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ABSTRACT: The fabrication of artificial tissues is a process that

uses bio-molecules and bio-fabrication technologies in creating
functional artificial tissues that resemble or has the ability to
regenerate biological tissues. The fundamental basis combines
the integration of biological principles with engineering

approaches.

This paper aims at showing how knowledge of human anatomy

guides the design and functionality of engineered tissues.

An extensive literature review was done on tissue engineering
techniques that could be used to regenerate biological tissue.
Various methods and significant technologies involved in
scaffolding engineering, stem cells signaling, decellularization
methods were reviewed. Stem cells and scaffold materials
selection depends on the native tissue being replicated. Among
these, mesenchymal stem cells are the most widely used in all
tissue fabrication. Advanced methods such as decellularization,
scaffold-free fabrication and scaffold-based fabrication are

employed to achieve structural and functional tissues.

This review reveals that a solid anatomical understanding is a

essential fundamental concept in recreating a functional
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artificial tissue. The integration of stem cells with various scaffold technologies that
mimic the three-dimensional extracellular matrix, along with the application of
growth factors, has enhanced the development of artificial tissues that mimic their
natural counterparts. Despite major advances in biomaterials, growth factors, and
stem cell applications, challenges remain in replicating the three-dimensional

complexity of certain human tissues and translation into clinical practice.

Conclusively, artificial tissue fabrication is a revolutionary approach in regenerative
medicine, and to gain the complexity and functionality of native biological tissues,
integration of anatomical knowledge into tissue engineering processes is required.
Interdisciplinary research is the key to future research, as artificial tissues will be a

potential solution to many medical issues.
Keywords: Scaffolds, Stem cells, Growth factors, decellularization.
1.0. INTRODUCTION

Tissue engineering is an evolving field that seeks to create functioning artificial
tissues and organs that may restore the healthy, functional, and homeostatic 3D
micro-environment (Daniel ef al., 2018). A commonly applied definition of tissue
engineering, as stated by Langer and vacancies, is "an interdisciplinary field that
applies the principles of engineering and life sciences toward the development of
biological substitutes that restore, maintain, or improve biological tissue function or a

whole organ" (Atala, 2023).

Regenerative medicine is a vastly emerging interdisciplinary field of research and
restore, repair and regenerate damaged tissues or organs (Atala, 2023, Daniel ef al.,
2018). The fundamental concepts of artificial tissue fabrication are stem cells,
scaffolds, growth factors and bio-reactors. There are several techniques and materials
used in artificial tissue fabrication which have been successful clinical applications in
humans thereby reducing organ shortage and improving regenerative medicine.
Understanding human tissue and cellular anatomy is essential in fabricating a tissue

or organ.
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2.0. METHODOLOGY

Articles published 2015-2025 were selected in pub med, google scholar, science
direct, research gate, and web of science, using search terms such as tissue
fabrication, stem cell therapy, scaffolds, 3D bio printing, tissue regeneration,
bioreactors, growth factors, mesenchymal stem cells and related keywords. We
restricted the research to human original peer-reviewed studies with human and
animals tissue fabrication. The inclusion criteria are: (a) Peer-reviewed journal
articles and book chapters, news, educational videos both on web and official
YouTube channels; (b) Articles that emphasizes on the use of stem cells in tissue
regeneration and engineering; (c) Studies on biomaterials, scaffolds and bio
fabrication techniques; (d) Research on the functional anatomy of engineered tissues;
(e) Preferably within the last ten years was reviewed to ensure up-to-date
methodologies and advancements; (f) Books and Articles with researches on new
technologies and techniques in fabricating tissues were included; (g) Studies
presenting experimental results and case studies related to tissue engineering were
included; (h) in vitro, in vivo, and ex vivo studies on Human and animal model
studies relevant to anatomical integration of engineered tissues were included. The
Exclusion Criteria are; (a) Research on tissue regeneration that does not involve
artificial tissue fabrication. (b) Preprints, editorials, opinion pieces, and non-scientific
articles were excluded (c) Articles older than 15 years, unless they provide
foundational knowledge; (d) Non-English Articles; (e¢) Unpublished articles; (f)
Studies with lack of proper citation or poor methodology. (g) Articles on old and
non- clinical approved applications. The title/abstracts were screened by two
reviewers and subsequently the full text reviewed, differences resolved by
discussion. Extracted data were types of study design, samples, methodology, and
significant molecular outputs. Qualitative determination of risk of bias was done by
assessing the size of the sample and controls, along with validating the assay used.

Studies were mapped in the case of key terms and processes.

The literature search (2015-2025) initially yielded 91 unique records. After removing
duplicates and applying inclusion/exclusion criteria, 83 full-text articles were

assessed, of which 78 met criteria. Most studies were small exploratory
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investigations (N< 50 donors or samples) due to ethical and logistical constraints;
few were randomized trials. Common limitations included variability in sample
preparation and lack of vivo confirmation. Overall bias risk was moderate, reflecting

consistent replication of key findings across independent groups.
3.0. LITERATURE REVIEW

This literature reviews how tissue engineering is an interdisciplinary field that
combines the principles of anatomy, engineering, and biomaterials science to create a
functional artificial tissue for clinical applications (Atala, 2023). This chapter
provides a comprehensive review on how anatomy is fundamental to understanding
tissue bioengineering in both in-vitro or in-vivo fabrication and integration or
interaction within the human body; focusing on cellular interactions, scaffold
engineering, biomaterials (growth factors), bioreactors and clinical applications

(Zhang et al., 2017)
3.1. CONCEPTS OF ARTIFICIAL TISSUE FABRICATION

Four fundamental principles involved in tissue fabrication are stem cells, scaffolds,

growth factors and bioreactors.
3.1.1. STEM CELLS IN TISSUE ENGINEERING

In tissue fabrication, stem cells are employed because of their ability to differentiate

into all cell types (Liao & Zhai., 2018). They are;

1. Embryonic stem cells are pluripotent stem cells that can differentiate into all
cells types in the body excluding the extra embryonic tissues such as placenta

and its derived from the inner cell mass of a blastocyst (Haitao et al., 2018).

2. Adult stem cells are stem cells that can differentiate into all cell types within a
specific cell range I.e. multi potent stem cells (Smith & Jones, 2023). Bone
marrow-derived mesenchymal stem cells (MSc) is the most common stem cells
used in cell therapy. MSCs possess pro-androgenic properties and secrete several
growth factors, such as VEGF, EGF, FGF etc.; (Cheng et al., 2020). MSCs can

also regulate immune responses and mobilize varied kinds of immune cells.
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These immunomodulatory effects are mediated by MSC-derived cytokines such

as IL-10, PG-E2, TGF-p, IDO, and nitric oxide (Gao et al., 2016).

