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Abstract: Human adipose-derived stromal/stem cells (hASC) are widely used for in vitro modeling
of physiologically relevant human adipose tissue. These models are useful for the development of
tissue constructs for soft tissue regeneration and 3-dimensional (3D) microphysiological systems
(MPS) for drug discovery. In this systematic review, we report on the current state of hASC culture
and assessment methods for adipose tissue engineering using 3D MPS. Our search efforts resulted in
the identification of 184 independent records, of which 27 were determined to be most relevant to
the goals of the present review. Our results demonstrate a lack of consensus on methods for hASC
culture and assessment for the production of physiologically relevant in vitro models of human
adipose tissue. Few studies have assessed the impact of different 3D culture conditions on hASC
adipogenesis. Additionally, there has been a limited use of assays for characterizing the functionality
of adipose tissue in vitro. Results from this study suggest the need for more standardized culture
methods and further analysis on in vitro tissue functionality. These will be necessary to validate the
utility of 3D MPS as an in vitro model to reduce, refine, and replace in vivo experiments in the drug
discovery regulatory process.

Keywords: adipose-derived stromal/stem cells; culture methods; 3-dimensional; microphysiologi-
cal system

1. Introduction

Stem cells are widely used for in vitro tissue engineering due to their ability to self-
renew and differentiate into multiple cell lineages [1]. In the beginning of the 21st century,
human adipose-derived stromal/stem cells (hASC) emerged as a source of stem cells capa-
ble of differentiating along several lineage pathways including adipogenic, chondrogenic,
osteogenic, endothelial, cardiac, and neural [2]. hASC are an abundant source of cells that
can be isolated from subcutaneous adipose tissue through minimally invasive procedures.
Their abundance and relative ease of isolation make hASC advantageous over other stem
cell types, such as bone marrow-derived stem cells that require more invasive procedures
for acquisition [3].

Adipose tissue recently emerged as a research area of great interest due to its endocrine
activity and role in disease conditions such as obesity [2,4]. According to the Centers for
Disease Control, the prevalence of obesity in adults has increased from 30.5% in 1999-2000
to 42.2% in 2017-2018 (https:/ /www.cdc.gov/obesity/data, accessed on 10 February 2021).
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Scalability and reproducibility

Obesity is associated with several comorbidities including type 2 diabetes, cardiovascular
disease, and metabolic syndrome; therefore, an understanding of the mechanisms driving
obesity and discovery of prevention methods are of great interest [4].

In vitro models of adipose tissue can be constructed using hASC cultured in adi-
pogenic inductive medium to study adipose tissue biology and pathophysiology. Many
in vitro studies involve culturing cells in a 2-dimensional (2D) format; however, this tech-
nique fails to recapitulate the native 3-dimensional (3D) microenvironment. Therefore, 3D
cell culture methods have been developed to better model the structure and function of
human tissue as compared to their 2D counterparts. 3D cell culture mechanisms involve
seeding cells into a scaffold or allowing them to self-assemble into cell aggregations called
spheroids in a scaffold-free environment.

Scaffold and scaffold-free culture conditions can be employed to engineer constructs
for implantation and soft tissue regeneration or to develop adipose tissue microphysiologi-
cal systems (MPS). MPS are defined as 3D, multicellular, tissue-engineered organ constructs
developed using human cells [5]. MPS have been developed out of a need identified by
the U.S. Food and Drug Administration (FDA) to develop tools for enhanced prediction
of toxicological risk of medical products entering the market [6]. MPS are designed for
pathophysiological and pharmacological research on human tissue in vitro. MPS aim to
reduce, refine, and eventually replace animal models that are costly and time-consuming by
creating a more scalable and reproducible platform for discovery (Figure 1). In vitro models
of human adipose tissue will serve to further scientific understanding of adipose tissue
biology and dysfunction associated with disease conditions such as obesity. Additionally,
healthy and diseased MPS platforms will facilitate more efficient drug discovery processes
by modeling human responses to new pharmacological agents.

Models of Human Adipose Tissue (hAT)
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Figure 1. Diagram demonstrating the scalability, reproducibility, complexity, and physiological relevance of available

human adipose tissue models. Image created with BioRender.com.

The purpose of this review is to evaluate emerging methods of culturing and assessing
hASC in vitro for the development of engineered adipose tissue constructs. The iden-
tification of the most physiologically relevant culture and characterization methods for
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engineering constructs that recapitulate native human adipose tissue will support efforts
in soft tissue regeneration and in vitro modeling for drug discovery.

2. Methods

We conducted a systematic review by searching PubMed using 7 subsets of keywords
as defined in Table 1. Additional articles of known relevance acquired through inde-
pendent search efforts were also included to ensure a thorough review of the published
literature. The articles collected for this review focused on literature published between
2000 and 2021.

Table 1. Number of articles identified in PubMed using seven subsets of search terms.

Search Terms Articles Identified
Adipose, three dimensional, spheroid, human 77
Adipose, three dimensional, microphysiological system, human 4
Adipose, three dimensional, xenografts, human 10
Adipose, three dimensional, iPSC, human 9
Adipose, three dimensional, hydrogel scaffold, human 60
Adipose, three dimensional, organoids, human 10
Adipose, three dimensional, induced pluripotent stem cell, human 9

Duplicate articles identified using different subsets of keywords were removed from
the original search results. Review articles were excluded from analysis as were articles
that did not utilize human adipose-derived stromal/stem cells (hASC) or stromal vascular
fraction (SVF) cells. As a note, SVF cells represent all other cell subtypes besides the
mature adipocytes in adipose tissue, and contain endothelial progenitors, fibroblasts,
lymphocytes, monocyte/macrophages, pericytes, pre-adipocytes, and stromal/stem cells,
among others [7]. This collective population of cells is gaining increasing attention as we
gain more insight into the contribution of adipose tissue cellular composition to overall
structure and depot functionality, neuroendocrine function, viral response, and homeostasis
regulation. Finally, articles were excluded if the full text could not be obtained beyond
attempts of interlibrary sourcing within the US.

3. Results and Discussion

Our database search and independent acquisition of relevant articles resulted in the
identification of 184 records. After 30 duplicates were removed as well as one article for
which the full text could not be obtained, 153 independent articles were screened further
based on the abovementioned exclusion criteria. Thirty-one articles were excluded in this
screening process, leaving 122 records to be analyzed in the systematic review (Figure 2).
Results from this review are presented as either the percentage of appearances in the
literature or the percentage of studies that utilized a specific method.

Full-text not available

(n=1)

- Records identified through

database search

Relevant records identified
through independent search

Duplicates removed
(n=30)

- (n=179)

efforts (n=5)
1 1
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Did not use human ASC or
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l

Studies included in review
(n=122)

Figure 2. Flow diagram of literature selection process (n = number of articles).
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Adipogenesis

3.1. Differentiation Pathways

Human adipose-derived stromal/stem cells are capable of differentiation along mul-
tiple lineage pathways. As such, this database search identified studies on a variety
of differentiation pathways. The most common hASC differentiation pathways stud-
ied were adipogenic (36.9%) [4,5,8-50], osteogenic (32.0%) [4,29-66], and chondrogenic
(25.4%) [27,28,36-50,63-76]. Several articles studied a different type of differentiation,
which was designated other (4.1%) [50,77-80], while 38.5% [81-126] of articles reviewed
did not study any kind of differentiation (Figure 3).
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Figure 3. Venn diagram of differentiation pathways studied. Results given as percentage out of 122 total papers.

Articles that assessed adipogenesis were divided further according to the flow chart
in Figure 4. The full texts of the 45 articles that studied adipogenesis were screened using
the exclusion criteria outlined in Figure 4. Records were excluded if they exclusively
studied passive adipogenesis pathway activation, if they only used adipogenic media
to confirm multilineage differentiation potential, or if they exclusively studied adipoge-
nesis in vivo. Many articles assessed the passive activation of adipogenic pathways to
ensure that their culture conditions did not encourage spontaneous adipogenic differentia-
tion. Additionally, many articles did not focus on adipogenesis but only used adipogenic
media to demonstrate the multilineage differentiation potential of hASC. These articles
were filtered to ensure that the data presented in this review reflect methods for inten-
tional hASC adipogenesis and adipose tissue engineering in vitro. Finally, none of the
screened articles exclusively studied 2D culture; therefore, all articles included in this
analysis report 3D culture methods. Data and analysis hereafter exclusively refer to the
27 articles [4,5,8-13,15-17,19-26,28,30,31,33,38,44,45,48] identified to be most relevant to
the central goal of this systematic review.



Cells 2021, 10, 1378

50f19

Exclusion Criteria:

Studies included in review N Did not study adipogenesis

* Only studied passive (n=122) (n=77)

adipogenesis pathway activation
« Only used adipogenic media to l

briefly confirm multilineage - -

differentiation potential Articles that studied — | Articles excluded (n=18) |
+ Only studied adipogenesis in adipogenesis (full-text

vivo screened)

(n=45)

Inclusion Criteria:

» Focus on culture methods for
adipogenesis and/or adipose Most relevant articles
tissue engineering in vitro (n=27)

l

Figure 4. Flow diagram of selection process to identify articles that are most relevant to the present review. These articles
focus on intentional human adipose-derived stromal/stem cells (hASC) adipogenesis and adipose tissue engineering

in vitro.

Out of the 27 relevant articles, 26 articles used adipogenic medium to differentiate
hASC into adipocytes in vitro. The studies reviewed used either commercial (40%) or
custom-made medium (60%). Table 2 highlights the prevalence of adipogenic medium
components used in custom-made medium. The variability of components used as well as
their respective concentrations indicates a lack of consensus in the literature regarding the
most effective methods for adipogenic induction of hASC.

Table 2. Adipogenic medium components used in custom-made media. Results reported as the
percentage of papers that used a given adipogenic medium component.

Adipogenic Medium Components Percent Usage in Custom-Made Medium

Indomethacin 60%

Isobutylmethylxanthine (IBMX) 86.7%
Rosiglitazone 0%

Dexamethasone 93.3%

Insulin 93.3%

Biotin 13.3%

Pantothenate 13.3%

Other 26.7%

3.2. Adipogenic Differentiation Analysis Techniques
3.2.1. Microscopy Techniques

In vivo, mature adipocytes often have a complex three-dimensional structure that is
characterized by a single large (unilocular) lipid droplet along with other cellular compo-
nents contained within a thin cytoplasm. Immature adipocytes are described as multiloc-
ular as they contain multiple small lipid droplets. Throughout maturation, these small
lipid droplets aggregate together to form the aforementioned unilocular droplet [127].
This maturation process can be observed visually and described quantitatively through
various microscopy techniques and is referred to as a signet ring structure on the basis of
appearance (Figure 5).
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Figure 5. Venn diagram of microscopy techniques used to evaluate hASC in vitro. Results given as a
percentage out of the 27 relevant articles.

