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ABSTRACT
Adipose stem cells (ASCs), a variety of mesenchymal stem cells (MSCs) are an essential element within bone tissue engineering
(BTE). ASCs offer several advantages in isolation, culturing, maintenance, differentiation, repair etc. Because of all these
advantages of ASCs along with high paracrine activity, lacking major histocompatibility complex class II expression autologous
ASCs are attracted towards treatment for organs damaged due to disease or injury and also in regenerative medicine. Bone is
very compound tissue and it takes part in various processes which includes endocrine functions, haematopoiesis, mineral
homeostasis and storage, body movement. Bone tissue engineering approaches involves combining cells and engineering
materials with signalling molecules which is crucial for effective bone repair. ASCs are vital element in BTE. BTE requires 3
important elements: (1) osteoprogenitor cells, (2) bioactive factors, (3) scaffold. In this review, we will be focusing on the recent
discoveries which have employed the use of scaffolds, ASCs, bioactive factors in BTE. This review first outlined the advantages
of ADCs in terms of isolation, culture, differentiation etc. The different Growth factors involved in osteogenesis, which are the
key segments in BTE. The available and recent innovations in the biological, mechanical and structural necessities in the design
of a profitable scaffold and their effects, which is succeeded by summary of regular materials intended for scaffold fabrication
were then briefed.
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1. INTRODUCTION
Stem cells are ones which have the capacity to differentiate into specific cell types. In order for a cell to be called as “stem cell,”
they must exhibit two important features, which includes continuous self-renewal to yield a progeny which is accurately same as
the mother cell and their capacity to differentiate into a specified adult cell type [1]. Stem cells are divided into “embryonic,” “adult”,
induced pluripotent stem cells depending on the developmental stage of an organism/animal from which they have come.
Adult stem cells one of the categories of stem cells are undifferentiated cells which are found in specific differentiated tissues inside
our bodies which can produce or refurbish themselves to replenish damaged (due to injury, infection) or dead tissue. Adult stem
cells are found all over an individual’s lifetime in various tissues which includes skin, fat tissue, umbilical cord, gut, muscle,
placenta, bone marrow, brain, etc. ASCs were initially extracted and used for production of blood in 1948. Later this procedure was
extended in 1968 when adult bone marrow cells were first used in clinical therapies for blood related diseases.
(https://www.unmc.edu/stemcells/educational-resources/types.html)
Categories of adult stem cells include Mesenchymal Stem cells (MSCs), Epithelial, Blood, Skin and Neural stem cells. Adipose derived stem cells which is subcategory of MSCs is easily obtained from adipose tissues and they hold several regenerative
properties when compared to the remaining MSCs. Some of the major advantages of ASCs include they are easily available in
enormous quantities by means of a minimally invasive procedure, they can stick to plastic culture flask easily and multiply in vitro,
differentiate into multiple cell lineages and hence they can be used to maintain, repair or enhance various tissues and immuneprivileged as they lack major histocompatibility complex class II expression (hence they have the capacity to suppress proliferation
of allogenic activated lymphocytes). Because of all these advantages along with their paracrine activity (secretion of various
bioactive molecules), autologous ASCs are attracted towards treatment for organs damaged due to disease or injury and also in
regenerative medicine. Some of the applications of ASCs include they are effective against pathological wound healing,
immunological disorder, treating severe refractory acute graft-versus host disease, haematological disorder [2]. ASCs can
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differentiate into numerous cell type and lineage-specific differentiation is directly associated to the expression of mature tissue
genes and specific phenotypic markers.