3. Induced Pluripotent stem cells (iPS cells): iPS are reprogrammed adult somatic
cells. 1PS cells can differentiate into all cell types found in the body (Menasche
et al., 2023). Somatic cells (derived from skin) are cultured in vitro and
reprogrammed with gene vectors encoding transcription factors associated with
pluripotency (kim et al., 2021; Takahashi & Yamanaka, 2016). Growth factors
such as c-Myc, Oct-3/4, SOX2, and KLLF4 (Takahashi & Yamanaka, 2016) are
commonly used for reprogramming, although other growth factors such as

Nanog, and LIN-28 have also been used successfully (Wang et al., 2019).
3.1.2. CELL SOURCES
These stem cells can be sourced from.

1. Autologous cells: The donor and the recipient cells are derived from the same

individual (Baltazar et al., 2020)

2. Allogeneic: The Cells are obtained from a donor of the same species as the

recipient (Baltazar et al., 2020).

3. Xenogeneic: These cells are derived from a species that are different from the
recipient; for example, porcine cells (pig) or bovine cells (cow) can be used for

tissue fabrication in humans (Simon et al., 2017).

4. Isogenic cells: These cells are derived from individuals with identical genetic
codes, providing an immunologic benefit similar to autologous cells. Examples

include cells from identical twins (Zhao et al., 2021).
3.1.3. SCAFFOLDS

Scaffolds are engineered materials designed to support the formation of new
functional tissues by facilitating desirable cellular interactions (Eltom et al., 2019).
These structures mimic the extracellular matrix (ECM) of native tissues, creating an
environment that allows cells to attach, migrate, and influence their own

microenvironments (Hussain et al., 2023). Scaffold must be.
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3.14.

* Biodegradable (Niu et al., 2022).
* Degrade into non-toxic substance (Niu ef al., 2022).
* Biocompatible (Hussain et al., 2023).

* Made with controlled pore size and porosity (Li et al., 2021).
TECHNIQUES USED IN SCAFFOLD SYNTHESIS

Material selection is based on target organ or tissue. Material selection is essential
aspect of producing a scaffold. These are natural or synthetic scaffolds (Hussain et
al., 2023). Natural material used in tissue fabrication are mostly from protein sources
such as collagen, fibrin, gelatin, elastin etc.; because of the presence of strong
binding sites on their surface for these stem cells to seed onto. (Hussain et al., 2023),
others natural occurring materials used are polysaccharidic materials such as
chitosan, hyaluronic acid (Bian ef al., 2016), and decellularized extracellular matrix
tissues (Fujimoto et al., 2020). Commonly used synthetic materials are PLA, PLGA,
PGA, and PCL (Dorati et al., 2017; Magazzini et al., 2021). This synthetic material
has no binding sites, so they are usually seeded with adhesive protein on their surface
to create a binding site for cell attachment (Reddy et al., 2021). Usually, this
synthetic material is combined with bioactive proteins such as gelatin (Reddy et al.,
2021), to make a hydrophilic ECM-like structure called an “hydrogel” (Liu et al.,
2017) which a stronger component used in bone and cartilage fabrication (Hashemi-

Afzal et al., 2025).

The following are techniques used in scaffolding. These are.

1. Nano fibers self-assembly (Moore & Hartgernik, 2017).

2. Solvent casting and particulate leaching (Prasad et al., 2017).

1. 3.Textile technologies for scaffolding (Akbari ef al., 2016; Doersam et al., 2022)
3. CAD/CAM technologies (Marrelli et al., 2016; Pardal-Peldez et al., 2024)

4. Electrospinning method (Zulkifli et al., 2023)
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2. 6.Self-assembled recombinant spider silk nano membranes (Gustafsson et al.,

2020)

3. 7.Emulsification freeze-drying (Fereshteh, 2018)

4. 8.Thermally induced phase separation (Zeinali et al., 2021)

5. 9.Gas-foaming method (Costantini & Barbetta, 2018; Januariyasa & Yusuf,

2020)

3.1.5. GROWTH AND REGULATORY FACTORS

TABLE 2.1. The table below are list of growth factors used in tissue engineering.

Growth factors Action Use in tissue fabrication
Platelet-derived growth | Endothelial cells 1.Angiogenesis
factor (PDGF) proliferation 2. Wound healig

(Wu et al., 2019)

Fibroblast growth factor
(FGF)

Cell proliferation

1. Bone and cartilage
regeneration
2. Endothelial cell
proliferation

1. Angiogenesis

(Farooq et al., 2021)

Epidermis growth | Cell proliferation 1.Migration and
factor(EGF) differentiation of stem cells
2.Wound healing
(Kim et al., 2016)
Transforming growth factor | Cell  proliferation | ECM production
(TGF-beta) and ECM formation | (Alsawalha et al., 2021)
Vascular endothelial | Endothelial cell | Angiogenesis
growth factor (VEGF) proliferation (Gnavi et al., 2017)
Bone morphogenetic | Bone Cells | Bone and cartilage
protein-2 (BMP-2) proferation regeneration

(Agrawal & Sinha, 2017)
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3.1.6. BIOREACTORS

A bioreactor is a device used in tissue engineering that provides a controlled
environment for growing cells or tissues, and cell culture. It maintains the ideal
conditions for the cells to proliferate, differentiate, or carry out specific biological
functions, such as oxygen and nutrient supply, temperature control, and waste
removal (Naveen ef al., 2018). Examples are big glass bioreactor (TurboSquid,
2015), tisxell biaxial bioreactor (Quinxell technologies, 2025), a Rotating wall vessel

bioreactor (Naveen et al., 2018)
3.2. PROCESS OF TISSUE FABRICATION
There are different methods used in tissue fabrication or tissue engineering. These are

