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The replacement, restoration, or repair of damaged tissues is the focus of the
multidisciplinary discipline of regenerative medicine. The necessity for
reconstruction in patients with tissue damage from illnesses, trauma, and
congenital abnormalities in both children and adults gave rise to this specialty.
Through a range of techniques, including tissue engineering, cell-based therapies,
and the creation of innovative medical devices, it seeks to restore the function of
sick or injured tissues or organs. Because stem cells have a limitless capacity to
divide, they are used by the body to regenerate and mend damaged tissue. A
critical understanding of stem cell replacement is therefore necessary, as stem cell
research is a promising topic with an enticing potential for therapeutic
intervention. Knowing more about how an organism grows from a single cell and
how healthy cells replace damaged cells in adult creatures is made possible by
research on stem cells. Researchers looking into the potential of cell-based
therapeutics to treat a range of chronic conditions are also being led by this
exciting field of study. The facts regarding stem cells and their important
significance in regenerative medicine is what we attempted to present in this
review.
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INTRODUCTION

All embryonic, foetal, and adult stem cells are undifferentiated cells that give rise to differentiated cells that form the
structure of tissues and organs. Throughout the postnatal and adult phases of life, differentiated organs contain tissue-
specific stem cells that play a crucial role in organ regeneration after injury. The primary features of stem cells are (a)
clonality, which often originates from a single cell, (b) potency, which can differentiate into several cell types, and (c) self-
renewal, which allows for significant proliferation. It's possible that different stem cells have different characteristics.
Because they would not multiply widely and can only develop into tissue-specific cells, adult tissue stem cells have limited
capacity for self-renewal, whereas embryonic stem cells (ESCs) generated from the blastocyst have more potency and
capacity for self-renewal. Endoderm, Mesoderm, and Ectoderm are the germ layers from which ESCs are formed during
the development of the human body, starting with the zygote and blastocyst. Particular organs emerge from the germ layers.
Progenitor cells that have helped develop organs include those present in bone marrow, bone, blood, muscle, liver, brain,
adipose tissue, skin, and the gastrointestinal tract. These cells do not eventually differentiate; instead, they remain tissue
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stem cells [1, 2]. Given their ability to produce terminally differentiated and specialised cells within the tissue or organ,
tissue stem cells may also be referred to as progenitor cells. These cells could be quiescent in the tissue, but in situations
involving damage and healing, they would multiply [3-5]. The dynamics of tissue stem cells, also known as progenitor
cells, differ depending on the tissue. For instance, stem cells regularly proliferate in the bone marrow, liver, lung, and gut
to supplement cells during normal turnover or injury [6-9], whereas they do the same in the pancreas, heart, or nervous
system to replace damaged cells after injury [10-14]. Ancient Greek mythology about the Greek titan Prometheus reflects
the concept of organ regeneration and wound healing, which is as old as humanity
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Fig. 1.The hierarchy of stem cells.Totipotent cells form embryonic and extra-embryonic tissue. Pluripotent cells form all
3 germ layers while multipotent cells generate cells limited to 1 germ layer. Bronchoalveolar duct junction cells in the
lung may be multipotent while type 1l pneumocytes are oligopotent and differentiate into type Ipneumocytes of the
alveoli.

Zeus chastised him for bringing fire and knowledge to humans in defiance of his commands. According to this tale,
Prometheus is chained to a rock and his liver regenerates when an eagle consumes a portion of it every day. In contemporary
medicine, the exploration of stem cells and organ regeneration began in the 1950s with the initial attempts at bone marrow
transplantation in animal models. The treatment now commonly used for a variety of blood diseases [16], human bone
marrow transplantation, was made possible by these groundbreaking investigations [15]. The discovery of adult tissue
regeneration-promoting stem cells was made possible by this novel treatment approach [17]. Regenerative medicine is
currently a prominent area of research attention, with the goal of understanding basic biology and the pathophysiology of
disease in addition to developing therapeutics [18-20]. Recent developments in stem cell isolation and development have
made it possible for scientists to identify and culture particular cell types for tissue regeneration in a variety of disorders,
including Parkinson's [22], Alzheimer's [23], or diseases of the heart [24], muscles [25], lung [26, 27], liver [28], and other
organs [14]. This is despite the fact that stem cell research has given rise to a number of ethical issues [21].

