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Biofabrication of vascularized adipose tissues and their
biomedical applications

Ash Sena Karanfil,2 Fiona Louis® and Michiya Matsusaki*2b

Recent advances in adipose tissue engineering and cell biology have led to the development of innovative therapeutic
strategies in regenerative medicine for adipose tissue reconstruction. To date, the many in vitro and in vivo models
developed for vascularized adipose tissue engineering cover a wide range of research areas, including studies with cells of
various origins and types, polymeric scaffolds of natural and synthetic derivation, models presented using decellularized
tissues, and scaffold-free approaches. In this review, studies on adipose tissue types with different functions, characteristics
and body locations have been summarized with 3D in vitro fabrication approaches. The reason for the particular focus on
vascularized adipose tissue models is that current liposuction and fat transplantation methods are unsuitable for adipose
tissue reconstruction as the lack of blood vessels results in inadequate nutrient and oxygen delivery, leading to necrosis in
situ. In the first part of this paper, current studies and applications of white and brown adipose tissues are presented
according to the polymeric materials used, focusing on the studies which could show vasculature in vitro and after in vivo

implantation, and then the research on adipose tissue fabrication and applications are explained.

1. Introduction

Adipose tissue (AT) is a unique tissue representing 10-30% of the
total body weight, and plays a role in regulating body homeostasis
with important endocrine and secretion functions 3. Main cells in
AT cells are called adipocytes and act as energy stores due to the high
lipid content in their cytoplasm 4. Apart from adipocytes, AT has a
dynamic cellular content called stromal vascular cells (SVC) including
fibroblasts, smooth muscle cells, pericytes, endothelial cells and
preadipocytes 22, Because of these rich cellular ingredients, AT has
an important function for whole body metabolism 2.

There are basically two types of AT: white and brown ©7.
However, other AT types and characteristics including beige/bright,
pink and yellow have also been described in the literature %82 (Fig.
1). While white adipose tissue (WAT) consists of adipocytes
containing a single and large lipid vesicle which serves as an energy
store in the body, brown adipose tissue (BAT) includes adipocytes
with a large number of small lipid droplets and its main function is
thermoregulation 1911, A good balance of these two AT types is
needed to maintain energy homeostasis in the body 712,

The global rise in obesity and related metabolic comorbidities
has led to an increase in the importance of studies on ATs.
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Developments in regenerative medicine and tissue engineering, in
particular, allow three-dimensional (3D) fabrication of living tissues
in vitro and diversification of approaches to soft tissue engineering
12-14 1n addition to in vitro research and applications, the production
of 3D AT models that allow in vivo transplantation is within the scope
of soft tissue engineering studies in terms of cosmetic, reconstructive
or therapeutic approaches . On the other hand, autologous fat graft
transplantations have played a vital role in clinical studies performed
to date, but they have significant disadvantages such as donor side
morbidity and lack of graft persistence 1516, Studies to date show that
vascularized AT models are in demand to elucidate the mechanisms
of common diseases, to screen for new drugs, or to assess drug safety
levels 1718, However, the main challenge limiting clinical applications
of engineered tissues for soft tissue production is vascularization
1819 Therefore, vascularization of grafts is a basic requirement for
the production of large-scale functional ATs 2°. In addition, fat graft
resection or necrosis encountered after transplantation is the result
of inadequate vascularization, which leads to inadequate nutrient
and oxygen delivery 14, These problems must be overcome to obtain
a viable product. Appropriate vasculature might also be essential to
mimic organ-level functions for in vitro models and is thus a
requirement to recapitulate organ-scale drug screening 2.

AT engineering is a growing and challenging area of research,
covering current clinical needs for a variety of AT pathologies and
defects 81>, On one hand, in research on WAT engineering, soft tissue
production for plastic and reconstructive surgery is the basic aim 422,
BAT engineering, on the other hand, is a relatively new field of
research that is carried out to recapitulate complex thermogenic cell
functions for in vitro scenarios 2324,
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1.1. Types of adipose tissues

1.1.1. White adipose tissue

Characterized by adipocytes containing large unilocular lipid
droplets, WAT is an active endocrine organ which plays an active role
in the regulation of physiological and metabolic processes in the
body 25, regulating various activities such as insulin sensitivity, lipid
metabolism and satiety °. It constitutes 9-18% and 14-28% of body
weight in lean men and women, respectively 26 and is generally
located in the subcutaneous regions of the body, around the internal
organs and in the facial area °. It is also found as large deposits in the
abdomen (omentum), in the intestine (mesentery) and perirenal
areas (retroperitoneum) and subcutaneously in the hips, thighs and
abdomen’.

Adipocytes, the main cellular component of WAT, are lipid-filled
cells supported by collagen fibers, constituting approximately 90% of
the cytoplasm of a mature white adipocyte # (Fig. 1c). Mature
adipocytes in the WAT are found in large (up to 290 um cell
diameter), spherical form, surrounded by smaller preadipocytes,
nerves and capillaries filling the interstitial spaces, and are arranged
in a honeycomb-like geometry 27. Each adipocyte is in contact with
the vascular network which allows the tissue to grow continuously
28 Besides adipocytes, various cell types are found in the tissue, such
as preadipocytes, macrophages, neutrophils, lymphocytes and
endothelial cells (ECs). The relationship and balance between these
different cell types is closely related to the maintenance of full tissue
homeostasis 2°.

1.1.2. Brown adipose tissue

Brown adipose tissue (BAT) has been identified as the key
thermogenic tissue in mammals 3°. Brown adipocytes, the main
component of BAT, are morphologically different from white
adipocytes due to their features such as a higher mitochondrial
content and extracellular matrix (ECM) ratio, a large number of small
lipid vesicles and an apparent brown colour 1© (Fig. 1a). BAT, which is
found in a limited number of areas in the human body such as the
neck region, collarbones, shoulder blades and inter-shoulders, is
close to brown in colour due to its high vascularization and
mitochondrial content. The amount of BAT in the human body
generally decreases with age while the amount of WAT increases

3132 Brown

adipocytes display a high metabolic activity
characterized as "mitochondrial uncoupling” 0. These cells contain
numerous, specialized mitochondria which oxidize fat and
carbohydrates for heat generation. This metabolic process is due to
the presence of "uncoupling protein 1" (UCP1) that is highly
expressed in brown adipocytes and participates in oxygen uptake,
caloric expenditure and body temperature regulation 3334, In fact, it
is a proton carrier located in the inner mitochondrial membrane of
brown adipocytes which catalyzes proton leaks across the membrane
and thus uncouples it from oxidative phosphorylation in ATP
production, providing thermogenesis 33735, It therefore plays a vital

role in the prevention of hypothermia in mammals exposed to the

2| J. Name., 2012, 00, 1-3

cold 36738, There are various studies in the literature showing that
regular exercise induces the expression of UCP1 for regulation of
both body temperature and metabolic343°1. Therefore, brown
adipocytes have a significant capacity to consume calories.
Accordingly, BAT is thought to have therapeutic potential for the
treatment of metabolic diseases such as obesity and type 2 diabetes
mellitus (T2DM),
deterioration in the energy balance of the body °%2. Although

common diseases worldwide caused by a

autologous BAT transplantation in small animal models is reported
to contribute to metabolic improvement in studies conducted to
increase BAT, its application in humans is unfeasible since the
sources of human BAT are limited #3. The amount of BAT in adults
was once considered to be negligible but studies conducted in recent
years have refuted this view and revealed the existence of active BAT
in adult humans 36,

1.1.3. Beige adipose tissue

In addition to brown adipocytes, which are located in anatomical BAT
depots, another cell type with thermogenic activity is “beige” or
“bright” adipocytes (Fig. 1b). These cells may appear in the
anatomical regions of WAT after thermogenic stimuli. They have a
white and adipocyte-like phenotype, and when induced, they acquire
a brown-like phenotype, leading to increased thermogenesis. This
process is called “browning” and can occur by two different
mechanisms: White to brown transdifferentiation of adipocytes or
induction of adipocyte progenitor cell differentiation 444>, Browning
generally occurs in subcutaneous fat deposits and requires the
expression of many transcription factors involved in thermogenesis,
such as PRDM16, PPAR-y and UCP1 46, There is no evidence that the
thermogenic function of beige adipocytes is ultimately different from
classical brown adipocytes, but various in vivo and in vitro studies
have suggested that beige adipocytes may also be effective in the
treatment of obesity and related comorbidities 46749,

1.1.4. Yellow adipose tissue

In addition to WAT and BAT, there are also two further AT types
defined according to their different characteristics. Yellow adipose
tissue (YAT) (Fig. 1e) is also known as bone marrow adipose tissue
(bMAT) and has some common properties related to WAT and BAT
50, YAT not only stores triglycerides, but also plays a role in systemic
energy regulation and insulin sensitivity. In addition, it contributes to
raised serum levels of adiponectin during caloric restriction as an
endocrine organ 5% During normal aging processes, healthy and
haematopoietically active red bone marrow is replaced by YAT 0. In
the case of obesity, the amount of both WAT and YAT increases in
the body. However, in cases of hunger and anorexia, the amount of
YAT increases while WAT decreases °2.