It can be challenging to image adipocytes using light microscopy because of their high
lipid content which causes autofluorescence that is enhanced by light diffraction. Confocal
imaging, used in combination with the introduction of fluorescently-tagged lipophilic dyes,
is a useful alternative as it operates in a narrow plane of focus allowing for the removal of
autofluorescence. Additionally, a z-stack of images can be combined to recreate an image
of the complex three-dimensional structure of adipocytes [128]. Of articles included in this
review, 44.4% used confocal microscopy.

Oil red O (ORO) is a staining solution that accumulates in cellular compartments
that are lipid rich; therefore, it can be used to detect the neutral lipid amounts after hRASC
adipogenesis. ORO can be observed using bright field and fluorescent microscopy [16]. Of
articles included in this review, 51.9% used ORO staining to qualitatively observe neutral
lipid content; however, only one article included in this review (3.7%) used ORO staining
to quantitatively measure adipogenesis by eluting the remaining stain with isopropanol
and measuring the absorbance of the solution [129].

Alternatively, BODIPY is a commercially available fluorescent dye that labels lipid
droplets and is detected as bright green fluorescence [130]. Of articles reviewed, 18.5%
used BODIPY to assess lipid accumulation in their culture conditions.

3.2.2. Snapshot Assays

Analyses associated with a specified single time point or “snapshot” assay are used
to quantitatively assess hASC biomarker expression. Snapshot assays confirm the sta-
tus of cells at a given time point but lack substantial information about their temporal
functionality in vitro.

Flow cytometry is a widely used assay for assessing the immunophenotype of mes-
enchymal stromal/stem cells (MSCs). According to the International Federation for Adi-
pose Therapeutics (IFATS) and Science and the International Society for Cellular Therapy
(ISCT), hASC in culture maintain markers similar to other MSCs as they are positive for
CD90, CD73, CD105, and CD44 and negative for CD45 and CD31 [25]. Flow cytometry was
used by 18.5% of reports included in this review to characterize hASC immunophenotype.
The reports uniformly confirmed the positive expression of biomarkers CD90 and CD105
while all other markers varied between publications (Table 3).
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Table 3. hASC biomarkers evaluated using flow cytometry.

Report Positive Markers Identified Negative Markers Identified
Clevenger et al. CD44, CD9Y0, CD105 CD45, CD31
Keck et al. CD90, CD105, CD44 CD45
Mohiuddin et al. CD73, CD90, CD105 CD3, CD14, CD31, CD45
Shen et al. CD90, CD105
Bender et al. CD29, CD105, CD34, CD73, CD90 CD45

Quantitative reverse transcriptase polymerase chain reaction (QRT-PCR) is a quan-
titative method to assess gene expression pre and post-hASC adipogenesis. Of articles
evaluated in this review, 40.7% employed qRT-PCR to assess adipogenesis-related gene
expression. The most commonly assessed genes were peroxisome proliferator activated
receptor y (PPAR-y) (84.6% of articles using qRT-PCR), lipoprotein lipase (LPL) (46.2%),
fatty acid binding protein 4 (FABP4) (46.2%), and adiponectin (ADIPOQ) (30.8%). hASC
adipogenesis is driven by PPAR-y expression and characterized by the upregulation of
LPL, FABP4, and ADIPOQ [131].

3.2.3. Functional Biochemical Assays

Functional biochemical assays quantify the dynamic functionality of cellular enzy-
matic activities based on biomarkers at the carbohydrate, lipid, or protein levels. Four
functional biochemical assays were routinely employed monitoring triglyceride, lipolysis,
glucose uptake, and adipokine secretion. The ASCs” accumulation of neutral triglycerides
with the formation of intracellular lipid droplets was assessed quantitatively based on
biochemical detection of triglyceride levels. Following triglyceride lysis into free fatty
acids and glycerol, glycerol levels are evaluated based on spectrophotometric detection.
Alternatively, the ASC intracellular lipolytic enzyme activity can be monitored following
stimulation with exogenous isoproterenol based on release of glycerol within the cellular
lysates [11]. Both assays were employed in 14.8% of reviewed reports.

Glucose uptake following activation of the GLUT4 transporter in response to insulin
can be monitored based on colorimetric or fluorescent detection of 2-deoxyglucose uptake
by ASC. Only a single report in this systematic review (3.7%) reported this outcome. Finally,
adipokine assays using antibody-based methods (ELISA or bead-based assays) are used to
quantify ASC cytokine secretion activity. While 25.9% of the reports evaluated adipokine
secretion, none of the articles characterized the cellular inflammatory response in the
context of adipogenesis.

3.3. 3D Culture Mechanisms

Three-dimensional stromal/stem cell culture techniques have been developed for
the purpose of engineering in vivo-like adipose tissue constructs. Three-dimensional
culture mechanisms can be subdivided into either scaffold or scaffold-free culture systems.
Likewise, culture conditions can also be described as either static or dynamic. In static
culture, cells are placed in non-circulating media that is replaced every few days throughout
the culture period. In dynamic culture, media is continuously perfused through the culture
construct to model the circulating in vivo environment.

3.3.1. Scaffold Culture

One critical aspect of 3D stem cell culture is developing an in vitro environment that
closely mimics native in vivo conditions [11,21,25]. A widely used strategy is to seed
stem cells into a scaffold that is designed to recapitulate the native extracellular matrix
(ECM). Scaffolds can be composed of biologically derived or synthetic materials. Out of
the relevant records reviewed herein, 74% of articles utilized a scaffold material for the
culture of hASC. The most common synthetic and biologically derived materials used in
the literature are highlighted in Table 4. Only one article (5%) used an entirely synthetic
scaffold, while the remaining articles incorporated biologically derived materials. Gelatin
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was identified as one of the most commonly used scaffold materials as it naturally contains
RGD peptides found in many ECM components that promote cell adhesion [13,16,17,21].
Collagen is another commonly used scaffold material as it is the most abundant protein
in human adipose tissue ECM and, therefore, closely recapitulates the native tissue envi-
ronment [10,31]. hASC attachment and adipocyte maturation have been shown to impact
scaffold structure [10,16]. Additionally, scaffold material and properties have been shown
to impact hASC adipogenesis [16]. Notable articles identified in this review characterized
cell-scaffold interactions throughout hASC attachment, proliferation, and differentiation.

Table 4. Most common synthetic and biologically-derived scaffold materials reported in the literature. Results reflect the

number of articles in which a specific material is used as a component in a scaffold.

Biologically-Derived Scaffold Materials

Number of Appearances

in the Literature Appearances in the Literature

Collagen

Gelatin
Fibrin

Decellularized Adipose Tissue

Alginate

Labriola et al., 2018; Newman et al., 2020;
5 O’Donnell et al., 2020; Paek et al., 2019;
Vinson et al., 2017
Gugerell et al., 2015; Lau et al., 2018;
O’Donnell et al., 2020; Vinson et al., 2017
Keck et al., 2019; Paek et al., 2019; Yang et al., 2021
Cheung et al., 2014; Mohiuddin et al., 2019
Lee et al., 2014; Vinson et al., 2017

NN W

Synthetic Scaffold Materials

Clevenger et al., 2016; Lee et al., 2014;

Polyethylene Glycol 3 Reid et al., 2013
Cheung et al., 2014; Gugerell et al., 2015;
Methacrylate 3 O’Donnell et al., 2020

Newman et al. developed collagen-elastin-like polypeptide scaffolds for culturing
hASC and found that more stiff, dense, and crosslinked scaffolds led to a spheroid mor-
phology whereas less stiff, non-crosslinked scaffolds lead to a spread morphology. The
spheroid morphology is more representative of native adipose tissue cell morphology,
which may explain why cells seeded on stiff, crosslinked scaffolds experienced enhanced
adipogenesis compared to their less-stiff, non-crosslinked counterparts [9].

Clevenger et al. developed three different hydrogels with various RGD peptides (cycli-
cal, linear, and derived from vitronectin) to assess impact on hASC adhesion, proliferation,
and differentiation. Their results suggested that the cyclic and vitronectin-derived RGD
sequences allowed for robust initial attachment of undifferentiated hASC. Vitronectin-
derived RGD maintained cells in a more rounded morphology. This rounded morphology
supported increased adipogenesis in hydrogels containing vitronectin-derived RGD com-
pared to other RGD peptides as determined by percentage of cells containing lipid vacuoles
as well as lipid vacuole size [8,31].

Despite the work by Newman et al. and Clevenger et al., studies on the interaction
between ECM-derived scaffold biomaterials and hASC throughout proliferation, differenti-
ation, and maturation are limited. Notably, only two publications utilized decellularized
adipose tissue (DAT) as a scaffold material for the culture of hASC [8,31]. DAT most closely
mimics the native ECM environment and has previously been shown to naturally induce
adipogenic differentiation and support hASC proliferation [8].

Cheung et al. found that incorporation of DAT into methacrylated glycol chitosan
(MGC) and methacrylated chondroitin sulphate (MCS) hydrogels enhanced long-term
viability and hASC adipogenesis based on GPDH enzyme activity, adipogenic gene ex-
pression, and intracellular lipid accumulation. Cells seeded on DAT hydrogel scaffolds
exhibited better cell retention than culture on a pure DAT scaffold. Additionally, hydrogel
choice significantly impacted hASC viability and adipogenesis [31]. These results suggest
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the need for more studies on the impact of materials on hASC viability and adipogenesis
for tissue engineering applications.

Mohiuddin et al. analyzed the effect of seeding hASC on DAT hydrogels in terms of
hASC proliferation and differentiation as well as hydrogel microstructure. Their results
suggested that the DAT hydrogel could support the attachment, proliferation, and adi-
pogenic differentiation of hASC. Adipogenic differentiation was analyzed by adipogenic
gene expression and BODIPY staining. Additionally, DAT hydrogels cultured with hASC
in adipogenic media had a lower mean pore size and a higher number of fiber intersections
compared to unseeded hydrogels. However, this change in hydrogel structure was less
significant than that of constructs cultured in osteogenic media [26]. These findings further
confirm the potential use of DAT hydrogels as a scaffold material for hASC throughout
adipogenesis. More research needs to be conducted to identify scaffold materials and
material properties that best support the proliferation, differentiation, and maturation of
hASC in vitro to engineer in vivo-like adipose tissue constructs.

Louis et al. created vascularized adipose tissue constructs by bioprinting a mixture of
mature human adipocytes, hASC, human umbilical endothelial cells (HUVEC), collagen
microfibers, and fibrinogen into a supporting bath. The constructs remained viable and
demonstrated vascularization with capillary structures surrounding mature adipocytes
after seven days of culture in vitro [11].