1. The basics of regenerative medicine

In order to create biological replacements that can preserve and restore the normal function of injured tissues and organs,
tissue engineering makes use of elements of materials science, biomedical engineering, and cell biology and
transplantation. The two most fundamental elements of tissue engineering strategies are cells and biomaterials. These
approaches can involve the injection of viable cells into a nonfunctional region to promote regeneration and/or the use of
biocompatible materials to produce new tissues and organs. The goal of introducing cells is to augment the synthesis of
growth factors and hormones, encourage vascularization, and/or drive regeneration. Biomaterials, also referred to as
"scaffolds,” are crucial instruments in the field of regenerative medicine. They comprise both synthetic and natural
matrices. Biomaterials have the ability to both control the creation of new tissue and provide the right spatial environment
for the restoration of tissue structure and function. They can also be used to supply bioactive components [29,30] or draw
cells and growth factors from the body after implantation [31, 32]. The goal of implanting a biomaterial devoid of cells is
to promote the body's inherent capacity for self-healing.
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1.1 Cell types used in regenerative medicines

1.1.1Native Targeted Progenitor Cells

The intrinsic difficulty of cultivating particular cell types in vast quantities has been one of the barriers to the application
of cell-based approaches for organ replacement. Cell growth and expansion in vitro can be challenging, even in organs
with great in vivo regenerative capacities, like the liver. Some of the barriers that formerly prevented cell multiplication in
vitro have been removed by identifying progenitor cell locations within tissues and investigating the circumstances that
encourage differentiation and/or self-renewal. Using native cells has the benefit of allowing for the autologous
regeneration, expansion, and use of those cells in the same patient without fear of rejection.

1.1.1.  Stem cells and other pluripotent cell types

Not all human cells can be produced or expanded in vitro, despite the great advancements in primary cell culture techniques.
Human organs like the pancreas, liver, and nerves are examples where technology has not yet progressed to the point where
these cells can be extensively cultured and expanded outside of the body. In this instance, it is anticipated that stem cells
and other pluripotent cell types will replace native cells in the near future. Two characteristics of human embryonic stem
cells are their capacity to divide into numerous specialised cell types and their capacity to proliferate in an undifferentiated
but pluripotent state (self-renewal) [33]. They can be separated from the embryo by aspirating the inner cell mass while it
is in the blastocyst stage, which occurs five days after fertilisation. In vitro, it has been demonstrated that they can develop
into cells from all three embryonic germ layers. Ectodermal differentiation is indicated by the formation of skin and
neurones [34-37]. Mesodermal differentiation is indicated by the formation of muscle, blood, endothelial cells, cartilage,
and heart [38-40]. Additionally, pancreatic cells have developed, demonstrating endodermal differentiation [41]. They can
create teratomas and are an allogenic resource, which means they have the potential to trigger an immune response, which
limits their therapeutic applicability. Cloning and reprogramming are two examples of new stem cell technologies that
promise to get over the obstacle of rejection.Early stage embryos are created using therapeutic cloning, also known as
somatic cell nuclear transfer, or SCNT, using an egg and a somatic cell's nucleus. To create embryonic stem cell lines with
genetic material identical to its source, these are explanted in culture. Because these autologous stem cells can differentiate
into nearly any type of adult cell, they could be helpful for replacing organs and tissues in the body [42]. The method of
developing tissues and organs by combining tissue engineering and therapeutic cloning is illustrated in Fig. 1.
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Fig. 1  Strategy for therapeutic cloning and tissue engineering.