2. BONE TISSUE ENGINEERING (BTE)
Tissue Engineering (TE) methods targets to combine cells and engineering materials with the signalling biomolecules which is
crucial for an effective tissue repair. Bone tissue engineering approaches involves combining cells and engineering materials with
signalling molecules which is crucial for effective bone repair. ASCs are vital element in BTE. Bone is a very compound tissue and
it participates in various physiological processes which includes endocrine functions, haematopoiesis, mineral homeostasis and
storage, body movement [3]. Bone fractures stay amongst the utmost common organ injuries and they can have deleterious effect
on the wellbeing of patients. However, due to the presence of self- repair and renewal capacity of bone tissue using the surrounding
osteoprogenitor cells results in scar less healing. But sometimes the damage can exceed the self-repair capacity and cause delayed
healing, persistent bone defects, scar formation, and non-union. This condition may be due to reduced number of progenitor cells,
patients’ comorbidities, genetic factors or lifestyle. Hence understanding mechanism of bone repair is of utmost importance for
patients’ economy and health. One of the treatments highly used in this situation is autologous bone graft, but this treatment has
many drawbacks and hence researchers are targeting on unconventional treatment options like BTE. TE–based bone grafts are
evolving as a doable treatment where the composition and structure of scaffolds stimulate the conventional osteogenic pathways
from an active procedure which takes place in MSCs. BTE involves reconstructing bone substitutes that are readily get-at-able,
significant regenerative potential and highly biocompatible. BTE involved first fruitful usage of ASCs back to a decade ago.
However, a superior understanding of ASC physiology, their subpopulations, paracrine actions and differentiative mechanisms has
led to constant development of innovative applications for ASCs usage in designing tissue engineering products (TEPs). TEP
combines 3 factors:

Fig 1: Three Important factors necessary for BTE
2.1 Osteoprogenitor cells
The above-mentioned advantages and the phenotypic study of ASCs have enhanced the vasculogenic and osteogenic capacity of
ASCs. They have improved vascularization and also integration of the scaffolds. However, various studies are carried out to improve
scaffolds’ materials and design enhance the osteogenic attributes of ASCs and decreasing the requirement for any peripheral
bioactive factors. ASCs secrete exosomes that are incredible source of pro-osteogenic, bioactive factors. The secreted exosomes
show paracrine effects in the atmospheres, even when primary cells are absent and enhance regeneration.
2.2 Bioactive factors
Bioactive factors provide signals at the location of injury hence letting the inflammatory and progenitor cells to travel and commence
the healing process. To upsurge the osteoconductive action, scaffolds will be bio activated by administering chemical condition like
molecules [4]. Growth factors is one of the important bioactive factors that have chief regulatory tasks from stimulation of cell
recruitment until differentiation of osteogenic precursor to a mature osteoblast. The cells will be seeded in scaffold enriched with
growth factors (GFs) such as, bone morphogenetic proteins (BMPs), platelet-derived GFs, insulin-like GFs, fibroblast GFs, vascular
endothelial growth factors, parathyroid hormones, Wnts/beta-catenins, Hedgehog, prostaglandins and transforming growth factor β
(TGFβ) [5]. The most commonly used growth factor is BMP. They initiate the fracture repair cascade; they trigger the differentiation
of osteoprogenitors (ASCs) and recruit them to the spot of injury [6]. Particularly BMP-2 plays a crucial part in the appearance of
osteogenic markers. Controlled release technology has been advanced over last years and this technology permits the encapsulation
of GFs in carrier structures so as to protect, prolong and localize their bioavailability. Combined delivery of several GFs are being
studied lately in order to summarize the natural frequency of GF bioavailability [7].
Table 1: Different growth factors, their delivery system and their effect for bone tissue engineering applications: [7]
Growth
factor

Author
(year)

Union
approach

Carrier substance/
scaffold

Releasing profile

Result

VEGF
and
BMP-2

Young S.
Et al,
(2009)

Microparticle
encapsulation

Gelatin
microparticles in
Poly propylene
fumarate scaffold

first 24h of burst
releasing and 27
days of sustained
release.

There was no increase in bone
formation due to concurrent release
of VEGF and BMP-2 over BMP-2
alone at 12 weeks in cranial critical
size rat defect model.[8]

BMP-2
and
GDF-5

Bessa PC.
Et al,
(2010)

Nanoparticle
encapsulation.

Thermoresponsive
elastin
nanoparticles

initial burst release
for 24h and then 14
days of gradual
release.

Increase in mineralization and ALP
activity in C2C12 cells. [9]
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Superior alkaline phosphatase
chitosan gel
Initial release of
(ALP) action was observed in WIGF-1
microparticle
Kim S. Et
scaffold with
BMP-2 later slow
20-17 cells which were treated with
and
/Adsorption
at, (2012)
gelatin
and sustained
successive delivery system as
BMP-2
encapsulation
microspheres
release of IGF-1.
contrasted to other treatment after a
week of culture.[10]
GDF-5 encouraged fresh bone
formation in a dose-dependent
Seiichi
Physical
Collagen scaffold/
Sustainable release fashion. Hence it suggested that this
GDF-5 Yamano. et
entrapment
membrane
for about 21 days
approach improved the existing
al, (2014)
clinical treatment of various bone
defects. [11]
Hankenson.
Polyelectrolyte
formation of mineralized and vasBMP-2
Et al,
adsorption
multilayer coating
Quick burst
cularized bone in a rat critical-size
(2015)
upon PLGA tube
flaw model.[12]
TGF-β3 Di Luca A.
No discharge of
PCL-POEGMA
increased osteochondral
and
et al,
Covalent.
BMP-2 and TGF-β3
scaffolds
differentiation of hMSCs. [13]
BMP-2
(2017)
from scaffold.
Chemical stimuli upsurge the therapy effectiveness but there are some restrictions which includes tumours formation. [4]