Three-dimensional scaffold culture is typically done in static conditions wherein media
is replaced every few days of culture [11,24]. In addition to being labor intensive with a
high risk of contamination, static culture systems typically cultivate non-physiological mass
transport conditions characterized by heterogeneous nutrient delivery to cells throughout
the scaffold. Finally, static culture does not accurately recapitulate interstitial flow through
adipose tissue in vivo [11]. Gugerell et al. assessed hASC seeded on P(LLG) scaffolds and
in gelatin hydrogels subjected to static and perfusion culture at a flow rate of 0.3 mL/min.
Culture in a perfusion bioreactor led to better cell viability after nine days compared
to static culture. However, static culture supported enhanced adipogenesis compared
to perfusion culture [48,132]. More research needs to be done on the effects of media
perfusion and bioreactor geometry on hASC adipogenic differentiation in vitro in order to
identify the most effective culture methods for recapitulating nutrient transport through
adipose tissue.

3.3.2. Scaffold-Free Culture

Scaffold design for adipose tissue engineering can be challenging due to the significant
increase in adipocyte size throughout maturation. Many scaffolds are unable to adapt
their pore size, which can restrict adipocyte volume expansion. Therefore, scaffold-free
culture approaches leading to the formation of 3D spheroids have been studied extensively.
There are four main scaffold-free culture mechanisms: low-attachment culture, hanging
drop, magnetic levitation, and dynamic culture conditions [132]. Low-attachment culture
involves the formation of spheroids via suspension of cells over a low-attachment culture
plate. Hanging drop culture allows for the gravity-mediated formation of spheroids. In
magnetic levitation culture, cells are mixed with magnetic particles and subjected to a
magnet throughout culture. Finally, dynamic culture conditions include spheroid formation
in a spinning flask or microgravity bioreactor [30].

Kapur et al. found that hASC spheroids formed using a hanging drop method fol-
lowed by adherent or ultra-low attachment culture spontaneously generate an extracellular
matrix as evident by positive staining for type I and type III collagen. hASC survived for
up to six months in ultra-low attachment culture and were able to produce new, replication-
competent cells when moved to adherent culture. Additionally, spheroids demonstrated
adipogenic differentiation potential while cultured in ultra-low attachment culture and
exposed to adipogenic induction media [10].

Fitzgerald et al. compared three different culture methods: ultra-low attachment static
culture, ultra-low attachment dynamic culture, and elastin-like polypeptide—polyethyleneimine
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(ELP-PEI) coated surfaces. They assessed spheroid size and number of spheroids through
time-lapse microscopy and adipogenic differentiation by measuring triglyceride content.
They found that ultra-low attachment static and dynamic culture led to a reduction in
number of spheroids due to spheroid merging and ultimately the formation of larger
spheroids. PEI molecular weight was shown to impact cell retention and spheroid size as
lower molecular weight PEI (800 g/mol) exhibited better retention and larger spheroid size
than higher molecular weight PEI (25,000 g/mol). Additionally, triglyceride accumulation
on ELP-PEI coatings was equal to or higher than that in ultra-low attachment static and
suspension culture [48].

Zhang et al. assessed the effects of hASC spheroid formation in a microgravity biore-
actor on stemness properties and differentiation potential. Spheroids exhibited increased
stemness properties, including increased proliferation and colony forming efficiency, com-
pared to monolayer culture. Additionally, spheroids exhibited increased adipogenic dif-
ferentiation capabilities as demonstrated by an upregulation of adipogenic marker genes
(PPAR~y and LPL) and ORO staining [38].

Labusca et al. used proprietary magnetic nanoparticles and magnetic field levitation to
form hASC spheroids. Spheroids exhibited improved viability and proliferation compared
to non-levitated spheroids and 2D culture. Additionally, hASC experienced increased
adipogenesis when cultured in spheroids compared to 2D; however, magnetic field levi-
tation was associated with a smaller increase in adipogenesis compared to non-levitated
spheroids [20].

Results from these studies indicate the potential use of scaffold-free hASC culture
methods for adipose tissue engineering applications. While 3D hASC spheroid culture has
demonstrated increased adipogenic differentiation potential and improved maintenance of
stemness properties, more research needs to be conducted to determine the best scaffold-
free culture methods for engineering adipose tissue. Results from this systematic review
indicate that studies on 3D culture methods in the field primarily use “snapshot” assays
(adipogenic gene expression, etc.) rather than functional assays (lipolysis, glucose uptake,
etc.) to assess hASC adipogenesis in vitro. Further research is needed to evaluate the
impact of 3D culture methods on hASC functionality to engineer adipose tissue constructs
that are more physiologically relevant.

3.4. Microphysiological Systems

Scaffold and scaffold-free 3D culture techniques have been employed to develop
microphysiological models of adipose tissue. Adipose tissue MPS aim to recapitulate
the functionality of adipose tissue as an organ system in vitro with the ultimate goal to
reduce, refine, and replace animal models during the drug discovery process for human
diseases. Out of the relevant articles included in this review, six articles (22.2%) self-
reported the use of an adipose tissue MPS in their research. One article reported the use
of an adipose tissue organoid. The remaining five articles reported the use of an adipose
tissue “organ-on-a-chip” (Figure 6).
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Figure 6. Flow diagram demonstrating the intersection between culture methods for adipose tissue engineering and

microphysiological systems (MPS).

Tseng et al. published a methods paper about their successful development of an
“adiposphere” via magnetic levitation of human SVF, preadipocytes and endothelial cells,
and hASC [17]. This is an example of a scaffold-free culture mechanism used to create
an MPS, specifically, an organoid. Few studies have been done on the development of
adipose tissue organoids and assessment of their potential for aiding drug discovery and
personalized medicine.

Paek et al. created a vascularized adipose tissue microphysiological system by co-
culturing hASC and human adipose microvascular endothelial cells (hAMECs) in a fibrin
hydrogel scaffold. The hAMECs underwent vasculogenesis and formed a network of
endothelial tubes throughout the scaffold. The presence of the vasculature increased the
rate of adipogenesis allowing for the formation of twice as many lipid droplets in 28 days
compared to a non-vascularized model. Furthermore, cells were cultured in the MPS for
40 days leading to the robust maturation and growth of adipocytes to form a densely
packed tissue construct [24].

Yang et al. created a microfluidic device to study the effects of flow rate on hASC
adipogenic differentiation. The device is composed of five round, 3D culture chambers
filled with a hASC-laden fibrin hydrogel scaffold interconnected by two fluidic channels.
By administering media at a volumetric flow rate of 1, 4, and 10 uL/hr, average cellular
shear stress was estimated to be 0.79 mPa, 3.13 mPa, and 7.86 mPa, respectively. Despite
the fact that all three average shear stresses are within physiologic limits (less than 10 mPa),
several adipogenic markers were downregulated in response even the smallest amount
of shear stress. This suggests that even physiological levels of interstitial shear stress
can have inhibitory effects on hASC adipogenesis in vitro [4]. More studies need to be
conducted on the effects of media flow rate and MPS geometry on hASC adipogenesis.
Solidifying an effective method of modeling interstitial flow throughout adipose tissue
without compromising hASC adipogenic potential will allow for the development of a
model that better recapitulates in vivo mass transport and supports long-term cell viability.
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Bender et al. used human SVF and a human blood product-derived biological scaf-
fold (ObaGel™) to create a “fat-on-a-chip” construct. These 3D structures demonstrated
increased adipogenesis based on number and size of lipid vacuoles. Additionally, SVF
cultured in ObaGel demonstrated increased glucose uptake, leptin secretion, and lipolysis
in response to isoproterenol, metformin, and compound C compared to 2D culture [10,48].

Several reports identified in this systematic review discuss the use of an adipose tissue
MPS. Despite significant findings that hASC culture in 3D cellular aggregates (spheroids)
experience increased adipogenesis likely due to the replication of in vivo adipocyte mor-
phology, there is a lack of research on the development of self-assembled adipose tissue
organoids [4]. Additionally, it is possible that the lack of both organoid and organ-on-a-chip
models identified in this review is, in part, due to inconsistency in the classification of
MPS. Therefore, there is a need for the standardization of MPS definitions and classification
criteria within the field.

Articles that self-identified as using an MPS tended to use more functional assays
for characterizing their in vitro adipose tissue constructs compared to articles that did
not identify as using an MPS. This is likely due to the focus of MPS development for
drug discovery applications which necessitates the formation and, therefore, validation
of physiologically relevant adipose tissue. Even so, there is a general lack of focus on
functional assays within the published literature. Additionally, only one article in this
review performed drug testing on a construct [4]. Therefore, there is a need for increased
focus on assessing the functionality of in vitro adipose tissue constructs derived from hASC
and human SVF to understand the impact of culture conditions on the development of
physiologically relevant adipose tissue for drug discovery applications.

3.5. Limitations of Current Analysis

Despite the systematic approach utilized in the current meta-analysis, there are several
limitations to the analysis in this systematic review. The keywords used in the database
search did not capture all relevant articles, as evident by the inclusion of several related
articles identified only through independent search efforts. It is possible that this was
amplified through the use of only a single literature database (PubMed). Additionally, we
limited our search to articles that used either adipose-derived stem cells or stromal vascular
fraction from human sources. This potentially limited the methods that we identified by not
including studies that used animal-derived sources. Additionally, with a narrow focus on
hASC and SVF culture methods, we were not able to capture related studies that may have
used different cell types such as mature adipocytes or explanted adipose tissue constructs.

3.6. Identifying Future Directions Using MPS Models to Evaluate Human Adipose Biology

Significant advances have been made in developing physiologically relevant MPS
models of adipose tissue using hASC and SVF cells. However, there are several gaps in the
published literature that were identified in this systematic review.

First, there is no standardized cocktail of adipogenic factors that are used to routinely
induce either beige/brown or white adipose differentiation. In the absence of such a
fundamental standardized growth medium, there is likely to be considerable variability
in the adipogenic process across laboratories and studies. Despite the widespread use
of ECM-derived biomaterial scaffolds for culturing hASC, there are few reports on cell-
material interactions throughout proliferation, adipogenesis, and maturation. Among
articles studying scaffold-free culture methods, there are few reports on the impact of
culture type on adipogenic potential. Additionally, no articles identified in this review
used functional assays to assess the impact of 3D culture methods on the creation of a
physiologically functional in vitro tissue construct. Therefore, there is a need for more
studies to assess the impact of culture environment on the development of physiologically
relevant adipose tissue constructs.

Similarly, very few articles reported the use of perfusion culture to mimic interstitial
flow in adipose tissue. Articles using perfusion culture reported decreased adipogenic
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potential compared to static culture [17,26,45]. There is a need for more research on the
impact of flow rate and bioreactor geometry to develop culture conditions that support
maximum cell viability by mimicking in vivo mass transport without compromising hASC
adipogenic potential.