Though promising, somatic cell nuclear transfer technology still has to be improved upon in order to overcome several
obstacles before therapeutic cloning may be extensively used in replacement therapy. It is also feasible for adult cells to be
successfully "reprogrammed" genetically to become pluripotent stem cells. Reprogramming is a non-embryonic method of
producing patient-specific pluripotent stem cells by dedifferentiating adult somatic cells. Reprogrammed cells would not
be rejected since they share the same genetic makeup as the somatic cells and, consequently, the patient who gave them.
The ability to reprogramme mouse fibroblasts into a "induced pluripotent state” was initially discovered by Yamanaka
[43]. The resulting induced pluripotent state cells expressed genes unique to embryonic stem cells, produced teratomas in
vivo and embryoid bodies in vitro, and had the immortal growth properties of self-renewing embryonic stem cells. Human
cell reprogramming has recently been demonstrated to be feasible [44, 45], indicating that this technology may prove
helpful for regenerative medicine efforts in the future. The placenta and amniotic fluid are additional sources of stem cells.
It is known that the placenta and amniotic fluid both contain a variety of partially differentiated cell types that are derived
from the growing foetus. Amniotic fluid and placental stem cells, which express markers for both embryonic and adult
stem cells, are the stem cell populations that we recovered from these sources [46]. It has been demonstrated that AFS cells
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are extensively multipotent and can develop into cells from all three lineages. These cells can be extracted via
amniocentesis, chorionic villous sampling throughout foetal development, or from the placenta at the moment of birth.
They can then be banked or maintained for future use without hindrance.

2.1 Biomaterials

Cells are seeded onto a scaffold made of a suitable biomaterial in cell-based tissue engineering. In tissue engineering,
biomaterials act as an artificial extracellular matrix (ECM), mimicking the physiological and mechanical properties of the
natural ECM present in bodily tissues. Biomaterials can facilitate the transfer of cells and suitable bioactive substances
(such as growth factors and adhesion peptides) to specific locations inside the body by offering a three-dimensional
environment in which the cells can proliferate and develop into new tissues with the proper structure and function [47].
Biomaterials also offer a cell-adhesion substrate because most mammalian cell types are anchorage-dependent and would
perish in the absence of one. Biomaterials can additionally offer mechanical support against forces generated in vivo so
that the predetermined. Generally speaking, three classes of biomaterials have been used to engineer tissues and organs:
acellular tissue matrices, like bladder and small-intestinal submucosa; naturally derived materials, like collagen and
alginate [48-53]; and synthetic polymers, like polyglycolic acid (PGA), polylactic acid (PLA), and poly(lactic-coglycolic
acid) (PLGA). Biologic recognition may be an advantage of naturally generated materials and acellular tissue matrices,
however synthetic polymers can be mass-produced in a reliable manner with regulated strength, degradation rate, and
microstructure characteristics.Studies in regenerative medicine have lately concentrated on the application of synthetic
materials and acellular matrices. Collagen-rich matrices known as acellular tissue matrices are created by extracting tissues'
cellular constituents. A tissue segment is frequently mechanically and chemically manipulated to create the matrices [54—
57]. After implantation, the matrices gradually deteriorate and are replaced and remodelled by extracellular matrix (ECM)
proteins produced and synthesised by ingrowing or transplanted cells. It has been demonstrated that acellular tissue
matrices can promote the regrowth and ingrowth of genitourinary tissues, such as the bladder and urethra, without causing
immunogenic rejection [57,58]. In regenerative medicine, polyesters containing naturally occurring a-hydroxy acids,
including as PGA, PLA, and PLGA, are frequently utilised. The Food and Drug Administration has approved these
polymers for use in human medicine for a number of uses, including sutures [34]. Natural, harmless metabolites of PGA,
PLA, and PLGA break down into carbon dioxide and water, which are eventually expelled from the body [59]. These
polymers are easily made into a three-dimensional scaffold with the necessary microstructure, gross shape, and dimension
using a variety of processes because they are thermoplastics [60-62]. Rapidly producing extremely porous scaffolds in
different conformations has been accomplished using electrospinning [63-66]. Lack of biologic recognition is one
disadvantage of synthetic polymers, however several teams are working to create synthetic scaffolds that include proteins
or other molecules to help with recognition [67—69].

