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Abstract---Regenerative medicine is the science of replacing
engineering, regenerating human cells, tissues, or organs to restore or
establish normal function and has now reached its potential due to its
ability to deliver cell and tissue constructs to the human body thus
providing therapeutic assistance of its innate healing responses. It
further comprehends the cellular and molecular differences between
regenerating and non-regenerating tissues thus resulting in restoring
tissue structure and function in damaged, non-regenerating tissues.
Replaced or repaired tissues should be indistinguishable from normal,
healthy tissues in structure and function. Cellular therapy is one such
strategy wherein various cell types are isolated and used that help in
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understanding their mechanism of action as well as their regenerative
properties when they are utilized with different biomaterials as an
extracellular matrix. As scaffolds provide targeted cell growth, stem
cell delivery through scaffolding technology is another regenerative
therapy that is used. The process of electrospinning is used for the
generation of scaffolds. Problems like the unavailability of organs for
transplantation prevails and thus regenerative medicine therapy has
proved to be applicable in such cases. An overview of the regenerative
mechanism approaches, strategies as well as its scope and recent
evolution in the field of medicine and science has been explored in
this paper.

Keywords---Regenerative Medicine, Human Stem Cells, Adipose Stem
Cells, Extracellular Matrix, Scaffolding Technology, Electrospinning.

Introduction

Technology used in regenerative medicine entails attaching scaffolding materials
to tissues that can regenerate. Cell scaffolds serve as an artificial extracellular
matrix that creates a transient environment and aids in the infiltration, binding,
multiplication, and differentiation of the celll: Consequently, cell scaffolds are
essential to the growth of engineered tissues2. The following qualities should be
present in an ideal scaffolding material: biocompatibility, an appropriate
microstructure, and the desired mechanical strength. Along with these qualities,
it must also have a good rate of degradation and support the residence of the cell.
Additionally, it must permit the continuation of metabolic processes3The current
therapy does not seem to imply many of the idiosyncratic and genetic disorders to
which regenerative medicine provides a potential panacea. In India, in the year
2020, around 5000 kidneys and 1000 liver and 50 heart donations have been
carried out. Heart and lung transplants are in the range of 20 annually at a
center in Chennai but the demand is much higher. Only 50,000 cornea
transplantations occur whereas the demand is more than 1llakh 45.Around 17
people die each day waiting for organ transplant surgery. There were only 39,000
surgeries conducted in 2020 but the ratio of people in need of organ
transplantation is much higher. Thus, regenerative medicine provides hope for
the people in need of such complicated surgery.6-8

Regenerative Strategies

A figure describing different therapeutics strategies are listed below in figure 1.
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Figure 1. Regenerative Strategies
Cellular Therapy

To comprehend the mechanism underlying the process, cells are extracted from
adult tissues and used. This sheds light on how cells proliferate and how their
regenerative abilities are affected when combined with organic or synthetic
materials or biological materials to form an extracellular matrix. These cells may
be allogenic, syngeneic, or autologous. In an autologous procedure, the patient's
cells could be taken out and repaired, reprogrammed, or reengineered, then
placed back into the patient to study the various immunogenic reactions. No
immunosuppressive reactions are seen when using patient-derived cells, but the
process is still unconvinced that the cells will proliferate after being
reprogrammed and reengineered into the systemll. The body accepts the cells
from the identical twin with ease, which is one of the benefits of syngeneic stem
cell therapy. The donors go through a rigorous screening process to ensure they
are free of any diseases or cancer. They consist of an extracellular matrix made of
biomaterials that can be either naturally occurring or synthetic in nature, as well
as a scaffold that aids in the targeted delivery of cellular components to the site of
action.

Induced Pluripotent stem cells (iPSC's)

iPSC's are useful in producing cells that are suitable and acceptable to the
patients and thus they can be transplanted to the injured tissue or to treat
diseases that cause degeneration of tissues. Theoretically, factors that reprogram
the somatic cells and methods which can be conveniently used to introduce these
factors in the somatic cells can be used for the generation of iPSC. They help in
the proliferation and reprogramming of cells and tissues. Prominent tissues that
are related to such therapies with the conventional method are the availability of
immune rejection, tissue rejection, and organ rejection.12 Researchers have found
that iPSC’s protect the kidney through the induction of an anti-apoptotic, anti-
inflammatory responsel!3. The advanced version of iPSC’s are Extracellular
vesicles derived induced pluripotent stem cells (iPSC's- EV). These iPSC's- EV
have now been explored in the treatment of kidney disorders. An investigation
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was conducted to analyze cell death rate, and changes in mitochondrial mass.
The iPSC's were generated from fibroblast of a healthy volunteer via skin biopsy.
Using the supernatant of iPSC's, the iPSC's- EV were generated and
characterized. The cell death analysis and In-vitro injury study were performed on
Dead Cell Apoptosis Kit using CFlow Plus Software. The extracellular vesicles
proved to improve the tissue recovery. They could reduce renal cell death,
macrophage infiltration. These cells prevented the damage caused by oxidative
stress. Thus, iPSC's- EV have proven to be an alternative and has shown better
therapeutic effect.14