Fig 2: Overview of BTE
2.3. Scaffolds
The main aim of BTE is to cultivate 3D scaffolds that are able to imitate extracellular matrix (ECM) physical properties and offer
mechanical support in order to assist cells employment, adhesion, proliferation and differentiation [15]. These Scaffolds provide a
template for cell attachment and stimulate functional osteocyte differentiation in-vivo. Some of the important characteristics of
scaffold include porous, biodegradable and chemically biocompatible so that they encourage vascularization, provide biochemical,
physical and mechanical stimuli. An optimum scaffold should promise bioactivity, dimensional stability, easily manufactured,
biodegradability. The advantages of using acellular scaffold in BTE include longer shelf-lives, ease of sterilization, immunogenicity
or low potential for infection. A great range of scaffolds have been established according to the main necessities of osteo-inductivity,
cytocompatibility and osteo-conductivity.
Table 2: Some of the important requirements of scaffolds for effectiveness in BTE: [14]
Requirement
Description
They should communicate with the tissue according to osteoconductive and osteo-inductive
Bioactivity
principles.
Cytocompatibility
products released have to be non-inflammatory and non-toxic.
Biodegradability
It should degrade by external-enzymatic/biological process in a controlled way.
Tunable properties
Should have customizable properties.
they have to reproduce fatigue and elastic strength of the bones tissue spot. Young’s modulus
Mechanical features
of approximately 0.1 -5GPa. Compressive strength of approximately 2-12 MPa.
Easy processing,
Easy fabrication, sterilized and clinical handling is essential.
manufacturing and handling
It should have micro porosity so that it guarantees adequate surface area for communication
with tissues. micro porosity is essential for cell growth and also cell migration. While, porosity
Porosity
should not disturb the mechanical stability. Pore sizes normally ranges from approximately
100 μ m-300 μ m. [16]
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2.3.1 scaffold materials
In order to meet the structural, mechanical, biological requirements for fruitful BTE, different categories such as metals, polymers
and ceramics have been calculated for their capacity to support the development of fresh, functional bone and also their osteogenic
properties. Natural polymeric scaffolds are made of extracellular biological materials of 3 groups: 1) proteins (elastin , silk, collagen,
keratin, fibrinogen, gelatin); 2) polysaccharides (glycosaminoglycans, dextran, amylose, chitin, cellulose); and 3) polynucleotides
(RNA and DNA) [17],[18].
2.3.1.1 Metals: These might be considered as the oldest materials used and it was first recorded to be used in Egyptian times [15].
Till date there are various metallic materials used for ortopedic surgery so as to offer support for healing bones or substitute the
damaged bone. Some of the standard metallic materials include Cobalt based alloys (ASTM F75, ASTM F799), stainless steel 316
L, titanium alloys. [20]. Most frequently used metallic biomaterials include titanium and its alloys because of their corrosion
resistance, non-toxicity, biocompatibility. Some of the advantages of using metallic biomaterials as implants include corrosion
resistance, good biocompatibility, and strength. However, there are certain disadvantages of metallic scaffolds which includes
absence of biological identification on the material surface, not degradable etc. [22]-[23]
2.3.1.2 Bio ceramics: melting of inorganic materials to create crystalline or amorphous body, is known as bio ceramics [25].They
can be classified into• Non resorbable (relatively inert)- alumina, silicon nitride, zirconia.
• Surface active or bioactive (semi inert) –ceramics, glass.
• Resorbable (non-inert)- aluminium calcium phosphates, calcium phosphates, tricalcium phosphate, coralline, zinc sulphate
calcium phosphates, zinc calcium phosphorous oxides, calcium aluminates.
2.3.1.3 Natural scaffolds: It could be of 2 types i.e. cell-derived (cells are seeded onto a supporting matrix or used to generate new
bone tissue) and tissue-derived (directly bone tissue is used). Natural polymers such as gelatin, alginate, chitosan, collagen, fibrins,
levan, starch, emulsan, fibroin, dextran, cellulose, albumin, gellan, heparin, scleroglucan, silk, hyarulonic acid, curdlan and so on.
Benefits of using natural polymers includes their easy processing, biocompatibility, they can more closely mimic the natural ECM
of the tissues. However, there are limitations which include expensive, short supply, susceptible to cross-contamination. Some of
the examples, advantages and disadvantages are mentioned in table 3.
2.3.1.4 synthetic polymers: The physiochemical properties can be easily controlled using these scaffolds. Some of the advantages
of using synthetic scaffolds include no immunogenicity, easily available, easily formed with good mechanical strength. However,
there are certain limitations which includes toxicity, uncontrollable shrinkage, lack cell recognition signals etc. [24]. They can be
classified into and 2 types.
• Biodegradable-polyglycoside, polyphosphazene, lactide –co-glycolide, polycyanoacrylate, polydioxanone etc.
• Non-biodegradable- polyhydroxyethymethacrylate, polyvinyl alcohol, N-isopropylacrylamide etc.
Table 3: Summary of different materials, key advantages and restrictions
Scaffold
substance