Current therapies and future directions for regenerative medicines

Regenerative medicine has promise for normalising congenital abnormalities and healing or replacing tissues and organs
damaged by illness, ageing, or trauma. As of now, promising preclinical and clinical data point to the potential for
regenerative medicine to help treat a wide range of organ systems and contexts, including wounds on the skin, traumas and
cardiovascular diseases, some cancer treatments, and more. It may also be able to treat both acute insults and chronic
diseases (70, 71, 72). Regenerative medicine techniques may be able to get beyond the existing approach of transplanting
intact organs and tissues to cure organ and tissue failures and loss, which is hindered by a shortage of donors and frequently
serious immunological problems (73). Regenerative medicine is a broad field that uses a variety of approaches, such as
materials and de novo generated cells, in different combinations, to replace missing tissue in a structurally and functionally
effective manner or to aid in tissue healing (74). Although mature humans have a reduced ability for regeneration than
other vertebrates, the body's natural healing response can also be used to encourage regeneration (75).

Therapies in the Market

Many treatments that have been approved or cleared by the Food and Drug Administration (FDA) and made commercially
available since tissue engineering and regenerative medicine became a business roughly 20 years ago (Table 1). One of the
main tenets of regenerative medicine up to this point has been the release of therapeutic cells that directly influence the
composition and functionality of new tissues (76, 77). These treatments employ either autologous or allogeneic cells, which
are normally differentiated cells with the ability to proliferate. For instance, autologous chondrocytes are used in Carticel,
the first biologic product approved by the FDA in the orthopaedics area, to treat focal articular cartilage abnormalities.
Here, autologous chondrocytes are expanded ex vivo from articular cartilage, collected, and implanted at the site of injury.
The healing that is achieved is similar to what has been seen with procedures such as mosaicplasty and microfracture (78).
the use of autologous fibroblast injections to treat wrinkles in the nasolabial folds; A medical instrument called a celution
is used to remove cells from adipose tissue obtained after liposuction; Epicel, autologous keratinocytes for severe burn
injuries; cord blood collection for haematopoietic stem and progenitor cells. When using autologous cells, a patient's tissue
must be harvested in order to create a new wound site. Additionally, because the cells must be culture-expanded before
being used, treatment is frequently delayed. In addition to reducing the possibility of an unfavourable immune response,
allogeneic cell sources with minimal antigenicity—such as human foreskin fibroblasts utilised in the creation of wound-
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healing grafts (GINTUIT, Apligraf) (79)—allow the bulk production of readily available tissues. Because materials can
replicate the natural extracellular matrix (ECM) of tissues and control cell behaviour, help shape and function new tissue,
and locally provide growth hormones, they are frequently a key part of modern regenerative medicine techniques (80). To
encourage chondrocyte expansion during cartilage repair, for instance, 3D polymer scaffolds are utilised in matrix-induced
autologous chondrocyte implantation.

Table 1. Regenerative medicine FDA-approved products

Category Mame Biological agent Approved use
Biologics latfiv Autologouws fibroblasts Improving nasolabial fold appearance
Carticel Autologows chondrocytes Cartilage defects from acute or repetitive trauma
Apligraf, GINTUIT Allogeneic cultured keratinocytes and Topical mucogingival conditions, leg and diabetic
fibroblasts in bovine collagen foot ulcers
Cord blood Hematopaoietic stem and progenitor cells Hematopoietic and immunological reconstitution
after myeloablative treatment
Cell-based medical devices Dermagraft Allogenic fibroblasts Diabetic foot wlcer
Celution Cell extraction Transfer of autologous adipose stem cells
Biopharmaceuticals GEM 125 PDGF-EB, tricalcium phosphate Periodontal defects
Regranax PDGF-BB Lower extremity diabetic ulcers
Infuse, Infuse bone graft, BMP-2 Tibia fracture and nonunion, and lower spine fusion
Inductos
Osteogenic protein-1 BMP-T Tibia nonunion

(MACI)] and give fibroblasts a scaffold to work on for treating venous ulcers (Dermagraft) (81). Decellularized donor
tissues are also employed as tissue substitutes (CryoL.ife and Toronto's heart valve replacements and cardiac patches) (83),
or to encourage wound healing (Dermapure, a range of exclusive bone allografts) (82). As in the instance of bioglass-based
grafts that allow fusion with bone, a substance by itself can occasionally give cues for regeneration and graft or implant
integration (84).