1. Cell-based tissue engineering
2. Cell and scaffold-based tissue engineering.

3. Decullarization method

3.2.1. CELL-BASED TISSUE ENGINEERING

This is an innovative approach in the field of regenerative medicine and tissue
engineering that aims to create functional tissues or organs without the use of
exogenous scaffolding materials. It’s make uses of cell culturing technology and 3D
imaging construct (Bishop et al., 2017). Stem cells are harvested and cultured to
form a confluent sheet, when the temperature is lowered, the cell sheet detaches
intact, preserving the ECM and cell-cell connections. Multiple sheets can be stacked
to create thicker tissues (Kobayashi ef al., 2019). This method is commonly used in
cardiac, dental and corneal tissue engineering; (Pati ef al., 2015). Another technique
is the spheroid Culture method. Here, Cells are aggregated into 3D spheroids, which
can be used to model tissues or as building blocks for larger constructs (Biatkowska
et al., 2020). 3D MSC spheroids promote the secretion of HGF, VEGF, FGF2, MMP-
2, and MMP-14, compared to 2D cultures. They are often used in drug testing (Irina
etal., 2023).
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Figure 2.1: MSC stem cells spheroid fabrication. A- harvest of MSC from the human

bone marrow. B- expansion and multiplication of the MSC stem cells in the

laboratory. C — incorporation of 2D MSC stem cells with growths factors in a culture

media. D- formation of three-dimensional MSC spheroid. Image created with

biorender
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Figure 2.2: Cell-based and scaffold-based tissue engineering. Ai-Aiii involves the
expansion of stem cells from the donor to multiply the number of cells available for
fabrication. Bi-Bii is the fabrication of a scaffold into three-dimensional matrix that
mimics the ECM; usually made with controlled pore size. C are the growth factors
that helps to regulate the differentiation of the stem cells into desired cells. D is the
seeding of the stem cells and growth factors onto the 3D- scaffold. E is the formation

of an artificial tissue block. Image created from biorender,
A. Skin tissue engineering

1. Skin cells spray: The cellular spray is designed to treat severe second-degree
burns. Cultured epithelial autografts are harvested from the recipient’s unaffected
skin, cultured in lab to form secondary stem cells which are suspended into a solution
of silicon (scaffold). These suspensions can be sprayed onto burn wounds using
special spray devices and spray nozzles that facilitate even distribution of CEA over

wounds (Stewart ef al., 2017).

Figure 2.3: Image A shows a patient with first degree burn. Image B shows when the
damaged skin is sprayed with mesenchymal stem cells and wrapped with a protective
nylon. Image (C/D) shows the healing process. Image E shows the formation of a

functional skin (Badiavas & Falanga, 2003).
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2. Manufactured synthetic skins: Also known as bioengineered skin substitutes are
manufactured skin layers that mimics the biological layers of skin and are used for
wound healing, burn treatment, and tissue engineering applications (Hussein et al.,
2023). They can be categorized as acellular e.g Integra® (Shale, 2019), AlloDerm®
Biobrane® (Kavita et al., 2019) or cellular skin substitutes such as Dermagraft®
(Shawa et al., 2025). Integra® is the most commonly us synthetic skin. It contains
two layers mimicking the first two layers of skin I.e the epidermal and dermal layer.
The upper layer made up of silicon, an inner layer consisting of glycosaminoglycan

from shark’s cartilage and cow’s tendon (Shale et al. 2019).

Figure 2.4: A case study of a man with third degree burn seen in image and b. Image
c shows the implantation of Integra®. Image D is progression in skin growth;
recipient cells start migrating into the second layer of the Integra®. Image E shows
the removal of the upper layer of the Integra®, replaced with skin grafts. Image f

shows the healing and regeneration of a like-life skin (Demiri ef al., 2013).
B. Bone tissue engineering

Hydrogels are mostly used in bone regeneration made through different techniques
such as 3D bio printing or electron nano fibres to create a hollow-like structure of the

bone (Liu et al., 2017). The bone marrow mesenchymal stem cells are seeds onto this
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hydrogel, implanted into the defected bone site for bone regeneration. The
integration of the patient’s own cells starts migrating onto this implanted hydrogel,
then the bone cells start to differentiate, proliferate, and mature thereby making their
own extra cellular matrix as the hydrogel (scaffold) starts to degenerate and absorbed
by the body as a non-toxic material and a whole bone structure is formed (Noah et
al., 2021). Another innovation is the Gene- and RNAi-activated scaffolds loaded

with nucleic acids aimed at promoting bone tissue repair (Bin et al., 2021).
C. Cartilage engineering

Due to its limited ability to self-repair, cartilage is an ideal candidate for tissue
engineering. This approach involves harvesting small biopsies of cartilage from the
patient in a minimally invasive manner, isolating chondrocytes from the donor tissue,
and expanding the cells in vitro (Agrawal & Sinha, 2017; Makris et al 2015). New
techniques involve the use of chondrocytes cells (Coates & Fisher, 2018), fibroblast
(because of the high density of glycosaminoglycans and collagen type ii) (Irawan et
al., 2018), bone marrow derived; adipose derived; and synovial derived stem cells,
has the ability in regeneration of cartilage (Fellows et al., 2016). Natural polymers
have been explored as bioactive scaffolds for cartilage engineering such as alginate,
agarose, fibrin, collagen, gelatin, chitosan, chondroitin sulfates, and cellulose (Straul3
et al., 2024). Synthetic polymers currently explored for cartilage repair include poly
(a-hydroxy esters), poly (NiPAAm), poly (propylene fumarates), polyurethanes and
hydrogels (Ansari ef al., 2019; Fahmy et al., 2020). Growth factors like TGF-3, FGF,
BMP, and IGF, along with other soluble factors like hyaluronic acid, chondroitin
sulfates, and insulin, were also seeded together to aid cell growth, differentiation and

maturation in cartilage engineering (Shen & Wu, 2024).
D. Artificial trachea

A South Korean team was first to successfully transplant 3D bioprinted artificial
trachea (Park et al., 2019). Synthetic polymers such as polycaprolactone (PLCA) or
poly lactic acid (PLA) that can withstand mechanical stress and mimic trachea’s
flexibility are selected for fabrication (Khalid et al., 2023; Park et al., 2019). A 3D

bio printing techniques is used to create a scaffold tissue that mimic the structure and
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dimension of trachea cells (Park et al., 2021). Epithelial cells are seeded evenly unto
the 3D scaffold surface using techniques such as static seeding or dynamic cell

culture in a bioreactor (Lee ef al., 2019; Rahmani et al., 2023).
E. Artificial ligaments

These are primarily used in anterior cruciate ligament (ACL) reconstruction (Boulos
et al., 2016). Types of artificial ligament commonly used are:

1. Ligament advance reinforcement system made from polyethylene terephthalate
(Li & Chen, 2015). It is made up of an intraosseous section knitted to prevent
deformation and abrasion and an intra-articular portion (longitudinal) to promote
cell growth (Li & Chen, 2015).