Embryonic stem cells (ESCs)

ESCs are pluripotent cells derived from the blastocyst's inner cell mass. They are
naturally pluripotent, which means they can differentiate into any of the three
germ layers that make up an organism—the ectoderm, mesoderm, and endoderm.
They must be pre-differentiated before transplantation. If ESCs are to be used in
humans, they should be given proper immunosuppressive therapy without being
differentiated first, as they can differentiate and proliferate into any type of cell.
This may result in the transplanted cells being rejected or unacceptably used for
therapy. To avoid rejection and other immunological effects, ESCs should be
indistinguishable from the patient's genetics through cloning and the generation
of various cell lineages with varying genetic backgrounds. Thus, the cell lineage
can be used. One of the many applications of embryonic stem cells in the field of
regenerative medicine was the restoration of cardiac activity; for this, PEGylated
fibrinogen in the form of a hydrogel scaffold was introduced in an adult rat with
heart lesions, i.e., infracted heart; the injection consisted of neonatal rat
cardiomyocytes or human ESC. Overall, a 26 percent improvement in cell survival
was observed after a 30-day period of analysis by ban echocardiogram. Embryonic
stem cells are used in therapies such as cell replacement in diseases such as
Diabetes, Alzheimer's, spinal cord injury, Parkinson's, and even myocardial
infarction.

Adult Stem-cell

These are stem cells composed of cells that are undifferentiated and can be
obtained from adult tissue. These cells have high regeneration ability, and they
can differentiate themselves into specialized cells for example nerve cells, muscle
tissues, and blood cells and they are multipotent. They can be found in blood,
intestine, skin, muscle, brain they are less skeptical and controversial, also if
obtained autologously they will be non-immunogenic. Thus, providing an
enormous tool for tissue engineering although they have limited proliferation
capacity for which various technologies like 3D scaffold, microfluid engineering,
or surface technology methods are used. This increases the proliferation capacity
to generate the desired quantity of adult stem cells. Researchers have
demonstrated the use of adult somatic neural stem cell in brain repair after
injury, plasticity to neuronal circuit, and hyperexcitability. Other studies have
also been performed on adult stem cells unveiling its effect in the treatment of
stroke, cerebral palsy blood disorders, diabetes mellitus. 15
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Mesenchymal stem cells (MSC’s)

Mesenchymal stem cells (MSC's) can differentiate into bone cells and cell lineage.
This property of MSC's is used strategically in various experiments and tissue
engineering approaches. They also display immunosuppressive properties.!2Thus,
MSC's can suppress locally caused inflammation and tissue cell damage in a wide
range of auto-immune disorders Rheumatoid arthritis. Among all the sources,
bone marrow is one of the most characterized and rich sources of MSC’s. These
MSC’s are isolated from separation of mononuclear cells from red blood cells,
platelets via centrifugation. These cultured cells fraction has fibroblastic
morphology which then after weeks originated from single MSC. A recent
development led to development of MSC’s that were derived from exosomes. These
exosomes derived MSC’s are found to provide physiologic function and were
accountable for therapeutic effects of MSC’s.16 Patients suffering from metabolic
diseases like hypophosphatasia, which is a rare heritable disease, have also been
treated using the allogeneic MSC's therapy!”. Applications of exosomes derived
MSC’s have been explored in the treatment of cardiac regeneration, liver fibrosis,
acute kidney injury. The mechanism by which they work are autotrophic
stimulation, regulation of TGF- 1 signaling pathway. These exosomes showed an
increase in wound healing capacity as well. Further research about MSC’s derived
exosomes and its combination with other biomaterials in tissue engineering can
make them a promising approach in the field of regenerative medicine. 618,19

Adipose Stem cells (ASC's)