Biomaterials that incorporate growth factors for healing or regeneration can present these factors locally and sustainably.
This strategy has been used to promote bone formation through the delivery of bone morphogenic proteins 2 and 7 (Infuse,
Stryker's OP-1) and wound healing through the delivery of platelet derived growth factor (PDGF) (Regranex) (85).
However, issues can occur with these approaches (Regranex black box warning, Infuse) (86,87), most likely because factor
release kinetics are not well controlled with the materials that are now in use. The FDA has cleared or approved a variety
of regenerative medicine products, some of which are more effective than others or at least similar to those that were
previously on the market (78).

They provide benefit in terms of healing and regeneration but are unable to fully resolve injuries or diseases (88-90).

Therapies at the Preclinical Stage and in Clinical Testing

Numerous approaches are presently being investigated at the preclinical and clinical stages of research. The following
subsections will provide an overview of these various approaches, which can be divided into three main categories: (i)
recreating organ and tissue structure using scaffolds, 3D bioprinting, and self assembly; (ii) vascularization and innervation
to integrate grafts with the host; and (iii) modifying the host environment to trigger therapeutic responses, especially by
infusing cells and regulating the immune system. Lastly, strategies for taking advantage of newly discovered and
developing cell sources for regenerative medicine will be discussed.

A: Recapitulating Tissue and Organ Structure

Since the design of tissues and organs is intimately linked to their functions, it is generally accepted that successful
recapitulation of healthy tissue requires the ability to reconstruct structure (91). Recellularizing organs after they have been
decellularized is one method of capturing organ structure and material composition in artificial tissues in preparation for
transplantation. Decellularization eliminates immunogenic cells and molecules while, in theory, maintaining the native
extracellular matrix's structure, mechanical characteristics, and material composition (92,93). This method has been applied
in animal models of disease affecting the lungs, kidneys, liver, pancreas, and heart in conjunction with bioreactors (91, 94—
97).

As previously mentioned, decellularized tissues—which do not require the recellularization step—have also been
commercialized as medical devices and have been applied to the healing of significant muscle abnormalities in human
patients (98). An alternative method to this one is to create blood vessels in vitro, decellularize them afterwards, and then
implant them in kidney dialysis patients (99). Many obstacles still exist in spite of these achievements. Decellularization
may remove different kinds and quantities of ECM-associated signaling molecules, which may alter the mechanical
properties of tissues and organs. Additionally, processed tissue may deteriorate over time following transplantation without
being matched by host cell replacement (100, 101).
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Using this method, tissue-engineered vascular grafts (TEVGS), for the treatment of congenital heart abnormalities in adult
and pediatric patients, have entered clinical trials (102) (Fig. 2 A and B). Using animal models, it was discovered that the
seeded cells in TEVGs controlled the inflammatory response that helped host vascular cells fill the graft and construct the
new blood artery, rather than providing structural support to the graft once it was within the host (103, 104). In the setting
of end-stage renal failure (Humacyte), biodegradable vascular grafts seeded with cells, cultivated so the cells created
extracellular matrix, and then decellularized are undergoing clinical trials (99).

Instructive signals for adhering cells and bulk mechanical support for the developing tissue are two purposes for which
scaffolds with a broad range of mechanical properties have been designed (80). Soft fibrin-collagen hydrogels, for instance,
have been investigated as lymph node substitutes (105), whereas alginate hydrogels that degrade more quickly have been
shown to enhance bone healing in critical defects (106). In certain instances, it is thought that the mechanical characteristics
of the polymer alone have a therapeutic impact.

For instance, in models of dilated cardiomyopathy, injection of alginate hydrogels to the left ventricle slowed the course
of heart failure (107) and is presently undergoing clinical trials (Algisyl). As demonstrated by composite polyglycolide and
collagen scaffolds that were seeded with cells and used as bladder replacements for human patients, combining materials
with various characteristics can improve scaffold performance (108). In a different instance, bone morphogenic protein 2
was loaded onto an electrospun nanofiber mesh that was electrospun and electrospun with peptide-modified alginate
hydrogel to enhance bone formation in severely large defects (109).