11 Leeds Keio ligaments, comprised of polyester mesh, the porous nature of the
leeds Keio ligaments allows new tissue to grow into the mesh, helping the
ligament integrate with the body over time (Iliadis ef al., 2016);

1il. PGA Dacron artificial grafts: these are made from 75% biodegradable
polyglycolic acid and 25% Dacron, offering a balance between strength and
degradation. PGA degrades overtime allowing the body to replace it with natural
tissue, while Dacron provides permanent support (Jia et al., 2017).

1v. Kennedy LAD ligaments- made of polypropylene ribbons and was designed to
provide protection to a weak portion of quadriceps patellar tendon graft during
anterior cruciate ligaments reconstruction (Dauner & Planck, 2015).

F. Artificial brain tissue

Artificial brains have been successfully grown as brain organoids made by self-
arrangement of induced pluripotent stem cells and embryonic stem cells (Chen et al.,
2019; Qian et al., 2019). Recent studies revealed the creation of 3D printed neural
tissue (Zhu et al., 2023). This artificial brain tissues are used mainly for drug testing,

studying brain diseases and pathologies (Lovett et al., 2020).
G. Artificial tendons

These are used for tendon repair or replacement. The most suitable scaffold use is a
medium-chain length polyhydroxyalkanoate, a biodegradable, biocompatible

material with hyper-elasticity and tensile strength like that of human tendon
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flexibility (Tawonsawatruk et al., 2023). First the MCL-PHA is dissolved in a
solvent such as chloroform to create solution, this solution is then poured into a mold
designed in a cylindrical shape with holes. A portion of human tendon are threaded
into the holes as a suture; this design allows the integration and proliferation of the
fibroblast cells and tenocytes cells on the surface of MCL-PHA scaffold (Pereira,
2016; Reddy et al., 2022). Another scaffold used is Ortho-tape; a polyethylene
terephthalate that is non-absorbable, woven with longitudinal and transverse fiber
crossing at right angle. This is mostly used in Achilles tendon repair (Abdullah,
2015).

H. Synthetic vascular grafts

They are used to bypass damaged blood vessels, where autologous grafts are
unavailable. Common materials used are Teflon® and Dacron® (Duran-Rey et al.,
2021). These materials have been used in medium to large-caliber vessels
construction but not in grafts with diameters less than 6 mm due to thrombosis and

intimal hyperplasia, leading to poor latency rates. (Duran-Rey et al., 2021)
3.2.3. DECELLULARIZATION

Decellularization involves the removal of the cells and antigens from a biological
tissue while preserving only the extracellular cell matrix. The cell removal is done by
washing the tissues with chemicals detergent like SDS and triton-100 (Mendibil et
al., 2020), enzymatic digestion using trypsin (Gadre et al., 2024) or freeze-thaw
cycles (Ding et al., 2022). Types are.

A. Decellularized heart valves: Artificial heart valve has been in use and successful
for children with valve defects as they grow with the child. Bio prosthetic valves are
usually made from animal tissue (heterograft/xenograft) preserved with
glutaraldehyde to cross-link collagen fiber and reduce enzymatic degradation;
porcine aortic valves are the most commonly use ( Nguyen et al., 2022); alternative
to animal tissue valves are sometimes used, where valves are used from human

donors, as in aortic homograft and pulmonary autografts ( Nguyen et al., 2022).
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Figure 2.5: A decellularized heart valve. A is the biopsy of the donor heart valve. B

is the removal of all the donor stem cells from the heart valve leaving behind only
the ECM. C is the seeding of the recipient's stem cells onto the decellularized heart
valve. D is placing the recellularized heart valve into the bioreactor with growth
factors and nutrients to aid cell seeding and differentiation. E is the formation of an
artificial health valve. F is the transplantation of the artificial heart valve onto the

defected part of the heart. Image created with biorender

B. Decellularized whole heart tissues: The decellularized heart scaffold is injected
with stems cells from the patient own cells to prevent rejection and better integration
of stem cells i.e recellularization (Fujimoto ef al., 2020). The heart is then cultured
in a bioreactor, providing it with essential nutrients and controlled environment to
allows the cells to grow and mature in the decellularized heart scaffold thereby
forming a functional artificial whole heart tissue. A successful clinical trial is the
ghost heart done by Doris Dorcas, where the decellularized heart tissue is gotten

from a pig (Duan, 2023).

C. Decellularized blood vessels: This decellularized vessels acts as a scaffold that
can be implanted into the patient, own cells can populate this scaffold, making it a

living part off their circulatory system (Kural et al., 2022).
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D. Decellularized trachea tissue: Tracheas from human cadavers or animal sources
(e.g., pigs.) are commonly decellularized; then seeded with the recipient cells and
cultured in a biorector. After fully grown trachea is achieved, it’s then implanted into

the recipient's body (Smith et al., 2022; Brown & william, 2024)

E. Lab grown bladder: the decellularized bladder extracellular matrix is derived from
porcine (pig source) bladder tissue to serve as scaffold; mesenchymal stem cells from
human source are then seeded on this decellularized tissue; then cultured in a

bioreactor to aid growth and maturation (Read et al., 2024).

3.3. FUTURE RESEARCH AND INNOVATIONS

Researchers have developed new technology in order to overcome the challenges of
engineering tissues. This is called microfluidics-organoid on chip. An organoid is a
3D cellular structure aimed at mimicking a specific organ (Silva-Pedrosa et al.,
2023). Organoids are stem-cell-derived replicas of organs that are capable of self-
organizing and recapitulating the structural and functional characteristics of their
derived organs (Azar et al., 2021; Brassard & Lutolf, 2019). Microfluidic technology
is also well-known for its capacity for controlling the cell culture using a network of
micro-channels and micro chambers as well as controlled pressure/flow sensors
(Mateusz et al., 2023). The cells and the cell clusters are introduced to these
microfluidics chips inside an extensive list of hydrogels to mimic the ECM. These
microfluidics chips provide a dynamic environment for the cell culture as opposed to
conventional methods where the cell culture is static (Mateusz et al., 2023). 3D bio
printing has gone a long way in replicating the 3D format of the human tissue
influencing better cell integration into the scaffolds and less immunological rejection

Ventola, 2024).

4.0 DISCUSSION
Artificial tissue fabrication represents a remarkable intersection of biology,
engineering, and material science, offering innovative solutions for regenerative
medicine. Throughout this review, several key terms emerges, highlighting on the

concept, the progress and challenges of this field.
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Liao & Zhai (2018) reported that stem cells have the ability to differentiate into all
cell types. Different types of stem cells including embryonic stem cells, induced
pluripotent stem cells, and mesenchymal stem cells are the most commonly used
because of their unique potentials. ESCs provide high differentiation capacity but
pose ethical concerns but iPSCs offer a promising alternative with patient-specific
applications, minimizing immune rejection and providing large scale of stem cells in
vivid when needed. Although the availability of reliable cell sources remains a
challenge, particularly in scaling up production for clinical applications and also
vascularization of this stem cells during growth and development. Additionally,
ensuring controlled differentiation and avoiding unwanted mutations are critical

concerns in stem cell-based tissue engineering.