Despite the fact that white adipose tissue is dependent on vascularization for the
transport of nutrients, oxygen, and other soluble factors to maintain homeostasis, only
three articles identified in this review focused on engineering vascularized adipose tissue
constructs [17]. Notably, Paek et al. found that the vascularization of the tissue construct
was associated with increased adipogenesis compared to a non-vascularized construct [4].
However, no articles included in this review used functional assays to assess the impact of
vascularization on the functionality of adipose tissue constructs in vitro. This is a critical
next step to the development of physiologically accurate models of human adipose tissue.
Finally, there were a limited number of studies that used MPS models. Only one article
studied the impact of drug application on a tissue construct [4]. Additionally, there were
no articles that modeled adipose tissue disease conditions. The future of MPS modeling for
effective drug screening relies upon advancements in these areas.

According to the FDA, predictive tools such as engineered tissue constructs are crit-
ical to the goal of reducing, refining, and/or replacing animal testing. Standardization
of variables such as reagents, culture methods, and analysis methods (summarized in
Figure 7) used for adipose tissue engineering will propel the field towards models with
enhanced physiological relevance. This will support the FDA’s mission to further predictive
toxicology and enhance safety when bringing new medical products to market [6].
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Figure 7. Diagram demonstrating critical variables associated with in vitro modeling of human adipose tissue. Imaged

created with BioRender.com.
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In summary, there remains a need for an increased focus on the assessment of in vitro
functionality within the field of adipose tissue engineering for both regenerative medicine
and MPS models. Advancements in 3D culture methods for the generation of physiologi-
cally relevant adipose tissue constructs will synergistically support the discovery of novel
methods for soft tissue regeneration and models for drug discovery.

Author Contributions: Conceptualization, ].G. and T.F; Methodology, P.G., ].G. and T.F,; Formal
Analysis, P.G.; Investigation, P.G., K.H. and E.R.; Data Curation, P.G., K.H. and E.R.; Writing—original
draft preparation, P.G. and J.G.; Writing—review and editing, M.H., X.W., 5.0. and T.F,; Visualization,
P.G. and E.R; Supervision, J.G.; Project administration, T.F. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: All authors are employees or interns of Obatala Sciences, a for-profit biotech-
nology company focusing on the development of adipose-derived cells and scaffolds for regen-
erative medical applications. Additionally, T.E, J.G. and X.W. are co-owners and co-founders of
Obatala Sciences.

References

1. Si, Z.; Wang, X.; Sun, C; Kang, Y.; Xu, J.; Wang, X.; Hui, Y. Adipose-derived stem cells: Sources, potency, and implications for
regenerative therapies. Biomed. Pharmacother. 2019, 114, 108765. [CrossRef]

2. Miana, V.V,; Prieto Gonzalez, E.A. Adipose tissue stem cells in regenerative medicine. Ecancer Med. Sci. 2018, 12. [CrossRef]

3.  Frese, L.; Dijkman, PE.; Hoerstrup, S.P. Adipose tissue-derived stem cells in regenerative medicine. Transfus. Med. Hemother. 2016,
43,268-274. [CrossRef]

4. Bender, R.; McCarthy, M.; Brown, T.; Bukowska, J.; Smith, S.; Abbott, R.D.; Kaplan, D.L.; Williams, C.; Wade, ] W.; Alarcon, A;
et al. Human adipose derived cells in two- and three-dimensional cultures: Functional validation of an in vitro fat construct.
Stem Cells Int. 2020, 2020. [CrossRef] [PubMed]

5. Lau, EH,; Vogel, K.; Luckett, ].P.; Hunt, M.; Meyer, A.; Rogers, C.L.; Tessler, O.; Dupin, C.L.; st. Hilaire, H.; Islam, K.N.; et al.
Sandwiched white adipose tissue: A microphysiological system of primary human adipose tissue. Tissue Eng. Part C Methods
2018, 24, 135-145. [CrossRef]

6.  USFood and Drug Administration. FDA’s Predictive Toxicology Roadmap; US Food and Drug Administration: Silver Spring, MD,
USA, 2017.

7. Frazier, T; Lee, S.; Bowles, A.; Semon, J.; Bunnell, B.; Wu, X.; Gimble, ]. Gender and age-related cell compositional differences in
C57BL/6 murine adipose tissue stromal vascular fraction. Adipocyte 2018, 7, 183-189. [CrossRef]

8. Cheung, HK.; Han, T.T.Y,; Marecak, D.M.; Watkins, ].F; Amsden, B.G.; Flynn, L.E. Composite hydrogel scaffolds incorporating de-
cellularized adipose tissue for soft tissue engineering with adipose-derived stem cells. Biomaterials 2014, 35, 1914-1923. [CrossRef]

9.  Clevenger, TN.; Hinman, C.R.; Ashley Rubin, R.K.; Smither, K.; Burke, D.].; Hawker, C.J.; Messina, D.; van Epps, D.; Clegg, D.O.
Vitronectin-Based, biomimetic encapsulating hydrogel scaffolds support adipogenesis of adipose stem cells. Tissue Eng. Part A
2016, 22, 597-609. [CrossRef]

10. Fitzgerald, S.J.; Cobb, ].S.; Janorkar, A.V. Comparison of the formation, adipogenic maturation, and retention of human adipose-
derived stem cell spheroids in scaffold-free culture techniques. ]. Biomed. Mater. Res. Part B Appl. Biomater. 2020, 108,
3022-3032. [CrossRef]

11.  Gugerell, A.; Neumann, A.; Kober, J.; Tammaro, L.; Hoch, E.; Schnabelrauch, M.; Kamolz, L.; Kasper, C.; Keck, M. Adipose-Derived
stem cells cultivated on electrospun l-lactide/glycolide copolymer fleece and gelatin hydrogels under flow conditions—Aiming
physiological reality in hypodermis tissue engineering. Burns 2015, 41, 163-171. [CrossRef]

12.  Keck, M.; Gugerell, A.; Kober, J. Engineering a multilayered skin substitute with keratinocytes, fibroblasts, adipose-derived
stem cells, and adipocytes. In Methods in Molecular Biology; Humana Press Inc.: New York, NY, USA, 2019; Volume 1993,
pp. 149-157. [CrossRef]

13. Labriola, N.R; Sadick, J.S.; Morgan, J.R.; Mathiowitz, E.; Darling, E.M. Cell mimicking microparticles influence the organization,
growth, and mechanophenotype of stem cell spheroids. Ann. Biomed. Eng. 2018, 46, 1146-1159. [CrossRef]

14. Mineda, K,; Feng, J.; Ishimine, H.; Takada, H.; Doi, K.; Kuno, S.; Kinoshita, K.; Kanayama, K.; Kato, H.; Mashiko, T.; et al.

Therapeutic potential of human adipose-derived stem/stromal cell microspheroids prepared by three-dimensional culture in
non-cross-linked hyaluronic acid gel. Stem Cells Transl. Med. 2015, 4, 1511-1522. [CrossRef]


http://doi.org/10.1016/j.biopha.2019.108765
http://doi.org/10.3332/ecancer.2018.822
http://doi.org/10.1159/000448180
http://doi.org/10.1155/2020/4242130
http://www.ncbi.nlm.nih.gov/pubmed/32587620
http://doi.org/10.1089/ten.tec.2017.0339
http://doi.org/10.1080/21623945.2018.1460009
http://doi.org/10.1016/j.biomaterials.2013.11.067
http://doi.org/10.1089/ten.tea.2015.0550
http://doi.org/10.1002/jbm.b.34631
http://doi.org/10.1016/j.burns.2014.06.010
http://doi.org/10.1007/978-1-4939-9473-1_12
http://doi.org/10.1007/s10439-018-2028-4
http://doi.org/10.5966/sctm.2015-0037

Cells 2021, 10, 1378 15 of 19

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Miyamoto, Y.; Ikeuchi, M.; Noguchi, H.; Yagi, T.; Hayashi, S. Enhanced adipogenic differentiation of human adipose-derived
stem cells in an in vitro microenvironment: The preparation of adipose-like microtissues using a three-dimensional culture. Cell
Med. 2017, 9, 35-44. [CrossRef]

Newman, K,; Clark, K.; Gurumurthy, B.; Pal, P,; Janorkar, A.V. Elastin-Collagen based hydrogels as model scaffolds to induce
three-dimensional adipocyte culture from adipose derived stem cells. Bioengineering 2020, 7, 110. [CrossRef]

Paek, J.; Park, S.E.; Lu, Q.; Park, K.T.; Cho, M.; Oh, ] M.; Kwon, K.W.; Yi, Y.S.; Song, ] W.; Edelstein, H.L; et al. Microphysiological
engineering of self-assembled and perfusable microvascular beds for the production of vascularized three-dimensional human
microtissues. ACS Nano 2019, 13, 7627-7643. [CrossRef]

Pepelanova, I.; Kruppa, K.; Scheper, T.; Lavrentieva, A. Gelatin-Methacryloyl (GeIMA) hydrogels with defined degree of
functionalization as a versatile toolkit for 3D cell culture and extrusion bioprinting. Bioengineering 2018, 5, 55. [CrossRef]

Shen, K.; Vesey, D.A.; Hasnain, S.Z.; Zhao, K.N.; Wang, H.; Johnson, D.W.; Saunders, N.; Burgess, M.; Gobe, G.C. A cost-effective
three-dimensional culture platform functionally mimics the adipose tissue microenvironment surrounding the kidney. Biochem.
Biophys. Res. Commun. 2020, 522, 736-742. [CrossRef] [PubMed]

Tseng, H.; Daquinag, A.C.; Souza, G.R.; Kolonin, M.G. Three-Dimensional magnetic levitation culture system simulating white
adipose tissue. In Methods in Molecular Biology; Humana Press Inc.: Totowa, NJ, USA, 2018; Volume 1773, pp. 147-154. [CrossRef]
Vinson, B.T.; Phamduy, T.B.; Shipman, J.; Riggs, B.; Strong, A.L.; Sklare, S.C.; Murfee, W.L.; Burow, M.E; Bunnell, B.A.; Huang, Y.;
et al. Laser direct-write based fabrication of a spatially-defined, biomimetic construct as a potential model for breast cancer cell
invasion into adipose tissue. Biofabrication 2017, 9. [CrossRef]

Yoo, G.; Lim, ].S. Tissue engineering of injectable soft tissue filler: Using adipose stem cells and micronized acellular dermal
matrix. J. Korean Med. Sci. 2009, 24, 104-109. [CrossRef]

Wang, R.Y.; Abbott, R.D.; Zieba, A.; Borowsky, EE.; Kaplan, D.L. Development of a three-dimensional adipose tissue model for
studying embryonic exposures to obesogenic chemicals. Ann. Biomed. Eng. 2017, 45, 1807-1818. [CrossRef]