3D images of replacement tissues can be produced using medical imaging technologies like computed tomography (CT)
and magnetic resonance imaging (MRI), sometimes using the patient's own body as a model (110, 111). (Fig. 2C). After
that, these 3D pictures can be utilized as molds to create scaffolds that are specially made for each patient. For instance,
patient CT scans were used to create synthetic trachea made of polyurethane and polyethylene that were subsequently
seeded with cells (112). Using a range of recently discovered techniques, tiny building blocks, which are typically
composed of cells implanted in a small volume of hydrogel, can also be constructed into tissuelike structures with defined
topologies and cell patterning (113, 114) (Fig2D)

ol A ]
" .
ol 4.

FI1G.2.:Regenerative medicine strategies that recapitulate tissue and organ structure. (A) Scanning electron
microscopy image of a TEVG cross-section. Reproduced with permission from ref. 41. (B) Engineered bladder
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consisting of a polyglycolide and collagen composite scaffold, fabricated based on CT image of patient and seeded

with cells. Reproduced with permission from ref. 46. (C) CT image of bone regeneration in critically sized defects

without (Left) and with (Right) nanofiber mesh and alginate scaffold loaded with growth factor. Reproduced with
permission from ref. 47. (D) Small hydrogel building blocks are assembled into tissue-like structures with

microrobots. Reproduced from ref. 52, with permission from Nature Communications. (E) Blueprint for 3D

bioprinting of a heart valve using microextrusion printing, with different colors representing different cell types.

(F) Printed product. Reproduced with permission from ref. 59. (G) Intestinal crypt stem cells seeded with
supporting Paneth cells self-assemble into organoids in culture. Reproduced from ref. 67, with permission from
Nature.

3D bioprinting can produce structures that combine high resolution control over material and cell placement within
designed constructs, despite the fact that cell placement within scaffolds is typically poorly managed (115). Inkjet and
microextrusion are two of the most popular bioprinting techniques (116). Using pressure pulses produced by short electrical
heating or acoustic waves, inkjet bioprinting produces ink droplets with cells at the nozzle (117, 118). A continuous stream
of ink is dispensed onto a stage using microextrusionbioprinting (119). Both are actively being utilized to create a variety
of tissues. For instance, chondrocytes suspended in a fibrin—collagen matrix and electrospunpolycaprolactone fibers have
been deposited one layer at a time using inkjet bioprinting to construct cartilage.

Following implantation, it was discovered that the cells injected in this manner produced collagen Il and
glycosaminoglycans (120). Aortic valve replacements have been created by microextrusion printing by employing cells
encapsulated in a gelatin/alginate hydrogel. The valve root and leaflets, respectively, were printed with two different cell
types—smooth muscle cells and interstitial cells—in two different areas (121) (Fig. 2 E and F). Complex 3D tubular
networks have been printed via microextrusion printing using inks with varying gelation temperatures. The printed tubes
were subsequently seeded with endothelial cells to replicate the vasculature (122). There are numerous commercially
accessible 3D bioprinting equipment that provide various bioprinting methodologies and capabilities (115).

The development of bioprinting technologies that excel in all three areas is an important focus of research in this field.
Bioprinting tactics, although very promising, sometimes suffer trade-offs in terms of feature resolution, cell survival, and
printing resolution (115). It might be feasible to create new tissues using scaffold-free techniques in specific circumstances.
Cell-cell adhesion and signaling molecules, as well as extracellular matrix molecules (ECM) produced by the cells
themselves, can be preserved when a confluent sheet of cells is extracted from a temperature-responsive substrate, which
is the basis for cell sheet technology (123, 124). It is possible to layer successive sheets to create thicker structures (125).
This method has been investigated in many different settings, such as corneal reconstruction (126). Reepithelialization of
human corneas has been achieved with the growth, harvesting, and implantation of autologous oral mucosal cells into
sheets (126). Moreover, tissues can be produced via autonomous cellular self-assembly, which can be utilized in
conjunction with bioprinting. For instance, agarose rods and vascular cells aggregated into multicellular spheroids were
printed layer by layer using microextrusion; once the cells formed a continuous structure, the agarose was physically
removed to produce hollow and branching structures that resembled a vascular network (127). Even sophisticated structures
can emerge on their own when the right stimuli and starting cell composition are present (128).