Scaffolds is the most essential concept as it’s served as temporary extracellular
matrices (Hussainer al., 2023) guiding cell attachment, proliferation, and
differentiation. The selection of biomaterials is crucial, with synthetic polymers (e.g.,
PLGA, PCL) and natural materials (e.g., collagen, chitosan) each presenting distinct
advantages and benefits. Synthetic materials offer durable properties but usually have
no binding site, so are using coated with adhesive proteins to create a binding site on
its surface for cell attachments whereas natural materials support cell adhesion but
may lack mechanical stability. The choice of fabrication techniques such as
electrospinning, solvent casting, or 3D bio printing significantly influences scaffold
properties. Despite technological advancements, achieving optimal pore structure,
biodegradability, and bioactivity remains a persistent challenge in order to mimic the

3D structures of the human body (Hussain et al., 2023)

Growth factors play a role in regulating cellular activities in the developing
engineered tissues (Goonoo & Bhaw-Luximon, 2019). Key growth factors such as
VEGF and TGF-beta into scaffolds or bioreactors due to their ability in angiogenesis
and cell differentiation respectively. However, maintaining controlled release of
growth factors is a challenge as excessive or insufficient exposure can lead to
undesired cellular responses. Strategies such as encapsulation in nanoparticles and
tethering growth factors into scaffold matrices have improved growth factors

delivery. Bioreactors provide dynamic environments that enhance tissue maturation
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by replicating physiological conditions such as mechanical stimulation, nutrient flow,
and oxygenation. Systems like perfusion bioreactors and rotating wall vessels have
demonstrated improved tissue functionality compared to static cultures. Also,
maintaining sterility and preventing contamination remains a critical aspect tissue

engineering (Naveen et al., 2018).

Stem cell-only based Tissue fabrication relies solely on cell self-organization to
recreate biological issues without the use scaffolds (De Pieri ef al., 2021). While it
eliminates concerns regarding biocompatibility, it often results in mechanically weak

tissues.

Cell and Scaffold-Based Tissue fabrication is most widely used strategy but
mimicking the 3D structure of native tissues remains a challenge, particularly in
complex organs with specialized cell functions such as liver and kidney (Pati ef al.,
2016). Additionally, repopulating decellularized scaffolds with patient-specific cells
remains a key component scientist are trying to provide although induced stem cells

show a promising potential (He et al., 2024)

Advances in artificial tissue fabrication are the use of 3D bioprinting and organ-on-a-
chip models in improving bio fabrication, enhanced vascularization and immune

responses.
CONCLUSION

Artificial tissue fabrication represents a transformative approach in regenerative
medicine, with anatomy serving as its foundational component. The integration of
anatomical knowledge into tissue engineering processes is essential for replicating
the complexity and functionality of native tissues. Continued interdisciplinary
research will drive future innovations, making artificial tissues a viable solution for
medical challenges, reduction of organ donor and a more conventional surgical

practice.
RECOMMENDATIONS

1. Enhancing Vascularization and Functional Maturity: Integrating advanced

fabricate pre-vascularized scaffolds
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2. Improving Scaffold Design and Material Selection: Developing 3D mimicked
and biocompatible scaffolds that can better replicate the natural ECM.

3. Addressing Immune Reaction and Biocompatibility: Utilizes patient-specific
cells to minimize immune response. Usage of engineered immune-tolerant
biomaterials that reduce inflammatory reactions after implantation. Also, the
Implementation of immunomodulatory strategies, such as coating scaffolds with

anti-inflammatory agents.

4. Acceptance in the clinical world: most people believe artificial tissues are not as
functional as a human donor tissue thereby inhibiting the utilizations in the
medical world. If these tissues are being used more, the lesser the stereotypes

would be.

5. As an anatomy course: if this topic is being introduced as a new course, this will
open new mindset to this topic, thereby creating more innovative minds and

1deas to concur some of these limitations.
REFERENCES

1. Akbari, M., Tamayol, A., Bagherifard, S., Serex, L., Mostafalu, P., Faramarzi,
N., Mohammadi, M. H., & Khademhosseini, A. (2016). Textile technologies and
tissue engineering: A path toward organ weaving. Advanced Healthcare
Materials, 5(7), 751-766. https://doi.org/10.1002/adhm.201500517

2. Agrawal, V., & Sinha, M. (2017). A review on carrier systems for bone
morphogenetic protein-2. Journal of Biomedical Materials Research Part B:
Applied Biomaterials, 105(4), 904-925. https://doi.org/10.1002/jbm.b.33599

3. Alsawalha, M., Al-Subaie, A. M., Al-Jindan, R. Y., Bolla, S. R., Salahuddin, M.,
Veeraraghavan, V. P., Sen, D., Balakrishna, J. P., Ravi, P. K., Joseph, J. P.,
Pillai, A. A., Gollapalli, S. S. R., Pala, S., Pengateeri, F., Dominic, G., & Mohan,
S. K. (2021). Dioscorea villosa leaf extract enhances in vitro wound healing and
expression of extracellular matrix factors transforming growth factor-beta 1 and
collagen-1 in L929 cell lines. Saudi Journal of Biological Sciences, 28(12),
7499-7506.

Page 19 of 27 https://zenodo.org/records/17391313


https://zenodo.org/records/17391313

4. Ansari, M., & Eshghanmalek, M. (2019). Biomaterials for repair and
regeneration of the cartilage tissue. Bio-Design and Manufacturing, 2(1), 41-49.

5. Atala, A. (2023). Thirty Years of Tissue Engineering. Tissue Engineering Part
A, 29(7-8), 389-401.

6. Arutyunyan, L., Elchaninov, A., Makarov, A., Lokhonina, A., Fatkhudinov, T., &
Bolshakova, G. (2023). Gene expression profile of 3D spheroids in comparison
with 2D cell cultures and tissue strains of diffuse high-grade gliomas. Cell
Technologies in Biology and Medicine, (2), 576-582.

7. Badiavas EV, Falanga V. (2003) Treatment of chronic wounds with bone
marrow-derived cells. Journal of Arch Dermatol; ed139(1): 510-516.