To date, only a few 3D in vitro YAT models have been reported.
In one of these studies, human and mouse-derived bone marrow
stem cells (bMSCs) were seeded on silk scaffolds and stably
cultivated for 3 months with good cell viability and adipogenesis.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1. There are five types of adipocytes with different functional and morphological characteristics in the body: Brown, beige, white, pink and yellow. (a) Brown adipocytes are
the main cells that contain small lipid droplets in their cytoplasm, highly express UCP1 protein and are responsible for thermoregulation. They are found at specific areas in the
body such as the shoulder blades, neck region, collarbones, and around the vertebrae. (b) Beige adipocytes are generally stored in white adipose tissue depots and play a role in
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thermoregulation by acquiring a brown-like phenotype when induced. (c) White adipocytes are the main cells of white adipose tissue, which have a high energy storage and
release capacity, and perform an endocrine function by producing various adipokines. (d) Pink adipocytes are responsible for secreting milk during pregnancy and lactation and
are cells formed by the reversible conversion of white adipocytes in the mammary glands. (e) Yellow adipocytes are cells located in the bone marrow of the body and are involved

in systemic energy regulation.

Furthermore, it was reported that when myeloma cells were co-
cultured in 3D, undifferentiated stromal cells decreased and
delipidation occurred in adipocytes. It was noted that the proposed
model could be used for investigation of bone marrow diseases and
biological processes, drug discovery, and specific signal research >3,

In another study, Ravichandran et al. designed a bMAT analogue
made of GelMA (gelatin methacryloyl) hydrogel/medical grade
polycaprolactone (mPCL) scaffold composite to model the bone
marrow microenvironment and examine the effects of
biomechanical stimuli on the bone marrow niche and AT. GelMA
hydrogels obtained by photocrosslinking were designed to be within
the lumen of melt electro-written (MEW) mPCL scaffolds to
recapitulate the bone marrow microenvironment. In addition, a
bioreactor was used to examine the effects of mechanical loading on
the model. Compression loading (1 Hz, 2 h/day, 3 days/week, 3
weeks) applied with the bioreactor for 3 weeks increased the

This journal is © The Royal Society of Chemistry 20xx

proliferation and lipid accumulation of bone marrow stem cells
compared to unloaded controls, and was reported to cause a
significant decrease in adipokine secretion 4.

1.1.5. Pink adipose tissue

Pink adipose tissue (PAT) occurs when white adipocytes in the
mammary glands are reversibly converted to milk-producing glands
during pregnancy, lactation, and post-lactation >°. Alveolar
mammary cells are also defined as pink adipocytes since this type are
parenchymal cells of AT, characterized by a large number of
cytoplasmic lipids, and the colour of this AT is pink during pregnancy
56 (Fig. 1d). Although transformation of white or brown adipocytes
into alveolar cells has been reported in 2D cultures %, a 3D in vitro

PAT model has yet to be developed.

J. Name., 2013, 00, 1-3 | 3
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1.2. Importance of vascularization in adipose tissue
1.2.1. Development of highly vascularized tissue

AT, one of the main regulators of whole-body metabolism, is heavily
vascularized to maintain metabolic functions and homeostasis 378,
In general, vasculogenesis and angiogenesis are defined as the main
mechanisms by which new blood vessels are formed. Vasculogenesis
is the differentiation of progenitor cells (angioblasts) into endothelial
cells (ECs) and the de novo formation of a primitive vascular network
59, Angiogenesis, on the other hand, involves the expansion of new
vessels from an existing vascular network, where EC growth,
migration, polarization, sprouting, and lumenization lead to the
formation of a functional circulatory system, along with the growth
of new capillaries from pre-existing blood vessels 8%, AT is highly
vascularized, and all adipocytes are in contact with at least one blood
vessel. This vascularization is created during AT development in the
embryo. Therefore, as a highly vascularized tissue, a functional
vascular system is crucial for AT in terms of supplying oxygen,
nutrients, hormones and growth factors, and to maintain
homeostasis ©°.

Adipocyte differentiation and AT growth depend on new vessel
development for efficient nutrient and oxygen delivery. During
adulthood, the AT has the ability to expand multiple times, and the
expansion of the tissue necessitates adequate vascularization to
allow proliferation of cells. Vascularization in AT develops through
angiogenesis, in which new blood vessels develop from pre-existing
blood vessels in the tissue ®1. Moreover, angiogenesis plays a

complex role in obesity in terms of promoting the disease *’.

1.2.2. Cross-talks between adipocytes and endothelial cells for
adipose tissue homeostasis

In AT, mature adipocytes, the most prominent cell type of the tissue,
are in direct contact with EC via cellular crosstalk, thus forming the
vascular structure 1762, Accordingly, the homeostasis of AT and the
associated degree of vascularization are mainly provided by
adipocytes, preadipocytes, and ECs 7. Both ECs and adipocytes
secrete VEGF (vascular endothelial growth factor), which acts in
angiogenesis by promoting EC migration and proliferation 62,

In fact, VEGF is the master regulator of angiogenesis. However,
other cells of the AT also affect angiogenesis and vasculogenesis 7.
Preadipocytes are effective in EC migration, as PPARy and leptin are
upregulated and angiogenesis is stimulated when these cells
differentiate into adipocytes. In addition, VEGF-A upregulation in
adipocytes promotes vascularization and induces AT “browning”
with UCP1 and PGCla (PPAR gamma coactivator 1 alpha)
upregulation 3. Moreover, upregulation of adiponectin secreted by
adipocytes in this process is also effective in angiogenesis 62.
Accordingly, the complex crosstalk between these two cell types is
important in terms of supporting both AT balance and the vascular
system 2. Furthermore, EC-adipocyte co-cultures cause proliferation
of both cell types and adipocyte differentiation, but direct contact of
mature adipocytes and ECs may cause dedifferentiation of

4| J. Name., 2012, 00, 1-3

adipocytes into preadipocytes ©264, However, recent studies
conducted by our research group have shown that mature
adipocytes are still maintained after the addition of blood
vasculature . Various studies have indicated that ECs reduce the
differentiation of preadipocytes and increase their proliferation 6667,
Moreover, adipose-derived mesenchymal stem cells (ADSCs) are
another potential cell source for vascularized AT production, as they
are ubiquitous, and can differentiate into both adipocytes and ECs in
vitro *°. In a related report, ADSCs and HUVECs were co-cultured to
produce differentiation in the adipocyte lineage as well as angiogenic
structures ©8.

In  general, inducing adipogenesis and angiogenesis
simultaneously in vitro is challenging so co-culture studies performed
directly with differentiated adipocytes can be more advantageous. In
addition, some studies make sequential differentiations to avoid this

problem 626970,

2. Materials for vascularized adipose tissue
reconstruction

Studies conducted on tissue engineering using various natural and
synthetically derived polymers are extremely promising in terms of
reconstructive and plastic surgery %72, The development of bioactive
structures capable of regenerating AT has made great progress
towards addressing the limitations of current treatments, but their
lack of vascularization and the ability to meet the important size
requirements of tissue defects limit their clinical use 73. Nevertheless,
these studies can help to clarify the origin and progression
mechanism of diseases, as well as being used for therapeutic
screening and as diagnostic tools 74, In addition, the developed
approaches can guide the understanding and regulation of
adipogenesis to recapitulate the impact of cell-ECM interactions and
the development of new biomaterials for obtaining vascularized AT
in a prevascularized way or by neovascularization following
implantation.