For instance, using increased Whnt signaling in conjunction with a single crypt base columnar stem cell, intestinal cryptlike
structures can be produced in 3D culture (129) (Fig. 2G). A comprehensive grasp of the biological mechanisms propelling
and guiding self-assembly is necessary to optimize this strategy. For the building of complex organs, the capacity to induce
autonomous self-assembly of modular organ components, such as intestine crypts, kidney nephrons, and lung alveoli, may
be particularly useful.

B: Integrating Graft Tissue by Inducing Vascularization and Innervation

Implanted grafts must correctly integrate with the body in order to contribute both structurally and functionally. Integration
with the host vasculature is crucial for the success of grafts using cell-based implants (Fig. 3A) (130). The majority of body
cells are situated at a distance of no more than 100 pm from the closest capillary, which is the minimum distance necessary
for efficient exchange of nutrients and diffusion of oxygen from the bloodstream (130). By presenting angiogenic growth
factors, one can take advantage of the body's natural angiogenic response to vascularize manmade tissues (131). Numerous
growth factors, such as platelet-derived growth factor (PDGF), angiopoietin (Ang), vascular endothelial growth factor
(VEGF), and basic fibroblast growth factor (bFGF), have been linked to angiogenesis (132, 133).

But because growth factors have a short half-life in vivo and bolus treatment might be toxic and have systemic effects,
using them might not be effective without the right delivery method (107). Strong angiogenic responses are produced by
the prolonged production of VEGF, bFGF, Ang, and PDGF, which can prevent necrosis in ischemia limbs (107, 134, 135).
More functional networks can be produced by supplying an angiogenic factor sequence that first initiates and then promotes
the maturation of newly formed vessels (136) (Fig. 3 B and C). Similarly, by simulating development through the delivery
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of both angiogenesis promoters and inhibitors from distinct spatial locations, tightly defined angiogenic zones can be
created (137).

Prevascularizing the graft or target site before to implantation is another strategy to encourage graft vascularization at the
target location. When placed on the proper substrate, endothelial cells and their progenitors can selforganize into vascular
networks (138-141). Tissues with improved vascularization and tissue-specific activity can be obtained by combining
endothelial cells with tissue-specific cells on a scaffold prior to transplantation (142).

Alternatively, a scaffold can be first placed around a large host vessel or on richly vascularized tissue, and the engineered
tissue can then be moved to its final anatomic location once it becomes vascularized at the original site (143-145). This
approach has been demonstrated in the context of both bone and cardiac patches. The creation of a vascular pedicle for the
engineered tissue can also facilitate subsequent transplantation. (Fig. 3D).An whole mandibular replacement that was
subsequently engrafted in a human patient was vascularized using this technique with success (146). Vascular networks
that can be anastomosed to the femoral artery are presently being engineered through the investigation of microfluidic and
micropatterning techniques (147, 148) (Fig. 3E).

As demonstrated in a recent report, the placement of a catheter device allowed the site to become vascularized due to the
host foreign body response to the material; this device significantly improved the efficacy of pancreatic cells subsequently
injected into the device (149). Alternatively, the site for cell delivery could be prevascularized to enhance cell survival and
function. Many tissues must also be innervated by the host in order for them to operate properly and integrate fully (150,
151). This is especially true for tissues that depend on motor control—like skeletal tissue—or sensation—Ilike the
epidermis—for essential functions (152, 153).

development factors have the ability to generate innervation of designed tissues, as demonstrated by the in vitro model
where nerve development was stimulated from mouse embryonic dorsal root ganglia to epithelial tissue (154). This strategy
has been utilized to enhance neuron regeneration following damage. Hydrogels patterned with channels that are then loaded
with the proper extracellular matrices and growth hormones can direct nerve growth upon implantation (155, 156). Axon
renewal in regenerating skeletal muscle has been promoted by the regulated supply of VEGF employing biomaterials, as
angiogenesis and nerve growth are known to share specific signaling pathways (157, 158, 159) (Fig. 3 F and G).

R T T R o~ .
B il T QLS C &k
oo P Lot P i 2 .
- (ks > S .