Example

Metal
scaffold

Titanium,
magnesium alloy,
NiTi, porous
tantalum

Ceramics

TiO2, Bioglass,
Hap, b-TCP,

Collagen

Natural
polymer
scaffolds

Gelatin

Chitosan

Advantages
High compressive strength
High young’s modulus

Biodegradable,
Chemically biocompatible
Similar to ECM, Possible injectability,
Cytocompatibility,
FDA
approved,
Enzymatic biodegradability, Flexibility in
processing to diverse physical forms,
Cytocompatibility
and
cell-binding
properties.
Biodegradability,
Cytocompatibility,
Osteoconductivity
and
Porosity tunability
Mucoadhesivity,
Cytocompatibility,
Antibacterial properties, Biodegradability,
Easy tenability of properties, Cell-binding,
differentiation and migration properties.
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Disadvantages
Ion release,
Not degradable
[26]-[29]
Susceptible to to fracture and fatigue
Brittle. [30]-[33]

Difficult disinfection and handling, Low
mechanical strength.
[34]-[35]

Poor mechanical properties.[36]-[37]

Rapid in vivo degradation rate, Poor
stability and mechanical strength. [39]
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Immunogenicity,
Cytocompatibility,
Restricted biological adhesion, Flexible
Spider silk production is very less.
Silk fibroin
processability, Thermal stability, Easy
[38]
chemical
modification,
excellent
mechanical strength.
Bioactivity,
Hydrophilicity,
Optical
Cellulose
transparency,
Cytocompatibility, [39]-[43]
Tuneable properties.
Non-degradable in mammals,
Cytocompatibility,
Easy
gelling,
Difficult to sterilize as it causes
Alginate
Tuneable
properties.
degradation, Little cell adhesion.
[44]-[45]
Hyaluronic acid

Viscoelasticity, Cytocompatibility, Easy
chemical
functionalization,
Biodegradability, Easy manipulation,
Enzymatic biodegradability

PCL

Biodegradability, Cytocompatibility, Slow
degradation rate

PLGA

Tunability, Varied range of degradation
rate,

Synthetic
polymers
PLA

Polyurethanes

Author, (year
of publication)

Sándor GK,
(2012)

Daei-farshbaf. et
al,
(2013)

Carvalho. et al,
(2014)

Vériter S. et al.,
(2015)

Cytocompatibility,
excellent
biodegradation
rate,
Thermal stability, good biosorabable,
Tuneable properties.
good
biocompatibility,
Excellent
mechanical properties.