2.1. Natural components

Numerous WAT engineering studies using naturally sourced
polymers can be found in the literature. Collagen 7>-77, gelatin 78, silk
73, fibrin 8981, Matrigel™ 82-85, and hyaluronic acid 8 are examples of
natural origin polymers most commonly used for WAT engineering.
In addition, studies performed with decellularized ECM also have a
large place in the literature 87-1, Table 1 presents some examples of
the published natural scaffolds for in vitro AT reconstruction. We
discuss the studies in which vascularized AT structures were

biofabricated with these materials below.

2.1.1. Collagen

Collagen is one of the most common natural polymers and is widely
used in AT regeneration. It is readily available, has well-established
biocompatibility, and can support cellular ingrowth and new matrix
synthesis °2. It constitutes 25-35% (by dry weight) of natural AT-ECM
1, To date, in studies conducted with collagen matrices, successful
results have been obtained in the stimulation and adipogenic

This journal is © The Royal Society of Chemistry 20xx
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differentiation of preadipocytes and stem cells %395, Collagen gels
not only facilitate cell adhesion % or mechanically support cells but
also promote adipocyte growth. Indeed, collagen biologically
supports tissue formation as it is one of the main components of the
ECM. Therefore, it not only offers a physical environment for cell
survival, but also provides a suitable niche for cell attachment,
differentiation and new ECM formation %°.

Concerning the angiogenic potential of collagen, it has been
shown that collagen matrices can support neovascularization in 3D-
cell culture models containing human preadipocytes 7595, After 3, 8,
and 12 weeks, in vivo layers of AT with new vessels and rich
vascularization were obtained. However, collagen only has limited
angiogenic induction with about 15-20% of fully vascularized
explants after 12 weeks in vivo, requiring a longer in vivo evaluation.
Hardening or thickening of the outside of the scaffold, and thus
calcification or loss of thickness, are also common adverse outcomes
which affect the implant supply of nutrients and oxygen 75,
Moreover, Von Heimburg et al. showed that pore sizes between 65
and 100 pum were advantageous for good cell distribution for
preadipocyte development and growth in sponge-formed collagen
scaffolds obtained by lyophilization 2.

A recent study showed that microvessels that expand through
angiogenesis in an organoid model composed of microvascular
fragments with MSCs and adipocytes derived from MSCs expand
when placed in a 3D collagen matrix. In organoids placed in collagen
after day 2 or 5 of culture (3 mg/ml), the collagen itself was not
essential for vascular formation, but it caused an increase in vessel
diameter in the organoids 7.

Chemical or physical crosslinking of the collagen affects both
vascular network formation and tissue regeneration. In a related
study, Chuang et al. compared physically and chemically crosslinked
injectable collagen matrices in terms of AT regeneration and vascular
network formation. They showed that chemically crosslinked
collagen which was obtained from the covalent crosslinking of the
side chains induced by one-step enzyme mediation in an aqueous
solution showed successful results in nude mice with encapsulated
human ECFCs (endothelial colony forming cells) and bone marrow
MSCs in terms of mature adipocyte formation (94% area of a
construct) with a vascular structure 77. As a result, modification of the
polymerization method can improve both tissue regeneration and
vascular formation.

2.1.2. Fibrin

Fibrin gel, which is an ideal carrier in tissue engineering studies due
to its biocompatible, biodegradable and non-toxic properties, is
generally used as a matrix or carrier for cells in in vivo AT engineering
studies 881, When mixed with preadipocytes, implantation into rat
showed a vascular supply establishment after 2 weeks, and the
volume was retained 1 year after implantation with robust lipid
structures of healthy appearance #. In another in vivo study with
preadipocytes suspended in a fibrin matrix, the suspension was
implanted subcutaneously into the chorioallantoic membrane (CAM)
of fertilized White-Leghorn eggs and vascularization was observed
after 8 days 8. Torio-Padron et al. confirmed both adipogenesis and

This journal is © The Royal Society of Chemistry 20xx
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fibrin
preadipocytes in nude athymic mice. A dense vascular structure was
observed and the newly formed AT persisted for at least 9 months

angiogenesis in implanted gels containing human

after transplantation? %8,

When mixed with collagen in the form of collagen microfibers
(CMF), fibrin gel helps to regenerate the vascularized structure of AT
prior to implantation using human mature adipocytes, ADSCs and
HUVECs %, with a higher cell viability (8416%) and volume
maintenance than with non-prevascularized tissue implantation or
classic lipoaspirate tissue implantation. Although fibrin matrices
have generally been shown by various groups to induce
vascularization in vivo, their effect on adipogenesis is limited and
their dehydration and degradation, when used alone, limit their use
in long-term cell culture research 1%,

2.1.3. Matrigel™ and Myogel

Matrigel™ is a commercially available product derived from mouse
sarcoma and is a mixture of various basal membrane proteins
(collagen type IV, laminin...) 83101 According to various studies
conducted with preadipocyte cell lines in vitro 8223, or subcutaneous
injection into rat or mouse models in vivo 8102, Matrigel™ is a
material which can be used for AT formation, as well as for
supporting or inducing neovascularization 828385103 However, since
it is a tumour-derived xenogeneic material, its direct clinical use has
limited potential %1, In this context, an alternative can be Myogel, a
material extracted from the skeletal muscle of various animal
species. It contains laminin isoforms distinct from Matrigel™ and has
been found to support preadipocyte differentiation in vitro and
vasculature formation when

implanted in vivo, recreating a

vascularized AT without the addition of exogenous growth factors.
104

2.1.4. Alginate

Alginate alone is not suitable for cell attachment or growth, and
cannot be degraded by cells. It can therefore be modified in various
ways including peptides or RGD ligands to induce vascular network
formation 190 or for AT engineering research 1%, By using alginate
hydrogel whose polymer chains are sensitized to hydrolysis by partial
periodate oxidation to encapsulate ADSC, Kim et al. also confirmed
the induction of adipogenic differentiation in vitro, and then newly
formed vessel formations in a large amount of reconstructed AT in
vivo in nude mice after 10 weeks. However, it was stated that
additional studies are required to examine the vascularization
kinetics 1,

2.1.5. Hyaluronic acid

Hyaluronic acid (HA), one of the important components of the ECM,
is a polysaccharide composed of repeating disaccharide units of D-
Glucuronic acid and N-acetyl-D-glucosamine linked by alternating
(1=4) and (1->3) bonds 10719 Due to its high water retention and
intrinsic swelling properties, HA induces cell attachment and

J. Name., 2013, 00, 1-3 | 5
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migration, while being beneficial for AT development 197109 a5 well
as supporting both adipogenesis and neovascularization in vivo 86110,

HA modified scaffolds can also be beneficial. In a study using
HYAFF11, an esterified form of hyaluronan, (specifically, where the
carboxylic function of the monomer glucuronic acid in the hyaluronic
acid chain was esterified with benzyl groups) loaded with human
preadipocytes and implanted into nude mice, it was reported that
blood vessel formation occurred after 3, 8 and 12 weeks. However,
the scaffold pore size decreased during the implantation period,
limiting the adipogenic differentiation 26, Other chemically modified
HA-based hydrogels have also led to efficient vascularization results
with 11 or without AT development 112 in various tissue engineering
studies. However, these chemical modifications might cause toxicity,
limiting their use in vivo 1.

2.1.6. Decellularized matrices

Decellularized mammalian tissues used as a tissue scaffold can be
degraded in the body and support matrix remodelling 8. Materials
derived from decellularized ECM can mimic the body's natural
environment, normal cellular and

triggering organizations

behaviours. In addition, decellularized tissues have several
advantages in terms of biodegradability and biocompatibility 13 but
the difficulty in preparation of decellularized matrices limits their
widespread use.