FI1G.3.:Strategies for vascularizing and innervating tissue-engineered graft. (A) Tissue-engineered graft may be
vascularized before implantation: for example, by self-assembly of seeded endothelial cells or by host blood vessels in a
process mediated by growth factor release. Compared with bolus injection of VEGF and PDGF (B), sustained release of

the same growth factors from a polymeric scaffold (C) led to a higher density of vessels and formation of larger and
thicker vessels. Reproduced from ref. 74, with permission from Nature Biotechnology. (D) Scaffold vascularized by
being implanted in the omentum before implantation at the injury site. Reproduced with permission from ref. 83. (E)
Biodegradable microfluidic device surgically connected to vasculature. Reproduced with permission from ref. 85.
Compared with blank scaffold (F), scaffolds delivering VEGF (G) increase innervation of injured skeletal muscle.
Reproduced from ref. 97, with permission from Molecular Therapy.

Feasibility of Building Capacity in Regenerative Medicine in Developing Countries

Developing nations' decisions to develop their own regenerative medicine capabilities or to wait to adopt treatments created
elsewhere may be influenced by their economic status as well as the amount of research focus industrialized nations place
on a given regenerative medicine application. [161]

However, domestic innovation by developing countries is significant since it is more likely to be oriented towards local
health needs and can contribute to both economic and health development, as noted in the 2005 report of the United Nations
Task Force on Science, Technology, and Innovation. [162] Furthermore, prior research on the health biotechnology
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industries in developing nations has demonstrated that scientific and technological innovation at the local level can result
in more reasonably priced medicines for the populations of these nations.163 In contrast to imported vaccines that retail
for $US8-$US10 each dosage, India's Shantha Biotechnics has created a recombinant hepatitis B vaccine that costs about
$US0.40 per dose. [164]

Regarding the viability of implementation, it should be mentioned that organ transplantation is already practiced in nearly
all Asian, Latin American, and some African nations. Additionally, some regenerative medicine treatments, like cell
therapy, might be considerably easier to implement technically than traditional transplantation.

Current Regulations [160,165]

Even though laws differ from nation to nation, nearly all jurisdictions have the same characteristics: The FDA categorizes
therapies as either a medication, a device, or a biologic. Every categorization has a different set of rules and a review center
made up of subject matter experts. Some or all of these categories apply to products used in regenerative medicine, thus
regulators must properly combine various laws to guarantee sufficient product efficacy and safety.

Good Manufacturing Practice (GMP) and Good Tissue Practice (GTP) regulations must be followed by producers of these
goods. Regenerative medicine is governed by the FDA in the United States. By combining several regulatory initiatives
into the Office of Cellular, Tissue, and Gene Therapies (OCTGT), the FDA has been creating a more cohesive approach
to the regulation of novel products related to regenerative medicine. Tissue, cellular therapy, gene therapy, cellular plus
gene therapies, and tissue engineering are under the purview of this office.

. Furthermore, on December 24, 2002, the FDA established the Office of Combination Products (OCP) in accordance with
The Medical Device User Fee and Modernization Act of 2002 in order to expedite the regulatory review process for
products that combine two or more regulated components. Examples of these include drugs and devices (e.g., drug-eluting
stents), biologics and devices (e.g., bioartificial organs), drugs and devices (e.g., recombinant proteins), and orthopedic
implants with growth factors and anti-inflammatory drugs that are combined or mixed in any other way and produced as a
single entity. With the establishment of these new regulatory offices, the FDA has started to transform into a more agile
approval body that can handle the technological advancements of the twenty-first century.

In an effort to bring regenerative medicine to their own citizens, some nations have also launched national projects. In an
effort to achieve their own breakthroughs in regenerative medical technology, a number of EU members—including
Sweden, Germany, Great Britain—as well as China, Japan, and Australia—have started putting significant national
commitments into place.

Conclusion

New therapeutic treatments and the creation of reasonably priced, efficient medications are necessary for the country's
health to continue improving. With treatments that promote in vivo regeneration and the in vitro production of healthy
tissue for implantation, regenerative medicine holds the promise of curing a plethora of deadly and crippling illnesses. In
the next 20 years, the next phase of medical technology development could materialize. It is currently in sight. Regenerative
medicine is a field that science will inevitably advance, but it will take too long for the technology to catch up without
direction. To understand regenerative medicine and bring this technology to market within the next 20 years, Initiative for
Regenerative Medicine is needed.
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