Yang, F.; Carmona, A.; Stojkova, K.; Garcia Huitron, E.I; Goddi, A.; Bhushan, A.; Cohen, R.N.; Brey, EM. A 3D human adipose
tissue model within a microfluidic device. Lab Chip 2021, 21, 435-446. [CrossRef] [PubMed]

O’Donnell, B.T.; Al-Ghadban, S.; Ives, C.J.; L'ecuyer, M.P.; Monjure, T.A.; Romero-Lopez, M.; Li, Z.; Goodman, S.B.; Lin, H.; Tuan,
R.S.; et al. Adipose tissue-derived stem cells retain their adipocyte differentiation potential in three-dimensional hydrogels and
bioreactors. Biomolecules 2020, 10, 1070. [CrossRef] [PubMed]

Louis, F; Piantino, M.; Liu, H.; Kang, D.H.; Sowa, Y.; Kitano, S.; Matsusaki, M. Bioprinted vascularized mature adipose tissue
with collagen microfibers for soft tissue regeneration. Cyborg Bionic Syst. 2021, 2021, 1-15. [CrossRef]

Ferndndez-Muifos, T.; Recha-Sancho, L.; Lopez-Chicon, P.; Castells-Sala, C.; Mata, A.; Semino, C.E. Bimolecular based heparin
and self-assembling hydrogel for tissue engineering applications. Acta Biomater. 2015, 16, 35-48. [CrossRef]

Lee, ].S.; Hong, J.M.; Jung, J.W.; Shim, ].H.; Oh, J.H.; Cho, D.W. 3D printing of composite tissue with complex shape applied to ear
regeneration. Biofabrication 2014, 6. [CrossRef]

Cheng, N.C.; Wang, S.; Young, T.H. The influence of spheroid formation of human adipose-derived stem cells on chitosan films
on stemness and differentiation capabilities. Biomaterials 2012, 33, 1748-1758. [CrossRef]

Kapur, S.K.; Wang, X.; Shang, H.; Yun, S; Li, X,; Feng, G.; Khurgel, M.; Katz, A.J. Human adipose stem cells maintain proliferative,
synthetic and multipotential properties when suspension cultured as self-assembling spheroids. Biofabrication 2012, 4. [CrossRef]
Mohiuddin, O.A.; O’Donnell, B.T.; Poche, ].N.; Iftikhar, R.; Wise, RM.; Motherwell, ]. M.; Campbell, B.; Savkovic, S.D.; Bun-
nell, B.A.; Hayes, D.J.; et al. Human adipose-derived hydrogel characterization based on in vitro ASC biocompatibility and
differentiation. Stem Cells Int. 2019, 2019. [CrossRef]

Park, H.; Karajanagi, S.; Wolak, K.; Aanestad, ].; Daheron, L.; Kobler, ].B.; Lopez-Guerra, G.; Heaton, ].T.; Langer, R.S.; Zeitels,
S.M. Three-Dimensional hydrogel model using adipose-derived stem cells for vocal fold augmentation. Tissue Eng. Part A 2010,
16, 535-543. [CrossRef] [PubMed]

Reid, B.; Afzal, ].M.; Mccartney, A.M.; Abraham, M.R.; O’'Rourke, B.; Elisseeff, ].H. Enhanced tissue production through redox
control in stem cell-laden hydrogels. Tissue Eng. Part A 2013, 19, 2014-2023. [CrossRef]

Ruminski, S.; Kalaszczyniska, I.; Dlugosz, A.; Lewandowska-Szumiet, M. Osteogenic differentiation of human adipose-derived
stem cells in 3D conditions—Comparison of spheroids and polystyrene scaffolds. Eur. Cells Mater. 2019, 37, 382-401.
[CrossRef] [PubMed]

Xu, Y; Shi, T.; Xu, A.; Zhang, L. 3D spheroid culture enhances survival and therapeutic capacities of MSCs injected into ischemic
kidney. J. Cell. Mol. Med. 2016, 20, 1203-1213. [CrossRef]

Bernardi, S.; Re, F,; Bosio, K.; Dey, K.; Almici, C.; Malagola, M.; Guizzi, P; Sartore, L.; Russo, D. Chitosan-Hydrogel polymeric
scaffold acts as an independent primary inducer of osteogenic differentiation in human mesenchymal stromal cells. Materials
2020, 13, 3546. [CrossRef] [PubMed]

Emmert, M.Y.; Wolint, P.; Wickboldt, N.; Gemayel, G.; Weber, B.; Brokopp, C.E.; Boni, A.; Falk, V.; Bosman, A.; Jaconi, M.E.; et al.
Human stem cell-based three-dimensional microtissues for advanced cardiac cell therapies. Biomaterials 2013, 34, 6339-6354.
[CrossRef] [PubMed]

Labusca, L.; Herea, D.D.; Minuti, A.E.; Stavila, C.; Danceanu, C.; Grigoras, M.; Ababei, G.; Chiriac, H.; Lupu, N. Magnetic
nanoparticle loaded human adipose derived mesenchymal cells spheroids in levitated culture. J. Biomed. Mater. Res. Part B Appl.
Biomater. 2020, 109. [CrossRef]


http://doi.org/10.3727/215517916X693096
http://doi.org/10.3390/bioengineering7030110
http://doi.org/10.1021/acsnano.9b00686
http://doi.org/10.3390/bioengineering5030055
http://doi.org/10.1016/j.bbrc.2019.11.119
http://www.ncbi.nlm.nih.gov/pubmed/31787234
http://doi.org/10.1007/978-1-4939-7799-4_12
http://doi.org/10.1088/1758-5090/aa6bad
http://doi.org/10.3346/jkms.2009.24.1.104
http://doi.org/10.1007/s10439-016-1752-x
http://doi.org/10.1039/D0LC00981D
http://www.ncbi.nlm.nih.gov/pubmed/33351023
http://doi.org/10.3390/biom10071070
http://www.ncbi.nlm.nih.gov/pubmed/32709032
http://doi.org/10.34133/2021/1412542
http://doi.org/10.1016/j.actbio.2015.01.008
http://doi.org/10.1088/1758-5082/6/2/024103
http://doi.org/10.1016/j.biomaterials.2011.11.049
http://doi.org/10.1088/1758-5082/4/2/025004
http://doi.org/10.1155/2019/9276398
http://doi.org/10.1089/ten.tea.2009.0029
http://www.ncbi.nlm.nih.gov/pubmed/19728785
http://doi.org/10.1089/ten.tea.2012.0515
http://doi.org/10.22203/eCM.v037a23
http://www.ncbi.nlm.nih.gov/pubmed/31099888
http://doi.org/10.1111/jcmm.12651
http://doi.org/10.3390/ma13163546
http://www.ncbi.nlm.nih.gov/pubmed/32796668
http://doi.org/10.1016/j.biomaterials.2013.04.034
http://www.ncbi.nlm.nih.gov/pubmed/23727259
http://doi.org/10.1002/jbm.b.34727

Cells 2021, 10, 1378 16 of 19

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Liu, X.; Wang, X.; Wang, X.; Ren, H.; He, ].; Qiao, L.; Cui, FEZ. Functionalized self-assembling peptide nanofiber hydrogels mimic
stem cell niche to control human adipose stem cell behavior in vitro. Acta Biomater. 2013, 9, 6798-6805. [CrossRef]

Murata, D.; Akieda, S.; Misumi, K.; Nakayama, K. Osteochondral regeneration with a scaffold-free three-dimensional construct of
adipose tissue-derived mesenchymal stromal cells in pigs. Tissue Eng. Regen. Med. 2018, 15, 101-113. [CrossRef]

Murata, D.; Tokunaga, S.; Tamura, T.; Kawaguchi, H.; Miyoshi, N.; Fujiki, M.; Nakayama, K.; Misumi, K. A preliminary study of
osteochondral regeneration using a scaffold-free three-dimensional construct of porcine adipose tissue-derived mesenchymal
stem cells. J. Orthop. Surg. Res. 2015, 10. [CrossRef]

Puetzer, ].; Williams, J.; Gillies, A.; Bernacki, S.; Loboa, E.G. The effects of cyclic hydrostatic pressure on chondrogenesis and
viability of human adipose-and bone marrow-derived mesenchymal stem cells in three-dimensional agarose constructs. Tissue
Eng. Part A 2013, 19, 299-306. [CrossRef]

Shen, EH.; Werner, B.C.; Liang, H.; Shang, H.; Yang, N.; Li, X; Shimer, A.L.; Balian, G.; Katz, A.J]. Implications of adipose-derived
stromal cells in a 3D culture system for osteogenic differentiation: An in vitro and in vivo investigation. Spine J. 2013, 13, 32—-43.
[CrossRef] [PubMed]

Di Stefano, A.B.; Grisafi, F.; Castiglia, M.; Perez, A.; Montesano, L.; Gulino, A ; Toia, F; Fanale, D.; Russo, A.; Moschella, E; et al.
Spheroids from adipose-derived stem cells exhibit an miRNA profile of highly undifferentiated cells. J. Cell. Physiol. 2018, 233,
8778-8789. [CrossRef]

Strassburg, S.; Nienhueser, H.; Stark, G.B.; Finkenzeller, G.; Torio-Padron, N. Human adipose-derived stem cells enhance the
angiogenic potential of endothelial progenitor cells, but not of human umbilical vein endothelial cells. Tissue Eng. Part A 2013, 19,
166—174. [CrossRef]

Wenz, A.; Tjoeng, I.; Schneider, I.; Kluger, PJ.; Borchers, K. Improved vasculogenesis and bone matrix formation through coculture
of endothelial cells and stem cells in tissue-specific methacryloyl gelatin-based hydrogels. Biotechnol. Bioeng. 2018, 115, 2643-2653.
[CrossRef] [PubMed]

Yoon, H.H.; Bhang, S.H.; Shin, ].Y.; Shin, J.; Kim, B.S. Enhanced cartilage formation via three-dimensional cell engineering of
human adipose-derived stem cells. Tissue Eng. Part A 2012, 18, 1949-1956. [CrossRef] [PubMed]

Zhang, S.; Liu, P; Chen, L.; Wang, Y.; Wang, Z.; Zhang, B. The effects of spheroid formation of adipose-derived stem cells in a
microgravity bioreactor on stemness properties and therapeutic potential. Biomaterials 2015, 41, 15-25. [CrossRef] [PubMed]
Zhu, Y.; Song, K; Jiang, S.; Chen, J.; Tang, L.; Li, S.; Fan, J.; Wang, Y.; Zhao, J.; Liu, T. Numerical simulation of mass transfer and
three-dimensional fabrication of tissue-engineered cartilages based on chitosan/gelatin hybrid hydrogel scaffold in a rotating
bioreactor. Appl. Biochem. Biotechnol. 2017, 181, 250-266. [CrossRef] [PubMed]

Hsueh, Y.Y; Chiang, Y.L.; Wu, C.C,; Lin, S.C. Spheroid formation and neural induction in human adipose-derived stem cells on a
chitosan-coated surface. Cells Tissues Organs 2012, 196, 117-128. [CrossRef]