8. Bialkowska, K., Komorowski, P., Bryszewska, M., & Mitlowska, K. (2020).
Spheroids as a type of three-dimensional cell cultures—Examples of methods of
preparation and the most important application. International Journal of
Molecular Sciences, 21(17), 6225.

9. Baltazar, T., Merola, J., Catarino, C., Xie, C. B., Kirkiles-Smith, N. C., Lee, V.,
Hotta, S., Dai, G., Xu, X., Ferreira, F. C., Saltzman, W. M., Pober, J. S., &
Karande, P. (2020). Three-dimensional bioprinting of a vascularized and
perfusable skin graft using human keratinocytes, fibroblasts, pericytes, and
endothelial cells. Tissue Engineering Part A, 26(5-6), 227-238.

10. Bishop, E. S., Mostafa, S., Pakvasa, M., Luu, H. H., Lee, M. J., Wolf, J. M.,
Ameer, G. A., He, T. C., & Reid, R. R. (2017). 3D bioprinting technologies in
tissue engineering and regenerative medicine: Current and future trends. Genes
& Diseases, 4(4), 185-195.

11. Brown, T., & Williams, P. (2024). Dual cell carrier systems for tracheal tissue
engineering. Annals of Biomedical Engineering, 52(3), 547-560.

12. Brassard, J. A., & Lutolf, M. P. (2019). Engineering stem cell self-organization
to build better organoids. Cell Stem Cell, 24(6), 860—876.

13. Chen, H. 1., Wolf, J. A, Blue, R., Song, M. M., Moreno, J. D., Ming, G.-L., &
Song, H. (2019). Transplantation of human brain organoids: Revisiting the
science and ethics of brain chimeras. Cell Stem Cell, 25(4), 462—472.

14. Cheng, N.-C., Tu, Y.-K., Lee, N.-H., & Young, T.-H. (2020). Influence of

human platelet lysate on extracellular matrix deposition and cellular

Page 20 of 27 https://zenodo.org/records/17391313


https://zenodo.org/records/17391313

characteristics in adipose-derived stem cell sheets. Frontiers in Cell and
Developmental Biology, 8, 558354.

15. Choudhury, S., Surendran, N., & Das, A. (2021). Recent advances in the induced
pluripotent stem cell-based skin regeneration. Wound Repair and Regeneration,
29(5), 697-710.

16. Coates, E. E., & Fisher, J. P. (2018). Cartilage tissue engineering. In Molecular,
cellular, and tissue engineering (pp. 68-1-68-26). CRC Press.

17. Costantini, M., & Barbetta, A. (2018). Gas foaming technologies for 3D scaffold
engineering. In Functional 3D tissue engineering scaffolds (pp. 127-149).
Elsevier.

18. Daniel, J. T., Jessop, Z. M., & Whitaker, 1. S. (2018). Introduction: Inception,
evolution, and future of 3D bioprinting. 3D Bioprinting for Reconstructive
Surgery, 423431

19. Dauner, M., & Planck, H. (2015). Ligament replacement polymers: Commercial
products. In Encyclopedia of biomedical polymers and polymeric biomaterials
(Vol. 11, pp. 4309-4315).

20. Demiri, E., Papaconstantinou, A., Dionyssiou, D., Dionyssopoulos, A.,
Kaidoglou, K., and Efstratiou, L. (2013). Reconstruction of skin avulsion
injuries of the upper extremity with integra dermal regeneration template and
skin grafts in a single-stage procedure. Archives of Orthopaedic and Trauma
Surgery, 133(11).

21. De Pieri, A., Rochev, Y., & Zeugolis, D. 1. (2021). Scaffold-free cell-based
tissue engineering therapies: Advances, shortfalls and forecast. NPJ
Regenerative Medicine, 6(1), 18. https://doi.org/10.1038/s41536-021-00133-3

22. Doersam, A., Tsigkou, O., & Jones, C. (2022). A review: Textile technologies
for single and multi-layer tubular soft tissue engineering. Advanced Materials
Technologies, 7(11), 2101720.

23. Dorati, R., DeTrizio, A., Modena, T., Conti, B., Benazzo, F., Gastaldi, G., &
Genta, 1. (2017). Biodegradable scaffolds for bone regeneration combined with
drug-delivery systems in osteomyelitis therapy. Pharmaceuticals, 10(4), 96.

Page 21 of 27 https://zenodo.org/records/17391313


https://zenodo.org/records/17391313

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Duran-Rey, D., Criséstomo, V., Sanchez-Margallo, J. A., & Sanchez-Margallo,
F. M. (2021). Systematic review of tissue-engineered vascular grafts. Frontiers
in Bioengineering and Biotechnology, 9, 771400.

Eltom, A., Zhong, G., & Muhammad, A. (2019). Scaffold techniques and
designs in tissue engineering functions and purposes: A review. Advances in
Materials Science and Engineering, 2019, 3429527.

Fahmy, M. D., Shah, B., Razavi, M., Jazayeri, H., Fahimipour, F., White, J.,
Masri, R., & Tayebi, L. (2020). Smart biomaterials for tissue engineering of
cartilage. Injury, 51(2), 211-222.

Farooq, M., Khan, A. W., Kim, M. S., & Choi, S. (2021). The role of fibroblast
growth factor (FGF) signaling in tissue repair and regeneration. Cells, 10(11),
3242.

Fellows, C. R., Matta, C., Zakany, R., Khan, I. M., & Mobasheri, A. (2016).
Adipose, bone marrow and synovial joint-derived mesenchymal stem cells for
cartilage repair. Frontiers in Genetics, 7, 213.

Fereshteh, Z. (2018). Freeze-drying technologies for 3D scaffold engineering. In
Functional 3D tissue engineering scaffolds (pp. 151-174). Elsevier.

Fuyjimoto, K. L., Tobita, K., Merryman, W. D., & Guan, J. (2020).
Decellularized heart matrices for cardiovascular tissue engineering. Acta
Biomaterialia, 101, 1-16.

Gadre, M., Kasturi, M., Agarwal, P., & Vasanthan, K. S. (2024).
Decellularization and their significance for tissue regeneration in the era of 3D
bioprinting. Frontiers in Bioengineering and Biotechnology, 12, 10883024.

Gao, F., Chiu, S. M., Motan, D. A. L., Zhang, Z., Chen, L., Ji, H. L., Tse, H. F.,
Fu, Q.-L., & Lian, Q. (2016). Mesenchymal stem cells and immunomodulation:
Current status and future prospects. Cell Death & Disease, 7(1), €2062.