These cells are capable of differentiating themselves as they are multipotent and
have self-renewal ability.3-D scaffolds produced by tissue engineering have an
enhanced ability for imitating a microenvironment like the in vivo conditions This
aids in the localization, adhesion, proliferation as well as differentiation of Adipose
stem cells. Further studies have unfurled that use of tissues and maybe even
organs from the ectodermal and mesodermal regions can be used. It is found from
recent studies that there are various differentiation pathways of ASCs which are
adipogenesis, chondrogenesis, osteogenesis, and other lineages. The ability of
ASCs to differentiate into adipocytes is seen on a particular scaffold or when
combined with a particular cue. Hence fabrication of an appropriate scaffold plays
a very significant role in the differentiation of ASCs. For example, in comparison
to alginate alone, the matrix composed of Gelatin-Alginate is better suited for the
adipogenesis pathway. There are many sources of ASC in the human body that
are localized in subcutaneous adipose tissue. A major advantage is that ASC can
be obtained easily and efficiently by using liposuction which involves minimum
invasion and obtaining a relatively higher percentage of cells than other stem cell
sources. They can be transplanted easily in the body with fewer foreign body
reactions. Such a model of rheumatoid arthritis in rats were studied. The
allogenic and syngeneic transplantation of mouse or human adipose derived stem
cells showed less cartilage damage and decreased antibodies. Another study
demonstrated its use in the treatment of coronary disorder, osteoporosis, bone
regeneration, Crohn’s disease. They are found to be accessible, more flexible
approach for the treatment requiring tissue regeneration 20
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Stem cell delivery through Scaffolding technology

Scaffold helps to constrain the cells in a specific area for the growth of cells and it
supports the cell structurally. It also helps in the production of matrix and
metabolism. Scaffolds used in tissue engineering are supposed to be analogous to
the ECM concerning the physical structure and chemical composition 2!. The
nanofiber matrix is polymeric and is ECM-mimetic material. It is a non-woven,
fibrous nanoscale ECM protein; thus, & can be used for stem cell delivery. A
polymeric scaffold in tissue engineering should be bio-compatible 17 Scaffold like
3-Dimensional structure requires nutrition and adequate oxygen supply for the
proliferation of cells. Thus, scaffolds need to be provided with an optimum
environment for their proliferation. Self-assembly of molecules in the scaffold
acts as a backbone for the proliferation of cells and it provides a medium for
soluble factor's diffusion which includes fluids and nutrients that help the cells to
migrate. Various types of materials can be used for the manufacturing of scaffolds
for example metal like titanium forms a titanium scaffold. These scaffolds are
compatible biologically and are fit for applications on hard tissues. These
applications include bone growth odontoblast-like cells from the differentiation of
cells of rat dental pulp progenitor. Covering the scaffolds made up of metal with
some bio-compounds increases their efficacy, for example, components of
Extracellular matrix are applied as a coat on fibers of titanium scaffold. Scaffolds
need an optimum environment for them to proliferate and hence porous scaffolds
have proven to be highly applicable.

Porous Scaffolds

Porous scaffolds with high functional properties & are used in tissue engineering.
Because of their massive 3D structures, they are used as vehicles for bioactive
molecules. They provide a large spatial area for cells to proliferate due to their
high porosity. This acts as a temporary skeleton, stimulating and accommodating
new growing tissues. Various forms of alginate, such as foams, fibers, rods,
spheres, and sponges, can be formulated in the porous scaffold's matrix and used
for cell response and cell culture. As a result, it is a promising candidate for use
in regenerative medicine.

Porous scaffold generation by 3D Porous Scaffolds

Natural porous scaffolds can be created through printing, freezing/lyophilization,
or robocasting. A study was conducted using a natural biopolymer containing silk
fibroin and -tricalcium phosphate, as well as strontium, zinc, and manganese, via
salt leaching and freeze drying. The scaffolds have interconnected macro and
micro porosity with sizes ranging from 500m to 1-10m. Zinc and strontium
supplementation improves proliferation and osteogenic potential 22

Porous scaffold generation by freeze-drying method

A simple freeze-drying technique is used to easily synthesize porous sponges or
porous scaffolds. The biodegradation rate and mechanical properties of the freeze-
drying scaffold is adjusted as needed. The pores and the structural arrangement
influence the mechanical strength. However, one of the major disadvantages of
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the freeze-dried scaffold is that the pore diameter is variable and not uniform.
Thus, electrospinning, a technique with few drawbacks and high efficacy, used to
create these scaffolds.