Aldebs, A.L; Zohora, ET.; Nosoudi, N.; Singh, S.P; Ramirez-Vick, J.E. Effect of pulsed electromagnetic fields on human
mesenchymal stem cells using 3D magnetic scaffolds. Bioelectromagnetics 2020, 41, 175-187. [CrossRef]

Hsu, S.H.; Ni, YH.; Lee, Y.C. Microwell chips for selection of bio-macromolecules that increase the differentiation capacities of
mesenchymal stem cells. Macromol. Biosci. 2013, 13, 1100-1109. [CrossRef]

Jeon, O.; Marks, R.; Wolfson, D.; Alsberg, E. Dual-Crosslinked hydrogel microwell system for formation and culture of multicellu-
lar human adipose tissue-derived stem cell spheroids. J. Mater. Chem. B 2016, 4, 3526-3533. [CrossRef]

Kim, Y.B.; Lee, H.; Kim, G.H. Strategy to achieve highly porous/biocompatible macroscale cell blocks, using a collagen/genipin-
bioink and an optimal 3D printing process. ACS Appl. Mater. Interfaces 2016, 8, 32230-32240. [CrossRef]

Lee, J.; Seok, ].M.; Huh, S.J.; Byun, H.; Lee, S.; Park, S.A.; Shin, H. 3D printed micro-chambers carrying stem cell spheroids and
pro-proliferative growth factors for bone tissue regeneration. Biofabrication 2021, 13. [CrossRef]

Litvinova, L.S.; Shupletsova, V.v.; Yurova, K.A.; Khaziakhmatova, O.G.; Todosenko, N.M.; Malashchenko, V.v.; Shunkin, E.O.;
Melashchenko, E.S.; Khlusova, M.Y.; Komarova, E.G.; et al. Secretion of niche signal molecules in conditions of osteogenic
differentiation of multipotent mesenchymal stromal cells induced by textured calcium phosphate coating. Biomed. Khimiya 2019,
65, 339-346. [CrossRef]

Nii, M.; Lai, ].H.; Keeney, M.; Han, L.H.; Behn, A.; Imanbayev, G.; Yang, F. The effects of interactive mechanical and biochemical
niche signaling on osteogenic differentiation of adipose-derived stem cells using combinatorial hydrogels. Acta Biomater. 2013, 9,
5475-5483. [CrossRef] [PubMed]

Nyberg, E.; Farris, A.; O’Sullivan, A.; Rodriguez, R.; Grayson, W. Comparison of stromal vascular fraction and passaged adipose-
derived stromal/stem cells as point-of-care agents for bone regeneration. Tissue Eng. Part A 2019, 25, 1459-1469. [CrossRef]
Pacelli, S.; Maloney, R.; Chakravarti, A.R.; Whitlow, J.; Basu, S.; Modaresi, S.; Gehrke, S.; Paul, A. Controlling adult stem cell
behavior using nanodiamond-reinforced hydrogel: Implication in bone regeneration therapy. Sci. Rep. 2017, 7. [CrossRef]
Wang, X.E; Song, Y.; Liu, Y.S.; Sun, Y.C.; Wang, Y.G.; Wang, Y.; Lyu, PJ. Osteogenic differentiation of three-dimensional bioprinted
constructs consisting of human adipose-derived stem cells in vitro and in vivo. PLoS ONE 2016, 11, e0157214. [CrossRef]

Wenz, A.; Borchers, K.; Tovar, G.E.M.; Kluger, PJ. Bone matrix production in hydroxyapatite-modified hydrogels suitable for
bone bioprinting. Biofabrication 2017, 9. [CrossRef]

Zhou, X.; Zhang, D.; Wang, M.; Zhang, D.; Xu, Y. Three-Dimensional printed titanium scaffolds enhance osteogenic differentiation
and new bone formation by cultured adipose tissue-derived stem cells through the IGF-1R/Akt/ mammalian target of rapamycin
complex 1 (mTORC1) pathway. Med. Sci. Monit. 2019, 25, 8043-8054. [CrossRef]


http://doi.org/10.1016/j.actbio.2013.01.027
http://doi.org/10.1007/s13770-017-0091-9
http://doi.org/10.1186/s13018-015-0173-0
http://doi.org/10.1089/ten.tea.2012.0015
http://doi.org/10.1016/j.spinee.2013.01.002
http://www.ncbi.nlm.nih.gov/pubmed/23384881
http://doi.org/10.1002/jcp.26785
http://doi.org/10.1089/ten.tea.2011.0699
http://doi.org/10.1002/bit.26792
http://www.ncbi.nlm.nih.gov/pubmed/29981277
http://doi.org/10.1089/ten.tea.2011.0647
http://www.ncbi.nlm.nih.gov/pubmed/22881427
http://doi.org/10.1016/j.biomaterials.2014.11.019
http://www.ncbi.nlm.nih.gov/pubmed/25522961
http://doi.org/10.1007/s12010-016-2210-9
http://www.ncbi.nlm.nih.gov/pubmed/27526111
http://doi.org/10.1159/000332045
http://doi.org/10.1002/bem.22248
http://doi.org/10.1002/mabi.201200472
http://doi.org/10.1039/C6TB00064A
http://doi.org/10.1021/acsami.6b11669
http://doi.org/10.1088/1758-5090/abc39c
http://doi.org/10.18097/PBMC20196504339
http://doi.org/10.1016/j.actbio.2012.11.002
http://www.ncbi.nlm.nih.gov/pubmed/23153761
http://doi.org/10.1089/ten.tea.2018.0341
http://doi.org/10.1038/s41598-017-06028-y
http://doi.org/10.1371/journal.pone.0157214
http://doi.org/10.1088/1758-5090/aa91ec
http://doi.org/10.12659/MSM.918517

Cells 2021, 10, 1378 17 of 19

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Ewa-Choy, Y.W.; Pingguan-Murphy, B.; Abdul-Ghani, N.A.; Jahendran, J.; Chua, K.H. Effect of alginate concentration on
chondrogenesis of co-cultured human adipose-derived stem cells and nasal chondrocytes: A biological study. Biomater. Res. 2017,
21. [CrossRef]

Wang, T.; Lai, ] H.; Han, L.H.; Tong, X.; Yang, F. Chondrogenic differentiation of adipose-derived stromal cells in combi-
natorial hydrogels containing cartilage matrix proteins with decoupled mechanical stiffness. Tissue Eng. Part A 2014, 20,
2131-2139. [CrossRef]

Wu, Y.; Hospodiuk, M.; Peng, W.; Gudapati, H.; Neuberger, T.; Koduru, S.; Ravnic, D.J.; Ozbolat, I.T. Porous tissue strands:
Avascular building blocks for scalable tissue fabrication. Biofabrication 2019, 11. [CrossRef]

Zigon-Branc, S.; Markovic, M.; van Hoorick, J.; Van Vlierberghe, S.; Dubruel, P.; Zerobin, E.; Baudis, S.; Ovsianikov, A. Impact
of hydrogel stiffness on differentiation of human adipose-derived stem cell microspheroids. Tissue Eng. Part A 2019, 25,
1369-1380. [CrossRef]

Choi, S.W.; Hong, K.Y.; Minn, K.W.; Chang, H. Chondrogenesis of adipose-derived stem cells on irradiated cartilage. Plast.
Reconstr. Surg. 2020, 145, 409-418. [CrossRef] [PubMed]

Du, WJ.; Reppel, L.; Leger, L.; Schenowitz, C.; Huselstein, C.; Bensoussan, D.; Carosella, E.D.; Han, Z.C.; Rouas-Freiss, N.
Mesenchymal stem cells derived from human bone marrow and adipose tissue maintain their immunosuppressive properties
after chondrogenic differentiation: Role of HLA-G. Stem Cells Dev. 2016, 25, 1454-1469. [CrossRef]

Huang, G.S.; Dai, L.G.; Yen, B.L.; Hsu, S.H. Spheroid formation of mesenchymal stem cells on chitosan and chitosan-hyaluronan
membranes. Biomaterials 2011, 32, 6929-6945. [CrossRef] [PubMed]

Lee, G.H,; Park, Y.E.; Cho, M.,; Park, H.; Park, J.Y. Magnetic force-assisted self-locking metallic bead array for fabrication of
diverse concave microwell geometries. Lab Chip 2016, 16, 3565-3575. [CrossRef]

Liu, Y,; Buckley, C.T.; Downey, R.; Mulhall, K.J.; Kelly, D.]J. The role of environmental factors in regulating the development of
cartilaginous grafts engineered using osteoarthritic human infrapatellar fat pad-derived stem cells. Tissue Eng. Part A 2012, 18,
1531-1541. [CrossRef] [PubMed]

Moutos, ET.; Guilak, E. Functional properties of cell-seeded three-dimensionally woven poly(e-Caprolactone) scaffolds for
cartilage tissue engineering. Tissue Eng. Part A 2010, 16, 1291-1301. [CrossRef] [PubMed]

Ribeiro, V.P.; da Silva Morais, A.; Maia, FR.; Canadas, R.F; Costa, ].B.; Oliveira, A.L.; Oliveira, ].M.; Reis, R.L. Combinatory
approach for developing silk fibroin scaffolds for cartilage regeneration. Acta Biomater. 2018, 72, 167-181. [CrossRef]

Seker, $.; Elcin, A.E.; Elcin, Y.M. Macroporous elastic cryogels based on platelet lysate and oxidized dextran as tissue engineering
scaffold: In vitro and in vivo evaluations. Mater. Sci. Eng. C 2020, 110. [CrossRef]

Song, K.; Li, L.; Li, W;; Zhu, Y,; Jiao, Z.; Lim, M.; Fang, M.; Shi, F.; Wang, L.; Liu, T. Three-Dimensional dynamic fabrication of
engineered cartilage based on chitosan/gelatin hybrid hydrogel scaffold in a spinner flask with a special designed steel frame.
Mater. Sci. Eng. C 2015, 55, 384-392. [CrossRef]

Udomluck, N.; Kim, S.H.; Cho, H.; Park, ].Y.; Park, H. Three-Dimensional cartilage tissue regeneration system harnessing
goblet-shaped microwells containing biocompatible hydrogel. Biofabrication 2020, 12. [CrossRef]

Clark, K.; Janorkar, A.V. Milieu for endothelial differentiation of human adipose-derived stem cells. Bioengineering 2018, 5,
82. [CrossRef]

Lee, J.S.; Shin, J.; Park, HM.; Kim, Y.G.; Kim, B.G.; Oh, J.W.; Cho, S.W. Liver extracellular matrix providing dual functions of two-
dimensional substrate coating and three-dimensional injectable hydrogel platform for liver tissue engineering. Biomacromolecules
2014, 15, 206-218. [CrossRef]