Decellularized biomaterials such as decellularized human
placenta, human AT, or porcine AT have been used by various
research groups for WAT production 87-8%102111114115 |n yarious 3D
in vitro culture studies with human ADSCs and matrices derived from
decellularized AT, the latter has been shown to strongly support
adipogenesis and also be adipoinductive 80.114-116  Moreover, AT
models  obtained from these scaffolds also support
neovascularization with adipogenesis when implanted or injected
subcutaneously in rodents 88114,

As each tissue has its own unique complex composition and
concentration of chemical components in its ECM elements, known
to regulate numerous cell processes, including attachment, survival,
migration, proliferation, and differentiation, it can be thought that
the use of AT as a decellularized matrix for 3D AT production would
be more advantageous in terms of AT regeneration 11°.

In a recent study, a rat decellularized lung matrix (DLM) was used
due to its advantages such as having a preserved acellular vascular
bed allowing effective graft perfusion and pre-vascularization, and
allowing high density adipose filling (Fig. 2a-c). Adipocytes were
loaded through the trachea, while HUVECs were loaded through the
alveolar pulmonary artery of the DLM. Samples harvested at the end
of the 7t day showed that the adipocytes were distributed
throughout the entire DLM structure, and filled the branches forming
the vasculature tree with internal branching (Fig. 2b,c). Although this
is a promising approach for AT regeneration, it has several
restrictions such as the fact that different lobe sizes may limit parallel

studies or that time points are limited by the number of lung lobes
117

6 | J. Name., 2012, 00, 1-3

2.2. Synthetic components

Although synthetic biomaterials are generally biologically inert, the
advantages of these materials are that they can offer results which
are more predictable, while a uniform structure can be obtained in
repetitive solutions and different derivatives tailored for specific
applications 118, Biodegradable synthetic polymers are frequently
used in tissue engineering applications, and especially in AT
engineering applications, because of their superior chemical and
mechanical properties and controlled degradability, compared to
natural polymers 12, They are effective for adipocyte proliferation
and migration > as well as for the production of AT substitutes in
vitro and in vivo when used with adipogenic stimulants 119120, Thus,
AT related studies conducted with different synthetic scaffolds such
as poly(caprolactone) (PCL) 21, poly(ethylene glycol) (PEG) and
derivatives 122123 and poly(ethylene terephthalate) (PET) 124 can be
found in the literature. The synthetic polymers allowing the
generation of vasculature formation in AT engineering studies are
briefly discussed below.

2.2.1. Poly(glycolic acid) (PGA)

PGA is a widely used material in medicine, especially in surgical
suture material, due to its good degradation behavior in vivo 125.
PGA fiber meshes have been used in differentiation of adipocyte
precursor cells into mature adipocytes and as a cell-supporting
material in long-term in vitro culture conditions 126127, Fischbach et
al. showed that when loaded with 3T3-L1 preadipocytes and
implanted into immunodeficient mice, predifferentiated tissues in
vitro resulted in fat pads histologically comparable to natural fat with
neovascularization in vivo within 3 weeks and with lumen formation
and angiogenesis occurring from the second month after
implantation 12, In another study, Lin et al. obtained a 3D culture by
seeding human ADSCs into a structure consisting of a PGA sheet,
gelatin sponge and poly(propylene) (PP) mesh. The resulting
constructs were implanted into a mouse model and growing blood
vessels with newly formed AT were observed for in vivo samples
collected at the end of 2, 4 and 6 months 123, Despite these examples,
PGA is a rapidly degrading polymer known for its hydrolytic
instability. Also, the increase in glycolic acid resulting from
degradation carries the risk of creating an undesirable immune
response, thus limiting the clinical use of PGA 129,

2.2.2. Poly(lactic acid) (PLA)

In AT engineering, PLA is another aliphatic polyester used in different
forms such as nanofibers 3% or 3D printed scaffolds 3. When
implanted in rats for 12 months, with or without filling with a
collagen type 1 hydrogel, the 3D printed PLA frame with a size of 6 x
6 x 3 mm?3 maintained its shape and all implants showed new AT
formation and were covered with a microvascular network 131,
However, PLA has some important disadvantages that limit its use,
such as biological inertness, low cell attachment, low degradation
rate, and acid degradation by-products 132,

This journal is © The Royal Society of Chemistry 20xx
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In all the scaffold-based approaches mentioned above, the materials
of both natural and synthetic origin have various merits and demerits
in terms of tissue engineering. However, although synthetically
derived scaffolds have various advantages such as being easy to
process, able to be produced in a certain shape and geometry, and
have limited variability between different production batches, they
have important disadvantages. These include the inability to show
biocompatibility comparable to naturally derived scaffolds due to the
possibility of degradation products causing undesirable immune
responses or the possibility of changing the local microenvironment
in vivo. On the other hand, naturally derived scaffolds are not
mechanically strong, but have several important advantages.
Because they can easily incorporate the tissue microenvironment
and mimic the natural ECM structure and composition, as well as
being oxygen permeable and highly biocompatible, the use of
adipoinductive and vascular-supporting materials, such as collagen
and fibrin, may lead to more advantageous results in soft tissue
engineering.