Scaffold generation by Electrospinning

The evolution of nanofibers has enormous potential for fabricating scaffolds
capable of imitating the natural biostructure of human tissue at the nano scale
for the delivery of regenerative stem cells. Because biomolecules and nanofibers
have the same size range, nanofibers are the preferred scaffolding technology.
Currently, three promising techniques for the development of nanofibers are
available i.e., self-assembly, electrospinning, and phase separation. The most
extensively experimented and documented method for tissue engineering
electrospinning is as it provides exuberantly promising results for applications in
a variety of fields. Some aspects of electrospinning are discussed below: The
electrospinning process is used to structure synthetic scaffolds for implantation.
The benefits of this process are the ability of fibers to form structures to create
materials suitable for different salutary/therapeutic applications. Recently there
has been an increase in the production of nano fibers by use of the technique of
electrospinning, proved by patent and publication data. According to a recent
publication by Nascimento et al, REF European Patent, until 2013, approximately
1,891 patents and 2,960 patents were filed globally with the expression’s
"electrospinning” and "nanofibers" in their abstract or title, respectively. This is
still primarily academic due to the difficulties of the process involved in large-
scale industrialization, as there is a need to standardize production to make it
reproducible and scalable, but there is an enormous potential for novel,
reasonable therapeutic products.

The general method for producing fibers by ES

A polymer solution is injected at a steady rate and fed through a blunt needle
nozzle with a small diameter; the rate at which the polymer flows is controlled
and influenced by various parameters. A metal plate is placed beneath the needle
setup to collect the fibers produced. A circuit connects the needle and the plate.
This circuit is charged to 10-30 kilovolts, which is considered extremely high. The
induction of charge on the droplet surface is caused by this voltage. When this
charge exceeds the surface tension charge on the liquid or polymer mixture, the
charge induced on the liquid causes mutual repulsion, which is opposite to the
surface tension. This causes the polymer mixture's hemispherical surface to
extend, resulting in the formation of a "Taylor cone." After obtaining the optimal
electric field, a jet of solution is ejected from the charged tip of the Taylor cone.
Because the jet's trajectory is charged, it can be directed by using an electrical
field located at a specific distance from the needle's position. During this process,
the solvent from the polymer solution evaporates, resulting in the formation of a
dry fiber polymer. This diameter can range from 5 to 0.05 microns. As previously
stated, this incredibly small diameter provides high surface area: volume and
length: diameter ratios. The increased surface area causes cell-substrate
interactions such as attachment, penetration, proliferation, and differentiation.
23
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Cell electrospinning

Fibers can be oriented in different alignments to promote cell growth and
differentiation. The spatial arrangement (>80-95 percent) of electro spun scaffolds
aids in nutrient exchange and marker expression extraction. Scaffolds made from
medical-grade polymers without the use of animal products. Scaffolds can be
programmed to degrade over a specific time period based on the rate of cell
proliferation and differentiation. Co-axial electrospinning, a modified method in
ES, can be used to create 3D scaffolds. It entails spinning two components co-
axially, namely two concentrical spinnerets aligned to form a core-shell. In coaxial
electrospinning, the compound spinner method is used to build core-shell
structures. Different capillary channels are used to feed two components, which
are integrated with a core-shell composite fiber. These hollow fibers contain
polymer, which is used to immobilize the cell components to be delivered.
Because they do not come into contact with the tough solvents, this methodology
is primarily used for the delivery of fragile components without degrading their
composition, such as proteins for cell encapsulation, bacteria, viruses, growth
factors, and other similar components. Electrospray is a modification that
involves the use of an aerosol created with the help of two charged electrodes.
This aerosol is commonly produced between these electrodes. Association of
electrospray with electrospinning we can obtain a 3-dimensional structure in
which the whole environment is occupied by the cells, this is a result of scaffold
fabrication in a different way which is not related to the traditional method.2425

Factors affecting electrospinning

Factors affecting

electrospining
1
r 1 1
Polymer solution Process Miscellaenous
parameters Parameters factors
—  Concentration Voltage
— Viscosity Flow rate
Surface Tension/

Charge
Figure 2. Factors affecting electrospinning
Polymer solution factors
e Concentration and Viscosity: Because the polymer solution has low

viscosity at low concentrations, the polymer trajectory may be executed in
the form of individual droplets rather than fiber. The elasticity of the



6684

polymer is affected by its viscosity and concentration, which in turn affects
its surface tension. Thus, the polymers can be used in combination, or the
concentration can be increased to increase the chain length and viscosity of
the nanofibers to achieve the desired properties. It should be noted that if
the concentration is not increased to the optimal level, the polymer chains
will begin to overlap or cover each other, resulting in the formation of fibers
with large diameters and a beaded structure.