Rapid degradation, reduced mechanical
strength and water solubility.[46]-[49]
Low
bioactivity,
Hydrophobicity,
Acidic degradation by-products.[50]
Suboptimal mechanical belongings,
poor cell adhesion, possibility of
inflammatory
response,
Poor osteo-conductivity. [51]-[52]
Poor cell adhesion, possibility of
inflammatory
response,
poor
compression strength. [53]
degradation products can be toxic in
nature.[46]

Table 4: Recent literature about different scaffolds and their result.
Type of
Experimental
Type of cells
Result
scaffold
model
23 patients were ASC seeded with resorbable
scaffolds along with rhBMP-2 and was
23 patients with
resorbable
positively implanted into humans so as to
hASCs
large craniofacial
scaffolds
recreate their jaws and found 3 failures (1 case
osseous flaws.
of infection and 2 cases with inadequate bone
formation).[54]
No sign of inflammation or mortality was seen
after 8 weeks of implantation at the site of
defect. Rats were randomly divided into
3 clusters 1) control cluster (with zero defect)
2) experimental cluster where defect is filled
with only scaffold (Bio-Oss+typeI collagen
Bio-Oss and
Nine male Wistar
gel) 3) experimental cluster where fault is
hASCs
type 1 collagen
rats (6–7 weeks
filled with scaffold i.e. Bio-Oss+typeI
gel
old )
collagen gel loaded with AT-MSCs.
Results of imaging analysis and histological
staining showed that scaffold i.e. BioOss+type I collagen gel loaded with AT-MSCs
showed highest level of bone regeneration, and
impressive osseointegration.[55]
Micro-CT imaging and Histological analysis
Wet-spun starch
showed enhanced fresh bone deposition,
Invitro +murine
hASCs
+ PCL i.e.
osseointegration with SPCL loaded with
calvarial CSD
SPCL
hASCs engrafted calvarial defects when
equated with control.[56]
Clinical case study 16 patients had no oncological recurrences or
Human
of 17 patients who no adverse effects (follow up of about 54
Human
demineralized
had not
months). And the other patient had
ASCs
bone scaffold
experienced any
spontaneous bone healing and hence did not
positive result with undergo grafting. [57]
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ordinary/traditional
therapy.
Nanostructured
Mouse Model
Eunkyung Ko.
Nanostructured Tendon-Derived Scaffolds
Tendonwhich has
Et al,
hASCs
made of decellularized tissue matrices
Derived
Calvarial Bone
(2016)
enhanced osteogenesis of ASCs. [58]
Scaffolds
Defect.
Biofabricated SIS scaffold coated with
biofabricated
osteogenic
ECM
provided
bony
Chi Zhang. et al,
small intestinal
hASCs
C57BL/6 mice
microenvironment for ADSCs and enhanced
(2017)
submucosa
their differentiation, proliferation, bone repair
(SIS) scaffold
and bone regeneration.[59]
PEG/PLLA/
HA /TCP
(36: 24 :16: 24 )
murine ectopic
PEG/PLLA/HA/TCP and TCP/HA upheld
Duan W. et al.,
Equine
or PEG/PLLA
ossification+ In
osteogenic differentiation of ASCs even where
(2018)
ASCs
(60: 40),
vitro model
there is lack of any differentiating factors. [60]
TCP/HA
(40 : 60).
immortalized
Twelve mice
PPCN-gelatin scaffold combined with iMADs
Lee. Et al,
murine
(Eight-week-old
support in vivo osteogenesis and it was
PPCN-gelatin
(2019)
adipocyte
male,nude,
considerably great when correlated with the
(iMAD)
athymic, mice)
control. [61]

3. CONCLUSIONS AND FUTURE CHALLENGES
ASCs established a chief role in BTE by furnishing high versatility of application, many novel solutions which is evident in both in
vivo and in vitro. Usage of ASCs has revealed to be more advantageous over other MSCs with respect to isolation, differentiation,
interactions with microenvironment etc. for regenerative purposes. BTE research has considerably progressed, in terms of
encouraging strategies for GF transport and scaffold fabrication. This review article primarily focuses on key segments of BTE
which includes defined the advantages of ADCs in terms of isolation, culture, differentiation etc. and the diverse GFs engaged in
osteogenesis. The available and recent advancements in the biological, structural and mechanical requests in the design of a fruitful
scaffold and their effects, and after that summary of regular materials used for scaffold fabrication were then briefed. In spite of
these findings, BTE also face numerous challenges with respect to clinical implementation. Firstly, increased workload is necessary
to progress strong and highly porous biomaterials with a good and controlled biodegradation and decreasing present disadvantages
of the available scaffolds. The field must augment and accurately control scaffold physical, biological and mechanical properties.
The selection of appropriate elements could help in the forthcoming in streamlining the design by decreasing necessity of nonphysiological and strong differentiative stimuli.
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