2.3. Scaffold-free vascularized adipose tissue engineering

Techniques such as magnetic levitation cultures 133, hanging drop 134
or the liquid overlay method 3% are biomimetic tissue production
approaches which are performed by gaining spheroid formation to
cells without using a polymeric tissue scaffold. In this way, 3D
intercellular signalling and AT organogenesis can be recapitulated
and since they do not contain any external material, these models
can be advantageous for in vivo transplantation applications 136,
However, while scaffold-free systems are generally superior to
scaffold-based systems in terms of biocompatibility, the latter allow
better manipulation of attributes such as position, geometry, and
size 137, Daquinag et al. conducted a 3D magnetic levitation culture
study to model the development and growth of WAT in organoids
they called “adipospheres”, using 3T3-L1 and murine endothelial cell
line bEND.3 cells. In these tissues, the cells remained viable for a long
culture period with lipogenesis and also led to a vascular-like
network assembly 138, Muller et al. developed a vascular structure
with adipose progenitors and self-assembled endothelial cells
derived from the stromal-vascular fraction of human subcutaneous
WAT in the adipose spheroid culture they developed, showing a
vascularized organization and mature adipocytes containing
unilocular lipid vacuoles (Fig. 2d-f) 13°, The obtained spheroids were
injected into immunodeficient mice and after 7 days of implantation,
human ADIPOQ and PPARy gene expressions by RT-PCR analysis
revealed that there were still human adipocytes within the
vascularized spheroids thanks to their integration into the host
vascular structure (Fig. 2f).
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Fig. 2. Various in vitro 3D vascularized adipose tissue approaches. (a-c) Vascularized WAT graft model by using decellularized lung matrix (DLM). (a) Schematic representation
of cell seeding onto DLM. Step 1: The DLM was recellularized with adipocyte solution through the trachea. Step 2: The vasculature was recellularized with HUVECs through the
pulmonary artery. Step 3: The lung was placed in a custom bioreactor and perfused with the media through the pulmonary artery. (b) Endothelial only seeded DLM (blue-nuclei,
green-endothelial cell) showing a network of endothelial cells. Scale bar = 100 um. (c) Tile scan of entire left lobe (red adipocytes, teal-endothelial cells, blue-nuclei). Image
shows that adipocytes seeded through the trachea remain in the inner portion of the lobe and are surrounded by the endothelial cells seeded through the vasculature. Scale
bar = 250 um. (n = 1). (This content is shown under the Creative Commons Attribution 4.0 International License (CC BY 4.0); adapted from reference 117). (d-f) Vascularized
WAT spheroid model. Vascular structure of WAT spheroids comprising adipose progenitors and self-assembled endothelial cells derived from the stromal-vascular fraction of
human subcutaneous WAT. (d) Endothelial networks visualized by CD31 staining; the whole surface of a well was scanned using the OperettaTM screening system. (e) BODIPY
staining for lipid vesicles and CD31 immunostaining for vascular structure spheroids. (f) Human adipocytes remaining in spheroids were revealed by assessing the expression of
the human adipocyte-specific markers ADIPOQ and PAPRy2 by qRT-PCR. Mouse tissue samples were tested to highlight the human specificity of the primers used. Data are
mean + SEM. **p < 0.01. (This content is shown under the Creative Commons Attribution 4.0 International License (CC BY 4.0); adapted from reference 139). (g-k) Vascularized
beige adipose tissue model using human microvascular fraction (hMVF). (g) Representative phase microscopy image and higher magnification image of stained hMVFs after
differentiation. Scale bar = 12 um. (h-i) Representative confocal images of hMVF grown in fibrin scaffolds and stained with GS-Lectin | (red) to visualize vascular network
formation and BODIPY (green) to identify the presence of lipid droplets cultivated in growth medium (GM), WAM (white adipogenic differentiation medium) and BAM (beige
adipogenic differentiation medium). Scale bars = 200 um. (j) Oxygen consumption rate (OCR) tracing of microvascular fragments cultivated in GM, WAM and BAM. (k)
Quantitative analysis of vessel formation as determined with lectin accumulation. (This content is shown under the Creative Commons Attribution 4.0 International License (CC-
BY 4.0); adapted from reference 187).
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Table 1. Materials used for WAT reconstruction
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Material Cell Used Prevascularization Neovascularization | Remarks Referen
in vitro in vivo ces
Collagen Rat and human No No Unilocular, multilocular 140
type | mature adipocytes and fibroblast-
adipocytes like cells
Human No Yes Adipogenesis and 75
preadipocytes vasculogenesis occurred
after in vivo implantation
Human No Yes Adipogenesis and 95
preadipocytes vasculogenesis occurred
after in vivo implantation
Human bone No No Adipogenesis and 93
marrow MSC membrane-free lipid
vacuole formation in vitro
hMSC, MDA-MB- | No No Recapitulation of breast 141
231, HEK293T cancer tumor
microenvironment
hADSC, No No Adipogenesis in 3D 142
Mouse mature culture
adipocytes
Human mature Yes No Adipogenesis and 143
adipocytes, vasculogenesis in vitro
hADSC, after 7 days of culture
HUVEC
Gelatin Human bone No No Adipogenesis in 3D
marrow stromal culture 144
cells
Human ADSC No Yes Adipogenesis and 145
vasculogenesis occurred
after in vivo implantation
Human MSC Yes No Prevascularized channels | 146
formed with sacrificial
alginate templates within
gelatin sponge scaffolds
Methacryl | Human bone No No Adipogenesis in 3D 147
ated marrow MSC culture
gelatin Human mature No No Volume stable 3D mature | 48
adipocytes adipocyte culture
Human ADSC No No Adipogenesis on 2D 149
culture
Collagen Human No Yes Adipogenesis and 78
and preadipocytes vasculogenesis occurred
Gelatin after in vivo implantation
Human No Yes Adipogenesis and 150
preadipocytes vasculogenesis occurred
after in vivo implantation
Silk Human BMSC, No No Adipogenesis occurred in | 151
Human ADSC 3D culture and in vivo
implantation
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Table 1. (Continuous)
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Human ADSC, Yes, 7th and 14t No In vitro adipogenic 68
HUVEC cultures differentiation and
vasculogenesis
Human ADSC, Yes No In vitro adipogenic 9
endothelial cells differentiation and
vasculogenesis
Human Yes No Long-term (3 months) 152
liquefied AT explant culture
Fibrin Rat No Yes Adipogenesis and 81
preadipocytes vasculogenesis occurred
after in vivo implantation
Human Yes No In vitro angiogenesis 66
preadipocytes,
Human dermal
microvascular
endothelial cell
Human No Yes Adipogenesis and %8
preadipocytes vasculogenesis occurred
after in vivo implantation
Rat Yes No In vitro adipogenic 47
microvascular differentiation and
fragments angiogenesis
Matrigel 3T3-F442A No Yes Adipogenesis and 83
preadipocytes vasculogenesis occurred
after in vivo implantation
Human mature No Yes Vasculogenesis occurred 85
adipocytes after in vivo implantation
Alginate Human ADSCs No Yes Adipogenesis and 106
vasculogenesis occurred
after in vivo implantation
Hyaluronic Human No No In vitro adipogenic 110
Acid preadipocytes differentiation
Human No Yes Adipogenesis and 86
preadipocytes vasculogenesis occurred
after in vivo implantation
Inguinal fat pad | No Yes Adipogenesis and 153
vasculogenesis occurred
after in vivo implantation
Collagen/Hy | 3T3-L1 No No In vitro adipogenic 107
aluronic preadipocytes differentiation
Acid
Gelatin/Hya | Porcine ADSCs No Yes Adipogenesis and 108
luronic Acid vasculogenesis occurred
after in vivo implantation
Decellulariz | Human adipose | No No In vitro adipogenic 87
ed human precursor cells differentiation
placenta
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Table 1. (Continuous)

Decellularized hADSCs | No Yes Adipogenesis and 88
human AT vasculogenesis occurred after
in vivo implantation

hADSCs, | No Yes Adipogenesis and angiogenesis | %
rat occurred after in vivo
ADSCs implantation

Decellularized 3T3-L1 No No In vitro adipogenic 154

apple plant differentiation

PGA Rat No No In vitro and in vivo adipogenic 120
ADSCs differentiation
3T3-L1 No No In vitro adipogenic 155
preadip differentiation
ocytes
3T3-L1 No Yes In vitro adipogenic 127
preadip differentiation. Vasculogenesis
ocytes occurred after in vivo

implantation

PLA Human No No In vitro adipogenic 130
bMSCs differentiation

PLGA Rabbit No No In vitro and in vivo adipogenic 156
bMSCs differentiation
Rat No No In vitro adipogenic 157
bMSCs differentiation
Human No No In vitro and in vivo adipogenic 18
ADSCs differentiation
Human No No In vitro adipogenic 119
ADSCs differentiation

PEG 3T3-L1 No No In vitro adipogenic 122
preadip differentiation
ocytes

PEGDA Human No No In vitro adipogenic 123
bMSCs differentiation

PET 3T3-L1 No No In vitro adipogenic 124
preadip differentiation
ocytes
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3. Applications for organs or diseases
reconstruction

3.1. Drug screening models against obesity and diabetes

Today, there are various approaches for drug screening and
discovery studies by morphological and functional 3D modelling of
AT. These can be classified as 3D AT constructs obtained using tissue
scaffolds 1%9, scaffold-free adipose spheroids 160, or "adipose-on-
chip" models 161162 performed with organ systems on a chip, which
is an innovative approach in drug screening research. These systems
are promising for researching WAT biology, examining
pathophysiological mechanisms such as obesity and diabetes, and
drug R & D applications. Because human cells respond differently to
drugs, animal models cannot fully reproduce human AT, which leads
to a high failure rate. Even using human cells, in vitro models in 2D
cannot reproduce adipocyte physiology and 3D models using
patients’ cells are required for more accurate responses. 'The path to
US Food and Drug Administration (FDA) approval for a new drug is
long and troublesome, a process usually lasting more than 10 years
with a cost of $2.8 billion and a success rate of only ~10% 163,

In addition to these studies, organ-on-chip systems have become
important in the investigation of complex biochemical processes
such as drug screening and organ modelling in recent years. These
platforms allow tissues to be integrated into vasculature-like
microfluidic perfusion chambers 113162 modelling paracrine signals
and adipocyte functions, which have good potential for drug
screening studies for AT 162, With these models, the dose dependent
effect of lipid droplet inhibition activity in the presence of anti-
obesity agents, for instance Orlistat and Quercetin, can be assessed
in 3T3-L1 cells %% Also, Rogal et al. presented a system that
integrates human primary mature adipocytes into a perfused
microfluidic chip with their WAT on chip system, where basic and
physiological cellular responses as well as drug responses can be
monitored 162, Yang et al. designed 3D adipose microtissues by
differentiating human-derived ADSCs into mature adipocytes in a
microfluidic system. It was stated that this system, which investigates
AT response under interstitial shear stress at the physiological level,
could serve as an in vitro drug testing tool for adipose-related
diseases 1,

However, the above models cannot recapitulate the important
cell-cell interaction occurring in AT between adipocytes and ECs. To
at least reproduce it indirectly, “organ-on-a-chip” systems showing
multi-organ chips have great potential %6, This is a promising
alternative to animal models, including a physiological
microenvironment with vasculature-like microfluidic perfusion and a
more accurate simulation of cell matrix interactions 167,
Recapitulating the vasculature is a further step up to more reliable
AT models but the regeneration of a disease-related model using
patient cells or recreating their phenotype is also important for drug
screening assessment.