Surface tension/charge: The charge on the solution is required to
overcome the surface tension of the solution for electro-spinning induction.
The surface tension attempts to reduce the surface area per unit mass of a
liquid by forming spherical droplets, whereas the electrical charges on the
electro-spinning jet attempt to increase the surface area through elongation.
While most solvents have low surface tension, solvents with high surface
tension make electrospinning difficult because the jet appears to be more
likely to form beaded fibers or discrete droplets. Solution conductivity is
primarily determined by the polymer type and solvent type. Natural
polymers are mostly polyelectrolyte by nature; thus, the ions increase the
capacity of carrying charge of the polymer jet, subjecting to increased
tension under electric field, thereby leading to poor formation of fiber in
contrast to the synthetic counterpart.

Process parameters

Voltage: In electrospinning, high voltage is applied across the spinneret and
the collector plate. When the applied voltage reaches a critical value or the
optimum value for the polymer used, the solution is ejected from the needle
and the desired nanofibers are formed. A change in voltage or the electric
field may cause the fibers to disorient. It has been observed by a few groups
that an increase in the voltage gives beaded fibers, This happens because
the applied voltage is more than that required for the solution to eject or is
more than the surface tension, the flow, or the stream of the solution being
ejected is disrupted as it cannot maintain its shape and exits like a small
drop in the fibers which makes it look like beaded structure.

Flow rate: Increase in the flow rate will cause the polymer to acquire less
duration of time to dry before reaching the collector. If the polymer solution
does not dry it may form a mass of fibers with a large diameter instead of
nanofibers. It may also cause an increase in the pore size of the fibers. An
increase in flow rate affects the charge of the polymer solution and may
cause an increase in the surface tension thus, causing the applied voltage
to not match the surface tension thus beaded fibers will be obtained. The
flow rate at times can be as low as 0.1ml/hour -1 ml/hour. An extremely
low flow rate may cause electrospinning to not occur efficiently or not occur
at all.

Biomaterials for electrospinning

Because they will come into direct contact with the body system of a living
organism, biodegradable polymers that are biologically compatible with the tissue
are preferred for Tissue Engineering. The polymer selection procedure is
determined by the regenerated tissue characteristics as well as the regeneration
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time. Polyesters, such as polylactic acid (PLA), polyglycolide (PGA), and
polycaprolactone (PCL), are used in tissue engineering as synthetic materials
(PLGA). To obtain optimal fibers, it is sometimes advantageous to use a material
with properties of more than one polymer. In regenerative medicine, polymers
such as polysaccharides and proteins are used. This is because these materials
are more familiar to the cells. Hyaluronic acid, fibrinogen, natural silk, and other
similar materials. This technology is applicable in the health science field, it can
be used in the textile industry, optical devices, agriculture catalysis, etc.26

Approved drug products for regenerative medicine27.28

Table 1
Approved Drug Products for Regenerative Medicine

Sr. No  Cell Type Product Name Indication
Umbilical Cord  Blood

1 Stem Cell Type Hemacord, Allocord @ Disorders of hematopoietic system
9 Somatic Cell Type GINTUIT Wounds in the oral soft tissue
defects
BREYANZI For adults with relapsed or
refractory large B-cell lymphoma
3 CAR-T-cell B-cell t 1 hoblasti
KYMRIAH -cell  acute ymphoblastic
leukemia
Clinical trials on regenerative medicine
Table 3
Clinical Trials on Regenerative Medicine
Trial Number Study Outcome References
Interventional, prospective
NCT03080571 randomized end observer blinded Symptomatic 34

study; test group (stem cell therapy) intracranial hemorrhage

vs. control group (standard of care)

Treatment of severe COVID-19 with IV infusion of hUC-
ChiCTR2000031494 human umbilical cord mesenchymal MSCs, a safe & effective 35
stem cells option for COVID-19.
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Applications
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A o
Figure 3. Applications of Regenerative Medicine
Conclusion

With the recent advancements in the field, new technologies have also been
developed such as 3D technology, electrospinning, which has not only improved
the treatment strategies but has also been helpful in improving the patient
compliance thereby their quality of life. Regenerative medicines have the potential
to treat hormonal dysfunction, neurodegenerative disorders or any infection of
skin, eye with combination of stem cells.

Abbreviations

Induced pluripotent Stem cells - iPSC's

Embryonic stem cells -ESC's

Mesenchymal stem cells - MSC's

Adipose Stem cells -ASC's

Extracellular vesicles derived induced pluripotent stem cells -iPSC's- EV

Highlights

e Regenerative Strategies including cell therapy and stem cell delivery via
scaffolding technology.

e 3D scaffolds for the treatment of bone disorders.

e Applications of regenerative medicine in the treatment of liver, retinal,
tracheal disorders.
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