Gnavi, S., di Blasio, L., Tonda-Turo, C., Mancardi, A., Primo, L., Ciardelli, G.,
Gambarotta, G., Geuna, S., & Perroteau, 1. (2017). Gelatin-based hydrogel for
vascular endothelial growth factor release in peripheral nerve tissue engineering.
Journal of Tissue Engineering and Regenerative Medicine, 11(2), 459-470.
Gustafsson, L., Tasiopoulos, C. P., Jansson, R., Kvick, M., Duursma, T., Gasser,

T. C., van der Wijngaart, W., & Hedhammar, M. (2020). Recombinant spider

Page 22 of 27 https://zenodo.org/records/17391313


https://zenodo.org/records/17391313

silk forms tough and elastic nanomembranes that are protein-permeable and
support cell attachment and growth. Advanced Functional Materials, 30(40),
2002982.

35. Haitao, C., Miao, S., Esworthy, T., Zhou, X., Lee, S., Liu, C., Yu, Z., Fisher, J.
P., Mohiuddin, M., & Zhang, L. G. (2018). 3D bioprinting for cardiovascular
regeneration and pharmacology. Advanced Drug Delivery Reviews, 132, 252-
269.

36. Hashemi-Afzal, F., Fallahi, H., Bagheri, F., Collins, M. N., Baghaban
Eslaminejad, M., & Seitz, H. (2025). Advancements in hydrogel design for
articular cartilage regeneration: A comprehensive review. Bioactive Materials,
43, 1-31.

37. He, X., Good, A., Kalou, W., Ahmad, W., Dutta, S., Chen, S., Lin, C. N,,
Krishnan, K. C., Fan, Y., Huang, W., Liang, J., & Wang, Y. (2024). Current
advances and future directions of pluripotent stem cells-derived engineered heart
tissue for treatment of cardiovascular diseases. Cells, 13(24), 2098.
https://doi.org/10.3390/cells 13242098

38. Hickey, E. J., Clarke, A. J. B., & McConnell, M. J. (2015). Decellularized heart
valves: Past, present, and future. Journal of Cardiac Surgery, 30(1), 82-93.

39. Hussain, R., Khan, S., & Sharif, M. (2023). Biocompatible scaffolds for tissue
regeneration: Challenges and perspectives. Biomaterials Science, 11(5), 785—
798.

40. Irawan, V., Sung, T.-C., Higuchi, A., & Ikoma, T. (2018). Collagen scaffolds in
cartilage tissue engineering and relevant approaches for future development.
Tissue Engineering and Regenerative Medicine, 15(6), 673—697.

41. Januariyasa, [. K., & Yusuf, Y. (2020). Porous carbonated hydroxyapatite-based
scaffold using simple gas foaming method. Journal of Asian Ceramic Societies,
8(3), 634-641.

42. Khalid, U., Uchikov, P., Hristov, B., Kraev, K., Koleva-Ivanova, M., Kraeva,
M., Batashki, A., Taneva, D., Doykov, M., & Uchikov, A. (2023). Surgical
innovations in tracheal reconstruction: A review on synthetic material

fabrication. Medicina, 60(1), 40.

Page 23 of 27 https://zenodo.org/records/17391313


https://zenodo.org/records/17391313

43. Kim, H., Kong, W. H., Seong, K.-Y., Sung, D. K., Jeong, H., Kim, J. K., Yang,
S. Y., & Hahn, S. K. (2016). Hyaluronate—epidermal growth factor conjugate for
skin wound healing and regeneration. Biomacromolecules, 17(11), 3694-3705.

44. Kim, K.-P., Han, D. W., Kim, J., & Schéler, H. R. (2021). Biological importance
of OCT transcription factors in reprogramming and development. Experimental
& Molecular Medicine, 53(6), 1018—1028.

45. Kobayashi, J., Kikuchi, A., Aoyagi, T., & Okano, T. (2019). Cell sheet tissue
engineering:  Cell sheet preparation, harvesting/manipulation, and
transplantation. Journal of Biomedical Materials Research Part A, 107(5), 955—
967.

46. Krishnan, A., Liu, Y., & Friese, A. (2021). Modeling neurodevelopmental
disorders using human brain organoids. Nature Reviews Neuroscience, 22(3),
141-151.

47. Lee, H. (2019). Optimization of a trachea bioreactor design and cell seeding
parameters for the re-epithelialization of tracheal scaffolds: A CFD approach
[Doctoral dissertation, University of Toronto].

48. Liao, S., Song, L., & Zhai, H. (2018). Stem cells and their applications in tissue
engineering: A review. Biotechnology Advances, 36(5), 1499-1509.

49. Liu, M., Zeng, X., Ma, C., Yi, H., Ali, Z., Mou, X., Li, S., Deng, Y., He, N., &
He, M. (2017). Injectable hydrogels for cartilage and bone tissue engineering.
Bone Research, 5, Article 17014.

50. Lovett, M. L., Nieland, T. J. F., Dingle, Y.-T. L., & Kaplan, D. L. (2020).
Innovations in 3D tissue models of human brain physiology and diseases.
Advanced Functional Materials, 30(44), 1909146.

51. Nguyen, D. T., Lin, Y., Goorha, S., Wu, X., & Chen, S. (2022). Perfusion
decellularization of whole porcine hearts: A scalable approach for bioengineered
heart scaffolds. Tissue Engineering Part C: Methods, 28(6), 311-322.

52. Noah, A. C., Li, T., & Kaplan, D. L. (2021). Multiscale strategies for bone
regeneration: Integrating top-down and bottom-up design. ACS Biomaterials

Science & Engineering, 7(1), 12-24.

Page 24 of 27 https://zenodo.org/records/17391313


https://zenodo.org/records/17391313

53. Magazzini, L., Grilli, S., Fenni, S. E., Donetti, A., Cavallo, D., & Monticelli, O.
(2021). The blending of poly(glycolic acid) with polycaprolactone and poly(l-
lactide): Promising combinations. Polymers, 13(16), 2780.

54. Makris, E. A., Gomoll, A. H., Malizos, K. N., Hu, J. C., & Athanasiou, K. A.
(2015). Repair and tissue engineering techniques for articular cartilage. Nature
Reviews Rheumatology, 11(1), 21-34.

55. Marrelli, M., Pujia, A., Palmieri, F., Gatto, R., Falisi, G., Gargari, M., Caruso,
S., Apicella, D., Rastelli, C., Nardi, G. M., Paduano, F., & Tatullo, M. (2016).
Innovative approach for the in vitro research on biomedical scaffolds designed
and customized with CAD-CAM technology. International Journal of
Immunopathology and Pharmacology, 29(4), 778-783.