Obesity, another metabolic disease, defined as a body mass
index of 30 kg/m? or more, is characterized by fat accumulation

resulting in chronic inflammation in metabolic tissues %8, T2DM,

12 | J. Name., 2012, 00, 1-3

which is frequently observed due to obesity and physical inactivity,
is characterized by insulin resistance (IR) and pancreatic B-cell
dysfunction in peripheral tissues. IR is the inability of the insulin
secreted by the pancreas to produce the necessary or sufficient
response in fat, muscle and liver cells. Overall, obesity is
characterized by an excessive increase in AT, often accompanied by
IR and T2DM 162, Obesity is characterized by the accumulation of fat
in metabolic tissues in chronic inflammation and increased adipocyte
cell death 17°, Thus, in the case of obesity or diabetes, confirming IR
or AT important factors for
physiologically the
examination of both normal and diseased functions of these

inflammation are developing

appropriate AT models for controlled
comorbidities. These examinations might lead to an understanding
of the stages of the disease and the processes related to fat
metabolism and hence to therapeutic solutions 168,

Moreover, during the obesity state in addition to adipocyte
enlargement, macrophage accumulation is promoted 7%,
aggregating around dead adipocytes with a view to removal of
cytotoxic residues 172. While macrophage infiltration is increased in
WAT during obesity, its interaction with adipocytes, inflammatory
and EC interactions pathways has been extensively studied as it plays
an important role in reprogramming WAT metabolism and
identifying therapeutic targets to ameliorate obesity and metabolic
disease 173, In summary, three systems are thus required to properly
model AT biology: vasculature, adipocytes and immune cells.

Based on IR, Choi et al. examined the effect of high insulin
exposure in a 3D adipocyte-EC co-culture with a 2D adipocyte
monoculture and silk fibroin scaffold prepared by a salt leaching
method with 500-600 um pore size. Cells were cultured at normal (1
UM) or high insulin concentration (10 uM), and the ability of the 3D
system to elicit a physiological response to hyperinsulinemia was
higher than the 2D cultures. The addition of endothelial cells to the
system has played an important role not only in physiologically
mimicking the tissue in vivo, but also in the generation of relevant
responses in the case of hyperinsulinemia of ECs. This is because
endothelial dysfunction, which is characterized by the decrease in
nitric oxide bioactivity observed in the IR state, is closely related to
the secretion of proinflammatory cytokines from AT and increased
free fatty acid levels. Therefore, it can be concluded that the
presence of ECs in co-cultures contributes to the hyperinsulinemic
effect in a similar manner to that in vivo 74,

However, the above system still lacks vascular structures. To
actually add the ECs interaction, Louis et al. developed a drug
screening model that mimicked the physiology of patients' Body
Mass Index (BMI) by encapsulating human mature adipocytes into
CMFs from collagen type |, the most prevalent ECM component in
AT, to recapitulate adipocyte functions and in vivo physiology
together with the addition of blood vessels > (Fig. 3a-c). To assess
adipose drops, mature adipocytes were mixed with CMF and
embedded in fibrin gel. This model provided a realistic high-
throughput fat-targeted drug screening model for obesity or
diabetes and shows a wide range of measurable functional
outcomes. The addition of vascularization to the system provided a
higher maintenance of mature adipocyte metabolism, while the

This journal is © The Royal Society of Chemistry 20xx
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crosstalk between the blood vessel vasculature and adipocytes in the
detail, during preadipocyte
upregulation of PPARy and leptin stimulates

drop could be modelled. In
differentiation,
angiogenesis. Furthermore, co-culture of HUVECs and differentiated
adipocytes is known to show a vascular network organization
supported by upregulation of vascular endothelial growth factor
(VEGF) and leptin secretion from adipocytes. By maintaining this
crosstalk in the vascularized adipose drop tissues, this model was
able to reproduce the lower BMI-dependent leptin regulation in
mature adipocytes following the increase in the obesity phenotype.

There are actually few studies that include all three systems of
vasculature, adipocytes and immune cells. Huttala et al. studied the
effect of macrophages on adipogenesis and protein secretion in their
model developed using human adipose stromal cells (hASC), ECs and
monocytes/macrophages in a 2D in vitro cell culture. It was reported
that lipid accumulation was higher in adipocytes in the presence of
macrophages and protein secretion was more affected by
macrophages when vasculature was not present compared to the
mild effect when vasculature was present. For this reason, the
presence of vascular structures may lead to more appropriate
intervention methods in investigating obesity-related comorbidities
associated with vascular change and inflammation 171, Additionally,
loannidou et al. investigated the cause and consequences of
adipocyte growth and obese state in a spheroid culture method by
providing a natural growth niche composed of vascular endothelial
sprouts and ECM for the differentiation of preadipocytes into
unilocular human adipocytes, which they termed HUVAS (human
unilocular vascularized adipocyte spheroids). They also added
immune cells and all the cells were embedded in growth factor-
reduced (GFR) Matrigel™ (Fig. 3d-f). Spheroid structures were
obtained by seeding 10,000 cells per well in an ultra-low attachment
96-well plate with round bottom and grown without Matrigel™, or
embedded in 40 uL GFR Matrigel™ at day 6, then cultured for up to
40 days. Lipid treated HUVAS adipocytes accompanied many of the
key features of adipocyte dysfunction, including a lower adiponectin-
leptin secretion ratio, increased cytokine secretion, decreased insulin
response, and dysfunctional lipolysis than non-treated control
groups. In addition, Matrigel™-embedded spheroids displayed
improved adipocyte morphology and larger lipid droplets with
unilocular cells 175

3.2. Brown adipose tissue reconstruction

Brown adipose tissue (BAT) is characterized by specialized cells
containing a large number of mitochondria and plays an active role
in energy metabolism. Therefore, the generation of 3D in vitro BAT
has production potential for the treatment and investigation of
obesity and T2DM associated with disturbances in the energy
balance of the body. Another main characteristic of BAT is that it has
a highly organized vasculature system 7. For this reason, it is
extremely important to ensure a successful vascular network to
preserve the metabolic functions of the implanted BAT structure.
Moreover, every brown adipocyte is surrounded by a thick basal
membrane (BM) containing collagen IV as a major component and

This journal is © The Royal Society of Chemistry 20xx
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laminin as the most abundant non-collagenous protein and also
fibronectin-1 177179, Therefore, the use of these and similar polymers
in tissue engineering studies for BAT might be a promising approach
in terms of mimicking the native tissue.

Scientific publications on AT have mostly focused on WAT
engineering, while studies on BAT engineering have been recent and
are relatively scarce. Generally, the cells used in these studies are
stem cells derived from human, rat or mouse AT, while the matrices
used as scaffolds have varied. In the studies examined, synthetic
polymers (e.g., PEG and its derivatives 24#17°) and natural polymers,
such as collagen 2 or HA 4° were used with or without chemical
modification as the hydrogel matrix for in vitro BAT fabrication. Apart
from these, there is also a study with commercially available
materials were used, such as HistoGel™ 189, Table 2 lists the materials
used for BAT reconstruction.

In a recent study, the vascularization capacity of WAT and BAT
grafts were compared. Isolated size-matched grafts from the inguinal
WAT pad and interscapular BAT depot of C57BL/6N mice were
transplanted on recipient mice and observed for 14 days. According
to the results, while WAT grafts demonstrated functional microvessel
density and architecture as in native WAT, the BAT grafts had an
erratic vascular structure and lower functional microvessel density
when compared with native BAT. Although both tissue types were
well vascularized, the BAT grafts could not be successfully and fully
grafted onto the host due to their high metabolic demands 1. These
results emphasize the need for vascularized BAT substitutes and the
challenges of implantation of BAT grafts.

