseases
iPSC Pluripotent Low (patient-derived) | None (no embryos) Personalized organoids, cell
therapies
MSC Multipotent Low No (adult tissue) Cartilage repair,
(mesodermal) tendon/ligament
HSC Multipotent Moderate No (adult tissue) Leukemia, anemia (blood
(blood) disorders)
Adult stem cells Multipotent Low No Muscle repair, tissue
(e.g. satellite) (tissue-specific) maintenance
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Researchers have developed biocompatible
scaffolds seeded with MSCs for bone regeneration. For
example, injecting stem cells into a joint can grow new
cartilage, and reduce pain. In their Frontiers review,
laquinta et al., (2019) note that the use of stem cells with
scaffolds “improves effectively and rapidly” bone repair.
Cartilage tissue engineering with hydrogels and
chondrocytes is also moving forward. The relative ease
of access to cells (e.g. bone marrow harvest) and the
mechanical nature of the tissues (less complex than heart
or brain) are useful for these orthopaedic applications.

Challenges and Ethical Considerations

Despite advances in the field, there are major
challenges in regenerative medicine. A major obstacle to
the use of donor cells is immune rejection. Even
autologous cells (from the patient) may malfunction if
they are wrongly reprogrammed. The concern is that if
iPSCs are not fully differentiated, they will form
teratomas. Volarevic et al., (2018) point out safety
issues: iPSCs might suffer from “undesired

differentiation and malignant transformation”. While
MSC therapies are generally safe, some studies report
that they promote tumor growth. Understanding the
sensitivity pattern of microbes is important for the
management of such risks (Al-Awkally et al., 2022).

Development is also complicated by ethical
issues. ESCs are most debated for their use of embryos.
iPSCs do not have this problem. However, iPSC
technology has other issues (e.g. potential for human
cloning, human-animal chimaeras). Ethical and social
challenges include informed consent and equitable
access. Treatments are expensive and experimental,
raising issues of justice. Plus, hype and unproven “stem
cell clinics” are exploiting vulnerable patients. We need
rigorous oversight.

Regulatory frameworks are changing to address
these issues. A typical governance structure is shown in
Figure 7. At the top are broad laws, in the middle
regulations, and at the bottom clinical guidelines.

Hard Law —

Laws enacted by the

legislature

Rules adopted by the
executive branch

Stem Cell Therapies

Generic

Practical & Detailed

Figure 6: Regulatory framework layers for stem cell and regenerative therapies: laws and policies (top) provide
binding rules, while expert guidelines (bottom) offer clinical recommendations

Most countries have a system of layers as
shown in Figure 7. Laws (e.g. organ transplantation acts)
set high level rules, national regulations specify approval
pathways and professional guidelines steer clinicians.
Volarevic et al., (2018) assert that the absence or
inconsistency of regulations may impede development
and encourage abuse. With therapies and cell products
crossing borders, international coordination will be
important.

Other challenges are scalability and cost. It is
hard to grow enough cells or tissue to be used in therapy.
The cells are now manufactured under “good
manufacturing practice” (GMP) conditions, which is
expensive. New technologies are needed for the long-
term storage and transportation of living tissues. There
are also scientific unknowns, e.g. how well do lab grown
organs integrate with host blood supply? Each one of
these technical, ethical, regulatory challenges must be
met to achieve safe and effective treatments.

Future Directions

The outlook for regenerative medicine is very
bright. Bringing approaches together will speed up
breakthroughs. Such as gene editing (CRISPR) to create
universal donor cells that are immune attack proof. The
future of bioprinting bodes well for the field of organ
transplantation.  Brain-computer  interfaces  or
neuromodulators could lead stem cells to injured
neurons. The integration of organ-on-chip systems
allows to test personalized therapy responses before the
patient treatment, as reviewed by Ingber (2022).

Big data and Al will be more significant.
Nosrati et al., describe a networked database of medical
images (Figure 6) that trains Al to diagnose diseases and
predict treatment outcomes. Such tools could even
personalize regenerative therapies, such as predicting the
growth factors that best drive a patient’s cells. Machine
learning may also be able to identify new drug targets to
improve regeneration.
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Another area is “chimeric” organs, combining
human and animal tissues. In 2017, researchers began
implanting human stem cells into pigs or monkeys, with
the aim of growing human-compatible organs. Ethically
tricky, yes. But maybe one day organ transplants. The
long-term  plans include xenotransplantation —
engineered pig organs — and lab-grown organs that can
be transplanted and are derived from a patient’s own
cells.

Lastly, the field is working on ageing and
rejuvenation. If we can replace or repair old cells, we
may be able to extend healthy lifespan. Some researchers
have already reversed signs of ageing in mice by clearing
senescent cells or regenerating tissues. As regenerative
therapies prove safe, they may be used not only for
injuries, but for age-related wear-and-tear, effectively
“regenerating youth”.

CONCLUSION

Regenerative medicine is a fast-growing and
revolutionary field of healthcare. With advances in stem
cell science, precision gene editing, 3D bioprinting, and
Al-driven data analysis, therapies once confined to
science fiction are becoming a reality (Ibrahim, 2024).
We’ve seen the first clinical successes in repairing eye
tissues, improving heart function, growing bone and
cartilage, and more to come. But there are still many
hurdles, from immune rejection to ethical concerns.
More research and careful regulation are needed. As the
technology matures, real-world outcomes will help
define best practices. In the future, diseased organs could
be routinely regrown, genetic defects corrected in utero,
and the limitations of human tissues overcome. This
vision will require interdisciplinary work in biology,
engineering and ethics. Further research is needed to
address long-term safety and optimisation of methods as
regenerative tools are incorporated into the chronic
disease and pandemic recovery strategies (Ibrahim,
Ahseen, Ahmed, Ahseen, Al-Awkally, & Yousuf, 2022).
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