Yang, G.; Lin, H.; Rothrauff, B.B.; Yu, S.; Tuan, R.S. Multilayered polycaprolactone/gelatin fiber-hydrogel composite for tendon
tissue engineering. Acta Biomater. 2016, 35, 68-76. [CrossRef] [PubMed]

Yuan, J.; Li, W.; Huang, J.; Guo, X; Li, X,; Lu, X; Huang, X.; Zhang, H. Transplantation of human adipose stem cell-derived
hepatocyte-like cells with restricted localization to liver using acellular amniotic membrane. Stem Cell Res. Ther. 2015, 6. [CrossRef]
Amos, PJ.; Kapur, S.K.; Stapor, P.C.; Shang, H.; Bekiranov, S.; Khurgel, M.; Rodeheaver, G.T.; Peirce, S.M.; Katz, A.]. Human
adipose-derived stromal cells accelerate diabetic wound healing: Impact of cell formulation and delivery. Tissue Eng. Part A 2010,
16, 1595-1606. [CrossRef]

Barnett, H.H.; Heimbuck, A.M.; Pursell, I.; Hegab, R.A.; Sawyer, B.].; Newman, J.J.; Caldorera-Moore, M.E. Poly (ethylene glycol)
hydrogel scaffolds with multiscale porosity for culture of human adipose-derived stem cells. J. Biomater. Sci. Polym. Ed. 2019, 30,
895-918. [CrossRef]

Bhang, S.H.; Lee, S.; Shin, J.Y;; Lee, T.J.; Jang, H.K,; Kim, B.S. Efficacious and clinically relevant conditioned medium of human
adipose-derived stem cells for therapeutic angiogenesis. Mol. Ther. 2014, 22, 862-872. [CrossRef]

Bogdanova-Jatniece, A.; Berzins, U.; Kozlovska, T. Growth properties and pluripotency marker expression of spontaneously
formed thre-dimensional aggregates of human adipose-derived stem cells. Int. J. Stem Cells 2014, 7, 143-152. [CrossRef]

Boyer, C.; Figueiredo, L.; Pace, R.; Lesoeur, J.; Rouillon, T.; Visage, C.1; Tassin, ].E; Weiss, P.; Guicheux, J.; Rethore, G. Laponite
nanoparticle-associated silated hydroxypropylmethyl cellulose as an injectable reinforced interpenetrating network hydrogel for
cartilage tissue engineering. Acta Biomater. 2018, 65, 112-122. [CrossRef] [PubMed]

Chansoria, P.; Narayanan, L.K.; Schuchard, K.; Shirwaiker, R. Ultrasound-Assisted biofabrication and bioprinting of preferentially
aligned three-dimensional cellular constructs. Biofabrication 2019, 11. [CrossRef]


http://doi.org/10.1186/s40824-017-0105-7
http://doi.org/10.1089/ten.tea.2013.0531
http://doi.org/10.1088/1758-5090/aaec22
http://doi.org/10.1089/ten.tea.2018.0237
http://doi.org/10.1097/PRS.0000000000006482
http://www.ncbi.nlm.nih.gov/pubmed/31985633
http://doi.org/10.1089/scd.2016.0022
http://doi.org/10.1016/j.biomaterials.2011.05.092
http://www.ncbi.nlm.nih.gov/pubmed/21762982
http://doi.org/10.1039/C6LC00661B
http://doi.org/10.1089/ten.tea.2011.0575
http://www.ncbi.nlm.nih.gov/pubmed/22443147
http://doi.org/10.1089/ten.tea.2009.0480
http://www.ncbi.nlm.nih.gov/pubmed/19903085
http://doi.org/10.1016/j.actbio.2018.03.047
http://doi.org/10.1016/j.msec.2020.110703
http://doi.org/10.1016/j.msec.2015.05.062
http://doi.org/10.1088/1758-5090/ab5d3e
http://doi.org/10.3390/bioengineering5040082
http://doi.org/10.1021/bm4015039
http://doi.org/10.1016/j.actbio.2016.03.004
http://www.ncbi.nlm.nih.gov/pubmed/26945631
http://doi.org/10.1186/s13287-015-0208-9
http://doi.org/10.1089/ten.tea.2009.0616
http://doi.org/10.1080/09205063.2019.1612725
http://doi.org/10.1038/mt.2013.301
http://doi.org/10.15283/ijsc.2014.7.2.143
http://doi.org/10.1016/j.actbio.2017.11.027
http://www.ncbi.nlm.nih.gov/pubmed/29128532
http://doi.org/10.1088/1758-5090/ab15cf

Cells 2021, 10, 1378 18 of 19

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Cheng, N.C.; Chang, H.H.; Tu, YK.; Young, T.H. Efficient transfer of human adipose-derived stem cells by chitosan/gelatin blend
films. |. Biomed. Mater. Res. Part B Appl. Biomater. 2012, 100, 1369-1377. [CrossRef]

Cho, YJ.; Song, H.S.; Bhang, S.; Lee, S.; Kang, B.G,; Lee, ].C.; An, J.; Cha, C.I; Nam, D.H.; Kim, B.S.; et al. Therapeutic effects of
human adipose stem cell-conditioned medium on stroke. J. Neurosci. Res. 2012, 90, 1794-1802. [CrossRef]

Chung, E.; Rytlewski, J.A.; Merchant, A.G.; Dhada, K.S.; Lewis, E.W,; Suggs, L.J. Fibrin-Based 3D matrices induce angiogenic
behavior of adipose-derived stem cells. Acta Biomater. 2015, 17, 78-88. [CrossRef]

De Moor, L.; Merovci, I; Baetens, S.; Verstraeten, J.; Kowalska, P.; Krysko D, v.; de Vos, W.H.; Declercq, H. High-Throughput
fabrication of vascularized spheroids for bioprinting. Biofabrication 2018, 10. [CrossRef]

Furuhata, Y.; Kikuchi, Y.; Tomita, S.; Yoshimoto, K. Small spheroids of adipose-derived stem cells with time-dependent enhance-
ment of IL-8 and VEGF-A secretion. Genes Cells 2016, 21, 1380-1386. [CrossRef]

Hsu, S.H.; Ho, T.T.; Huang, N.C,; Yao, C.L.; Peng, L.H.; Dai, N.T. Substrate-Dependent modulation of 3D spheroid morphology self-
assembled in mesenchymal stem cell-endothelial progenitor cell coculture. Biomaterials 2014, 35, 7295-7307. [CrossRef] [PubMed]
Jia, J.; Richards, D.J.; Pollard, S.; Tan, Y.; Rodriguez, J.; Visconti, R.P; Trusk, T.C.; Yost, M.].; Yao, H.; Markwald, R.R;; et al.
Engineering alginate as bioink for bioprinting. Acta Biomater. 2014, 10, 4323-4331. [CrossRef]

Jiang, C.E; Hsu, S.H.; Tsai, K.P; Tsai, M.H. Segmentation and tracking of stem cells in time lapse microscopy to quantify dynamic
behavioral changes during spheroid formation. Cytom. Part A 2015, 87, 491-502. [CrossRef]

Kang, B; Shin, J.; Park, H.J.; Rhyou, C.; Kang, D.; Lee, S.J.; Yoon, Y.s.; Cho, S.W.; Lee, H. High-Resolution acoustophoretic 3D cell
patterning to construct functional collateral cylindroids for ischemia therapy. Nat. Commun. 2018, 9. [CrossRef]

Karam, J.P.; Muscari, C.; Sindji, L.; Bastiat, G.; Bonafe, F; Venier-Julienne, M.C.; Montero-Menei, N.C. Pharmacologically
active microcarriers associated with thermosensitive hydrogel as a growth factor releasing biomimetic 3D scaffold for cardiac
tissue-engineering. J. Control. Release 2014, 192, 82-94. [CrossRef] [PubMed]

Kim, J.H,; Park, L.S,; Park, Y.; Jung, Y.; Kim, S.H.; Kim, S.H. Therapeutic angiogenesis of three-dimensionally cultured adipose-
derived stem cells in rat infarcted hearts. Cytotherapy 2013, 15, 542-556. [CrossRef]

Kim, J.H; Lim, LR.; Joo, H.J.; Choi, S.C.; Choi, ]. H.; Cui, L.H.; Im, L.; Hong, S.J.; Lim, D.S. Sphere formation of adipose stem
cell engineered by poly-2-hydroxyethyl methacrylate induces in vitro angiogenesis through fibroblast growth factor 2. Biochem.
Biophys. Res. Commun. 2015, 468, 372-379. [CrossRef] [PubMed]

Kim, J.H.; Park, Y; Jung, Y.; Kim, S.H.; Kim, S.H. Combinatorial therapy with three-dimensionally cultured adipose-derived
stromal cells and self-assembling peptides to enhance angiogenesis and preserve cardiac function in infarcted hearts. J. Tissue
Eng. Regen. Med. 2017, 11, 2816-2827. [CrossRef]

Kim, Y.; Baipaywad, P.; Jeong, Y.; Park, H. Incorporation of gelatin microparticles on the formation of adipose-derived stem cell
spheroids. Int. J. Biol. Macromol. 2018, 110, 472-478. [CrossRef] [PubMed]

Kim, D.; Lee, G.H,; Park, J; Lee, ].C.; Park, ].Y. Lab-on-a-CD platform for generating multicellular three-dimensional spheroids. J.
Vis. Exp. 2019, 2019. [CrossRef]

Kim, J.H.; Lee, J.Y. Multi-Spheroid-Loaded human acellular dermal matrix carrier preserves its spheroid shape and improves
in vivo adipose-derived stem cell delivery and engraftment. Tissue Eng. Regen. Med. 2020, 17, 271-283. [CrossRef]

Kolan, K.C.R.; Semon, J.A.; Bromet, B.; Day, D.E.; Leu, M.C. Bioprinting with human stem cell-laden alginate-gelatin bioink and
bioactive glass for tissue engineering. Int. J. Bioprint. 2019, 5, 3—15. [CrossRef] [PubMed]

Kundu, B.; Bastos, A.R.F; Brancato, V.; Cerqueira, M.T.; Oliveira, ] M.; Correlo, V.M.; Reis, R.L.; Kundu, S.C. Mechanical property
of hydrogels and the presence of adipose stem cells in tumor stroma affect spheroid formation in the 3d osteosarcoma model.
ACS Appl. Mater. Interfaces 2019, 11, 14548-14559. [CrossRef]

Kwon, S.H.; Bhang, S.H.; Jang, H.K.; Rhim, T.; Kim, B.S. Conditioned medium of adipose-derived stromal cell culture in
three-dimensional bioreactors for enhanced wound healing. . Surg. Res. 2015, 194, 8-17. [CrossRef]

Lee, G.H.; Suh, Y,; Park, ].Y. A paired bead and magnet array for molding microwells with variable concave geometries. J. Vis.
Exp. 2018, 2018. [CrossRef]