To recreate vascularized BAT in situ, Tharp et al. subcutaneously
implanted acrylated HA hydrogels modified with reactive bioactive
peptides (CGGKAFDITYVRLKF and CGGRKRLQVQLSIRT) and mouse-
derived WAT-derived ADSCs to recipient mice. Accordingly, the 3D
engineered structures were highly vascularized at a macroscopic
level by attracting the vasculature of the host recipient and were able
to maintain UCP1 expression for several weeks. They also showed
that modification with peptides actually increased the expression of
UCP1 in 2D culture on tissue culture polystyrene plates coated with
the bioactive peptides °.

There is some evidence that angiogenic factors such as VEGF and
FGF2 (fibroblast growth factor 2) modulate brown adipogenic
potential 182183, For this purpose, Kuss et al. evaluated the effects of
the endothelial growth environment on the brown adipogenic
precursor cells, demonstrating that angiogenic factors increase
brown adipogenic potential through epigenetic mechanisms by
observing results such as increased expression of UCP1 and a
decrease in histone deacetylase 1 (HDAC1) which is the negative
regulator of brown adipocyte thermogenic production?83,

Matrix stiffness and porosity can be important factors in the
differentiation of white or brown adipocytes. Accordingly, in the
same study, the effects of methacrylated HA and methacrylated
gelatin based soft (2.02 + 1.11 kPa), (9.17 + 3.14 kPa) and stiff porous
(9.00 + 2.38 kPa) hydrogels on adipocyte differentiation were
investigated. It was concluded that while soft hydrogels support
white adipogenic cell differentiation, stiff-porous hydrogels are
optimal for BAT adipogenesis 183,
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In another report, Hafner et al. showed that human induced
pluripotent stem cells (iPSC) exposed to endothelial growth medium
acquire a multilocular structure and differentiate into brown-like
adipose progenitors 184,

Hammel et al. carried out a 3D-cell culture study by co-culturing
adipocytes and HUVECs in collagen type 1 hydrogels to create a
MSCs were pre-differentiated to

vascular formation. Firstly,

adipocytes in vitro and the differentiated adipocytes were then co-

orizons:| =1k

Journal Name

density of ECs affects adipocyte development and organization and
they established a link between vascular density and adipocyte
maturation with this 3D in vitro model. It was observed that the 1:1
co-culture condition resulted in significantly higher vessel diameters
and branches, and the authors concluded that this condition resulted
in optimal vascular network formation with VEGF supplementation.
This study also showed that the presence of ECs is effective in the
browning of adipocytes via PGCla 2.

cultured with ECs. | t was observed how both the presence and
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Fig. 3. Drug screening models against obesity and diabetes. (a-c) Vascularized adipose drop model for high-throughput drug screening. (a) Vascularized adipose drops in a 96-well
plate after gelation. (b) Representative Nile Red (lipids) and CD31 (blood vessels) projection staining images after 1 week of culture in the vascularized adipose drop model. (c) Leptin
secretion profiles according to the BMI ranges of the patients whose adipose tissues were isolated. Significant differences were compared to the underweight range. The graphs
show results as means * SD of experiments performed on n = 6-8 drops per condition per donor (This content is shown under the Creative Commons Attribution 4.0 International
License (CC-BY-NC-ND 4.0); adapted from reference 65). (d-f) Vascularized hypertrophied human adipocyte spheroids as obesity and associated dysfunctions. (d) Representative
fluorescent microscopy images of adipocyte spheroids cultured on day 30 (d30) without or with lipids, and stained with BODIPY (green), DAPI (blue) and lectin (red), showing lipid-
treated spheroids containing larger lipid droplets. (e) Constructing vasculature-guided adipocyte spheroids by embedding in Matrigel™ on day 10 (d10), day 20 (d20) and day 30
(d30). (f) Control and lipid-treated spheroid secretion of adiponectin and leptin to the cell culture media on d30, as well as the ratio of the two. Each dot represents one spheroid,
n = 10 spheroids per condition for adiponectin and 6 spheroids per condition for leptin and the adiponectin/leptin ratio. Data are presented as means + SD and statistics were
calculated using Student’s unpaired t-test (This content is shown under the Creative Commons Attribution 4.0 International License (CC-BY-NC-ND 4.0); adapted from reference
175). (g-k) High-throughput prevascularized 3D printed adipose microtissue. (g-j) VAT-1S ASC/HUVEC spheroids, day 14. Premixed ASC/HUVEC spheroids (262 cells per spheroid)
were co-cultured for 14 days in 1:1 EGM(endothelial growth medium)/ADM (adipogenic differentiation medium). Analyses for Ca/PI (g), HE, (h) CD31 IHC (i), Oil Red O (j) were
performed after 14 days of co-culture. Black and dotted arrow represents capillary-like structures and lipid droplets, respectively. Scale bar = 40 um. (k) Phase contrast microscopy
of the spheroids on day 14. VAT-1S ASC/HUVEC spheroids in 1:1 EGM/ADM (262 cells per spheroid), which can be held representative for the two other co-culture conditions 1:1
EGM/ADM. Scale bar = 200 um. VAT-1S: Vascularized adipose tissue-one step. Reproduced with permission from reference 192. Copyright 2020, John Wiley and Sons.
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From this point of view, it can be concluded that to obtain
engineered, highly-vascularized BAT, including conditions such as an
endothelial growth environment that promotes capillary structure,
and cells that can promote vascularization such as ECs, smooth
muscle cells and pericytes might give successful results.

MVFs which are microvessel units that can be isolated from large
adipose tissues by enzymatic digestion 8%, can be an effective
method for obtaining vascularized thermogenic AT, as they can
rapidly reassemble new microvascular pathways in the host tissue
after implantation. 'This is because MVFs, including small arterioles,
venules and capillaries, are rich in macrophages, T-cells, progenitor
cells (white and brown precursors), perivascular stem cells with
multidifferentiation potential, myeloid cells, hematopoietic cells,
pericytes and ECs? 4748186 |n a recent study, functional beige AT
microtissues were developed by suspending MVFs isolated from
human subcutaneous AT in fibrin gel. While the structures cultured
in white, beige adipogenic differentiation and growth medium for 14
days showed similar results in terms of vascularization (percentage
of well coverage around 0.3 to 0.5%), the structures cultured in beige
medium exhibited increased glucose uptake, higher expression of
brown related markers (such as UCP1), and gave better results in
terms of improved cellular respiration compared to the other groups
a8

In another related report, vascularized beige AT structures were
obtained in vitro with MVFs isolated from lean and diabetic rat
models and examined in terms of beige and vascularization
characteristics. After 14 days of in vitro cultivation, the structures

Table 2. Materials used for BAT reconstruction

ARTICLE

taken from the lean rat caused higher angiogenesis with an
interconnected network compared to the MVF group of diabetic
origin, regardless of the culture medium. In addition, lipid droplets
accumulations of lipid droplets with branched vessel formation were
observed in groups cultured in white and beige differentiation
media. However, the effect of the difference between diabetic and
lean MVFs on the obtained beige characteristics is yet to be
ascertained 186,

In a study investigating whether MVFs are a source of
thermogenic adipose tissue, beige adipose microtissues were
developed using human MVFs isolated from a patient over 50 years
of age, and autologous sources from adult patients were evaluated
(Fig. 2g-k). The MVFs were cultivated in growth, white, and beige
adipogenic media (Fig. 2g-i). While a vascular structure was observed
in all groups, a higher oxygen consumption rate was recorded in the
groups incubated in beige adipogenic (BAM) and white adipogenic
differentiation medium (WAM) compared to the growth medium
(GM) group (16.63 £ 8.1 pmol/min, 15.1 + 9.2 pmol/min, and 7.2 +
4.1 pmol/min respectively) (Fig. 2j). In addition, according to GS
lectin staining for vascular structure visualization, the BAM group
showed a relatively higher result in terms of lectin well coverage
percentage with around 0.5% while GM and WAM groups were
around 0.3% to 0.4% (Fig. 2k) 187,