56. Moore, A. N., & Hartgerink, J. D. (2017). Self-assembling multidomain peptide
nanofibers for delivery of bioactive molecules and tissue regeneration. Accounts
of Chemical Research, 50(4), 714-722.

57. Pati, F., Jang, J., Ha, D. H., Kim, S. W., Rhie, J. W., Shim, J. H., Kim, D. H., &
Cho, D. W. (2015). Ornamenting 3D printed scaffolds with cell-laid
extracellular matrix for bone tissue regeneration. Biomaterials, 37, 230-241.

58. Park, J. H., Ahn, M., Park, S. H., Kim, H., Bae, M., Park, W., Hollister, S. J.,
Kim, S. W., & Cho, D.-W. (2021). 3D bioprinting of a trachea-mimetic cellular
construct of a clinically relevant size. Biomaterials, 279, 121246.

59. Park, J.-H., Yoon, J.-K., Lee, J. B., Shin, Y. M., Lee, K.-W., Bae, S.-W., Lee, J.,
Yu, J.,, Jung, C.-R., Youn, Y.-N., Kim, H.-Y., & Kim, D.-H. (2019).
Experimental tracheal replacement using 3-dimensional bioprinted artificial
trachea with autologous epithelial cells and chondrocytes. Scientific Reports,
9(1),2103.

60. Pardal-Peldez, B., Gomez-Polo, C., Flores-Fraile, J., Quispe-Lopez, N., Serrano-
Belmonte, 1., & Montero, J. (2024). Three-dimensional scaffolds designed and
printed using CAD/CAM technology: A systematic review. Applied Sciences,
14(21), 9877.

61. Pati, F., Gantelius, J., & Andersson Svahn, H. (2016). 3D bioprinting of
tissue/organ models. Angewandte Chemie International Edition, 55(15), 4650—
4665.

Page 25 of 27 https://zenodo.org/records/17391313


https://zenodo.org/records/17391313

62. Prasad, A., Sankar, M. R., & Katiyar, V. (2017). State of art on solvent casting
particulate leaching method for orthopedic scaffolds fabrication. Materials
Today: Proceedings, 4(2), 898-907.

63. Qian, X., Song, H., & Ming, G.-L. (2019). Brain organoids: Advances,
applications and challenges. Development, 146(8), dev166074.

64. QuinXell Technologies. (2025). TisXell biaxial bioreactor. I&L Biosystems.
https://www.il-biosystems.com/en/products/tisxell

65. Read, B., Tan Sze Wuan, A., Pietropaolo, A., Somani, B. K., Carugo, D., &
Mosayyebi, A. (2024). Artificial urinary bladder model. Proceedings of the
Institution of Mechanical Engineers, Part H: Journal of Engineering in Medicine,
238(6), 588-597.

66. Reddy, M. S. B., Ponnamma, D., Choudhary, R., & Sadasivuni, K. K. (2021). A
Comparative Review of Natural and Synthetic Biopolymer Composite Scaffolds.
Polymers, 13(7), 1105.

67. Shan, B.-H., & Wu, F.-G. (2024). Hydrogel-based growth factor delivery
platforms: Strategies and recent advances. Advanced Materials, 36(5), 2210707.

68. Shawa, H., Kaur, R., Tchanque-Fossuo, C., Lev-Tov, H., West, K., Lim, P. S.,
Yang, N. T., Dafinone, M., Lyle, R. E., Li, C.-S., Rocke, D., Dahle, S., &
Isseroff, R. R. (2025). Cellular Versus Acellular Matrix Products for Diabetic
Foot Ulcer Treatment: The Dermagraft and Oasis Longitudinal Comparative
Efficacy Study (DOLCE)—A Randomized Clinical Trial. Diabetes Care, 48(6),
966-973.

69. Smith, J. R., & Jones, L. M. (2023). Adult stem cells in tissue homeostasis and
repair: Mechanisms and therapeutic potential. Stem Cell, 30(4), 456—470.

70. Silva-Pedrosa, R., Salgado, A. J., & Ferreira, P. E. (2023). Revolutionizing
disease modeling: The emergence of organoids in cellular systems. Cells, 12(6),
930.

71. StrauB}, S., Diemer, M., Bucan, V., Kuhbier, J. W., Asendorf, T., Vogt, P. M., &
Schlottmann, F. (2024). Spider silk enhanced tissue engineering of cartilage
tissue: Approach of a novel bioreactor model using adipose derived stromal
cells. Journal of Applied Biomaterials & Functional Materials, 22,

22808000241226656.

Page 26 of 27 https://zenodo.org/records/17391313


https://zenodo.org/records/17391313
https://www.il-biosystems.com/en/products/tisxell

72. Takahashi, K., & Yamanaka, S. (2016). A decade of transcription factor-
mediated reprogramming to pluripotency. Nature Reviews Molecular Cell
Biology, 17(3), 183-193.

73. TurboSquid. (2015). Big Glass Bioreactor [3D model]. Retrieved from
https://www.turbosquid.com/3d-models/big-glass-bioreactor-3d-2006058.

74. Wang, L., Su, Y., Huang, C., Yin, Y., Chu, A., Knupp, A., & Tang, Y. (2019).
NANOG and LIN28 dramatically improve human cell reprogramming by
modulating LIN41 and canonical WNT activities. Biology Open, 8(12),
bio047225.

75. Wu, L.-W., Chen, W.-L., Huang, S.-M., & Chan, J. Y.-H. (2019). Platelet-
derived growth factor-AA is a substantial factor in the ability of adipose-derived
stem cells and endothelial progenitor cells to enhance wound healing. The
FASEB Journal, 33(2), 2388-2395.

76. Zeinali, R., Del Valle, L. J., Torras, J., & Puiggali, J. (2021). Recent progress on
biodegradable tissue engineering scaffolds prepared by thermally-induced phase
separation (TIPS). International Journal of Molecular Sciences, 22(7), 3504.

77. Zhu, H., Yao, C., Wei, B. Y., Xu, C. Y., Huang, X. X, Liu, Y., He, J. K., Zhang,
J.N., & Li, D. C. (2023). 3D printing of functional bioengineered constructs for
neural regeneration: A review. International Journal of Extreme Manufacturing,
5(4), 042004.

78. Zulkifli, M. Z. A., Nordin, D., Shaari, N., & Kamarudin, S. K. (2023). Overview

of electrospinning for tissue engineering applications. Polymers, 15(11), 2418.

Page 27 of 27 https://zenodo.org/records/17391313


https://zenodo.org/records/17391313
https://www.turbosquid.com/3d-models/big-glass-bioreactor-3d-2006058