Material Cell Used Prevascularization Neovascularization | Remarks References
in vitro in vivo
Collagen type | Human MSC and Yes No In vitro vasculogenesis and 62
HUVEC brown adipogenesis
Acrylated Mouse ADSC No Yes Vasculogenesis and brown 49
hyaluronic acid adipogenesis occurred after
in vivo implantation
Methacrylated Human white- and No No In vitro white and brown 183
hyaluronic and brown-adipose adipogenesis
methacrylated stromal vascular
gelatin cells
Histogel™ Human ADSC and Yes No In vitro angiogenesis and 180
HUVEC brown adipogenesis
PEGDA Mouse ADSC No No In vitro brown adipogenesis | 17°
Human and rat No No In vitro brown and white 24
White and brown adipogenesis
ADSC
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3.3. Breast reconstruction

Breast cancer is the world’s most prevalent type of cancer with 2.3
million women worldwide diagnosed in 2020 and 685,000 deaths in
the same year according to WHO data %8, For this reason,
remodelling and reconstruction of the breast after mastectomy for
cancer is of great importance. Breast reconstruction is a challenging
area of tissue engineering that requires the regular organization of
many different cell types and a strong vascular network in a high-
scale size tissue. To date, researchers have worked in the field of
biomaterials, regenerative medicine and plastic surgery and carried
out various studies by focusing on many factors such as appropriate
shape, volume and mechanical properties to realize effective breast
reconstruction for patients. In addition to the purpose of
restructuring the breast after cancer, reconstruction can also be
performed for cosmetic reasons. Most of these treatments are
(69%), the
reconstruction (31%) 8. Moreover, the reabsorption rate for

implant-based while rest are autologous flap
autologous fat grafts, which is a well-known technique, is 40-60% of
the injected volume mostly due to the lack of revascularization after
injection 3. Regardless of the reason for the need for breast
reconstruction, the key issues in the intervention are aesthetic
quality, patient satisfaction, and low complication rate %0, The
biomaterial used for this purpose should have properties such as
appropriate biodegradation, biocompatibility, non-toxicity, have
compatibility with blood, and be both non-inflammatory and non-
allergic. In this way, the natural structure of the breast can be
achieved, augmented or remodelled 8. As clinical application
necessitates a move to higher scale tissues, bioprinting has recently
been proposed as an appropriate technique for this purpose. For
these applications, prevascularization before implantation appears
to be of even greater importance. An example is the direct
bioprinting of mature adipocytes to ensure a final mature tissue,
using a collagen microfiber-containing bioink in a gellan gum support
bath which can achieve a fully vascularized AT 143, Then, for in vivo
validation, bigger animals are first used for the pre-clinical
assessment. In this context, Chhaya et al. implanted scaffolds made
of PCL which were similar to silicone implant geometry into the
subglandular pockets of immunocompromised minipigs for 24
weeks. According to the results of the research, which was carried
out with 3 experimental groups: empty scaffolds, scaffolds
containing 4 cm? lipoaspirate, and a lipoaspirate injected group after
2 weeks of prevascularization, angiogenesis and AT formation were
that the
prevascularization group was superior in terms of vascularization and
AT formation 192,

Benmaridje et al. developed prevascularized spheroids obtained
by ASC and HUVEC co-culture and bioprinted them with GelMA

hydrogel in a high-throughput manner for potential applications such

observed in all groups. It was also reported

as in vitro drug screening and an angiogenesis model (Fig. 3g-k). The
microtissues showed high adipogenic differentiation and capillary-
like formation at days 7 and 14 %2, This strategy might be a promising

16 | J. Name., 2012, 00, 1-3

approach to perform drug tests on vascularized AT or to simulate the
conditions with low vascularization such as obesity.

4. Conclusion and potential applications

AT engineering is an interesting field that has been studied across a
wide range of clinical and medical applications such as drug
screening, 3D modelling of AT-based organs and related-diseases,
plastic and reconstructive surgery. The main challenge of AT
engineering is to reproduce the complex 3D structure of each
component in vitro starting from the polymeric content of tissue
ECM with sufficient vascularization. In particular, the use of materials
which stimulate the vascularization nature of the tissue is
advantageous in terms of alternatives or supplements to existing
clinical options. It is necessary to establish an effective blood supply
to limit damage from hypoxic conditions in a tissue volume which can
be used clinically. Accordingly, the combination of engineered AT
materials with vascularization strategies is an important matter that
needs to be addressed.

Both in vitro and in vivo AT tissue engineered substitutes must
provide long-term stability to be incorporated into the host
vasculature and maintain their structural organization. This can be
made possible with the formation of an adequate vascular network
to ensure and maintain stability. The vascular structure is important
for the adequate delivery of nutrients and oxygen into the tissue,
thus maintaining the structural organization. Therefore, the blood
vessel structure must be added in vitro or created in situ by de novo
angiogenesis 1.

Strategies for AT engineering; innovative approaches such as
injectable scaffold materials and 3D bioprinting technologies are
promising approaches, especially 3D models which provide
neovascularization. In Fig. 4, some of the possibilities for the
biofabrication of vascularized AT models are shown. For AT
biofabrication, which has a very common application area, not only
materials that function as fillers, but also injectable materials that
support adipogenesis and even angiogenesis are needed. Therefore,
the use of injectable hydrogels is an important strategy as they are a
minimally invasive technique among scaffold-based methods for AT
regeneration 3. Compared to porous tissue scaffolds, it is also
advantageous in removing irregular tissue defects due to its pre-
gelling properties with minimal invasiveness 1%3. Also, Torio-Padron
et al. showed that neovascularization was induced by injecting
different cell concentrations of human preadipocytes with fibrin
matrices into athymic nude mice %. Cho et al. performed the
injection of human preadipocytes suspended in fibrin under a dome-
shaped support structure obtained from poly(glycolic acid) (PGA)
fiber-based matrices reinforced with poly(l-lactic acid) (PLLA)
implanted subcutaneously in athymic mice to produce a volume-
stable AT formation which was observed at the implantation site
after 6 weeks 194, Kawaguchi et al. reported that by subcutaneously
injecting bFGF (basic fibroblast growth factor) loaded Matrigel™ with
3T3-F442A preadipocytes in mice, neovascularization occurred
within 1 week 82, As seen in these examples, and in addition to these,
other studies 7680818588106 in which active vascularization occurs

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4. Perspective possibilities for a perfect model for vascularized AT. Cells and vascular structure are significant components for vascularized and functional adipose tissue
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constructs by minimal invasiveness. The obtained models can be used for drug discovery and disease screening.

after in vivo injection also highlight the importance of AT engineering
applications with injectable materials. Besides the applications of
injectable polymers in AT engineering, another innovative AT
modelling approach to obtain vascularized substitutes is 3D
bioprinting. Bioprinting enables the reproducible production of
complex living tissues, while reproducing native tissue-specific
vascular complexity 1°>1%, This makes 3D bioprinting technology
popular for the production of AT models. Salj6 et al. injected human
AT-derived lipoaspirate into nude mice by 3D bioprinting with an
alginate/nanocellulose bioink and reported that, after 30 days, new
blood vessels had formed on the surface of the grafts 1%. Huber et
al. observed high cell viability and adipogenic gene expressions
during a 14-day culture period by encapsulating mature human
adipocyte spheroids in photo-crosslinked GelMA hydrogels 148, Louis
et al. bioprinted mature adipocytes by encapsulating physiological
collagen microfibers in a gellan gum-supported bath, and the
resulting multilayer structures remained highly viable even after 7
days of culture 143,

Consequently, substitutions that recapitulate the functions and
development of vascularized AT engineering will provide inspiration
for future in vitro and in vivo studies and facilitate systematic
evaluation of AT types. Even though many synthetically and naturally
derived polymers have long been used for adipose tissue engineering
purposes, naturally derived compounds such as fibrin and collagen
are the most advantageous thanks to their adipogenesis and
angiogenesis supporting characteristics. As 3D AT models become

This journal is © The Royal Society of Chemistry 20xx

more accessible at a reproducible level, it is expected that
implantable AT products will become widespread and drug discovery
or screening studies for obesity, diabetes and metabolic diseases will
be accelerated by shortening preclinical evaluation processes and
increasing prediction accuracy.
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