Lee, ].S.; Eo, PS.; Kim, M.C; Kim, ].B,; Jin, HK,; Bae, ].S.; Jeong, J.h.; Park, H.Y.; Yang, ].D. Effects of stromal vascular fraction on
breast cancer growth and fat engraftment in NOD/SCID mice. Aesthet. Plast. Surg. 2019, 43, 498-513. [CrossRef]

Lee, J.S.; Chae, S.J.; Yoon, D.; Yoon, D.; Chun, W.; Kim, G.H. Angiogenic factors secreted from human ASC spheroids en-
trapped in an alginate-based hierarchical structure via combined 3D printing/electrospinning system. Biofabrication 2020, 12.
[CrossRef] [PubMed]

Li, C.; Wang, K; Zhou, X;; Li, T;; Xu, Y.; Qiang, L.; Peng, M.; Xu, Y,; Xie, L.; He, C.; et al. Controllable fabrication of hydroxybutyl
chitosan/oxidized chondroitin sulfate hydrogels by 3D bioprinting technique for cartilage tissue engineering. Biomed. Mater.
2019, 14. [CrossRef]

Liu, Q.; Li, Q.; Xu, S.; Zheng, Q.; Cao, X. Preparation and properties of 3D printed alginate-chitosan polyion complex hydrogels
for tissue engineering. Polymers 2018, 10, 664. [CrossRef] [PubMed]

Liu, K.; Mihaila, S.M.; Rowan, A.; Oosterwijk, E.; Kouwer, PH.]. Synthetic extracellular matrices with nonlinear elasticity regulate
cellular organization. Biomacromolecules 2019, 20, 826-834. [CrossRef]

Lu, T.Y,; Yu, K.E; Kuo, S.H.; Cheng, N.C.; Chuang, E.Y.; Yu, ].S. Enzyme-Crosslinked gelatin hydrogel with adipose-derived stem
cell spheroid facilitating wound repair in the murine burn model. Polymers 2020, 12, 2997. [CrossRef] [PubMed]


http://doi.org/10.1002/jbm.b.32706
http://doi.org/10.1002/jnr.23063
http://doi.org/10.1016/j.actbio.2015.01.012
http://doi.org/10.1088/1758-5090/aac7e6
http://doi.org/10.1111/gtc.12448
http://doi.org/10.1016/j.biomaterials.2014.05.033
http://www.ncbi.nlm.nih.gov/pubmed/24909102
http://doi.org/10.1016/j.actbio.2014.06.034
http://doi.org/10.1002/cyto.a.22642
http://doi.org/10.1038/s41467-018-07823-5
http://doi.org/10.1016/j.jconrel.2014.06.052
http://www.ncbi.nlm.nih.gov/pubmed/24998940
http://doi.org/10.1016/j.jcyt.2012.11.016
http://doi.org/10.1016/j.bbrc.2015.10.083
http://www.ncbi.nlm.nih.gov/pubmed/26498525
http://doi.org/10.1002/term.2181
http://doi.org/10.1016/j.ijbiomac.2018.01.046
http://www.ncbi.nlm.nih.gov/pubmed/29369781
http://doi.org/10.3791/60399
http://doi.org/10.1007/s13770-020-00252-w
http://doi.org/10.18063/ijb.v5i2.2.204
http://www.ncbi.nlm.nih.gov/pubmed/32596547
http://doi.org/10.1021/acsami.8b22724
http://doi.org/10.1016/j.jss.2014.10.053
http://doi.org/10.3791/55548
http://doi.org/10.1007/s00266-018-01304-2
http://doi.org/10.1088/1758-5090/abaf9a
http://www.ncbi.nlm.nih.gov/pubmed/32946427
http://doi.org/10.1088/1748-605X/aaf8ed
http://doi.org/10.3390/polym10060664
http://www.ncbi.nlm.nih.gov/pubmed/30966698
http://doi.org/10.1021/acs.biomac.8b01445
http://doi.org/10.3390/polym12122997
http://www.ncbi.nlm.nih.gov/pubmed/33339100

Cells 2021, 10, 1378 19 of 19

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Manikowski, D.; Andrée, B.; Samper, E.; Saint-Marc, C.; Olmer, R.; Vogt, P.; Strauf3, S.; Haverich, A.; Hilfiker, A. Human adipose
tissue-derived stromal cells in combination with exogenous stimuli facilitate three-dimensional network formation of human
endothelial cells derived from various sources. Vasc. Pharmacol. 2018, 106, 28-36. [CrossRef] [PubMed]

No, D.Y;; Lee, S.A.; Choi, Y.Y,; Park, D.Y,; Jang, ].Y.; Kim, D.S; Lee, S.H.; Johnson, R. Functional 3D human primary hepatocyte
spheroids made by co-culturing hepatocytes from partial hepatectomy specimens and human adipose-derived stem cells. PLoS
ONE 2012, 7, €50723. [CrossRef] [PubMed]

Oliveira, M.N.; Pillat, M.M.; Motaln, H.; Ulrich, H.; Lah, T.T. Kinin-B1 receptor stimulation promotes invasion and is involved in
cell-cell interaction of co-cultured glioblastoma and mesenchymal stem cells. Sci. Rep. 2018, 8. [CrossRef]

Park, J.; Lee, G.H.; Yull Park, J.; Lee, ].C.; Kim, H.C. Hypergravity-Induced multicellular spheroid generation with different
morphological patterns precisely controlled on a centrifugal microfluidic platform. Biofabrication 2017, 9. [CrossRef]

Paupert, J.; Espinosa, E.; Cenac, N.; Robert, V.; Laharrague, P.; Evrard, S.M.; Casteilla, L.; Lorsignol, A.; Cousin, B. Rapid and
efficient production of human functional mast cells through a three-dimensional culture of adipose tissue-derived stromal
vascular cells. J. Immunol. 2018, 201, 3815-3821. [CrossRef]

Shin, H.S; Lee, S.; Kim, Y.M.; Lim, ].Y. Hypoxia-Activated adipose mesenchymal stem cells prevents irradiation-induced salivary
hypofunction by enhanced paracrine effect through fibroblast growth factor 10. Stern Cells 2018, 36, 1020-1032. [CrossRef]
Skiles, M.L.; Sahai, S.; Rucker, L.; Blanchette, ].O. Use of culture geometry to control hypoxia-induced vascular endothelial growth
factor secretion from adipose-derived stem cells: Optimizing a cell-based approach to drive vascular growth. Tissue Eng. Part A
2013, 19, 2330-2338. [CrossRef] [PubMed]

Toro, L.; Bohovic, R.; Matuskova, M.; Smolkova, B.; Kucerova, L. Metastatic ovarian cancer can be efficiently treated by genetically
modified mesenchymal stromal cells. Stem Cells Dev. 2016, 25, 1640-1651. [CrossRef]

Ulusoy, M.; Lavrentieva, A.; Walter, ].G.; Sambale, F; Green, M.; Stahl, F; Scheper, T. Evaluation of CdTe/CdS/ZnS
core/shell/shell quantum dot toxicity on three-dimensional spheroid cultures. Toxicol. Res. 2015, 5, 126-135. [CrossRef]
Williams, S.K.; Touroo, J.S.; Church, K.H.; Hoying, J.B. Encapsulation of adipose stromal vascular fraction cells in alginate
hydrogel spheroids using a direct-write three-dimensional printing system. BioRes. Open Access 2013, 2, 448-454. [CrossRef]
Xu, Y; Yang, Y.; Zheng, H.; Huang, C.; Zhu, X.; Zhu, Y.; Guan, R;; Xin, Z.; Liu, Z.; Tian, Y. Intracavernous injection of size-specific
stem cell spheroids for neurogenic erectile dysfunction: Efficacy and risk versus single cells. EBioMedicine 2020, 52. [CrossRef]
Yamauchi, T.; Yamasaki, K.; Tsuchiyama, K.; Aiba, S. Artificial pigmented human skin created by muse cells. In Advances in
Experimental Medicine and Biology; Springer: New York, NY, USA, 2018; Volume 1103, pp. 255-271. [CrossRef]

Zamora, D.O.; Natesan, S.; Becerra, S.; Wrice, N.; Chung, E.; Suggs, L.].; Christy, R.J. Enhanced wound vascularization using a
dsASCs seeded FPEG scaffold. Angiogenesis 2013, 16, 745-757. [CrossRef] [PubMed]

Zhang, X.; Hu, M.G,; Pan, K.; Li, C.H.; Liu, R. 3D spheroid culture enhances the expression of antifibrotic factors in human
adipose-derived MSCs and improves their therapeutic effects on hepatic fibrosis. Stem Cells Int. 2016, 2016. [CrossRef]
Martinez-Santibafiez, G.; Cho, KW.; Lumeng, C.N. Imaging white adipose tissue with confocal microscopy. In Methods in
Enzymology; Academic Press Inc.: Cambridge, MA, USA, 2014; Volume 537, pp. 17-30. [CrossRef]

Methods to Analyze Lipid Bodies by Microscopy. Wiley Analytical Science. 2016. Available online: https:/ /analyticalscience.
wiley.com/do/10.1002/imaging.5611 (accessed on 19 March 2021).

Fam, TK.; Klymchenko, A.S.; Collot, M. Recent advances in fluorescent probes for lipid droplets. Materials 2018, 11,
1768. [CrossRef]

Bourin, P,; Bunnell, B.A.; Casteilla, L.; Dominici, M.; Katz, A.].; March, K.L.; Redl, H.; Rubin, J.P,; Yoshimura, K.; Gimble, ].M.
Stromal cells from the adipose tissue-derived stromal vascular fraction and culture expanded adipose tissue-derived stromal/stem
cells: A joint statement of the International Federation for Adipose Therapeutics and Science (IFATS) and the International Society
for Cellular Therapy (ISCT). Cytotherapy 2013, 15, 641-648. [CrossRef]

Schweiger, M.; Eichmann, T.O.; Taschler, U.; Zimmermann, R.; Zechner, R.; Lass, A. Measurement of lipolysis. In Methods in
Enzymology; Academic Press Inc.: Cambridge, MA, USA, 2014; Volume 538, pp. 171-193. [CrossRef]

Ryu, N.E; Lee, S.H.; Park, H. Spheroid culture system methods and applications for mesenchymal stem cells. Cells 2019, 8,
1620. [CrossRef]


http://doi.org/10.1016/j.vph.2018.02.003
http://www.ncbi.nlm.nih.gov/pubmed/29452238
http://doi.org/10.1371/journal.pone.0050723
http://www.ncbi.nlm.nih.gov/pubmed/23236387
http://doi.org/10.1038/s41598-018-19359-1
http://doi.org/10.1088/1758-5090/aa9472
http://doi.org/10.4049/jimmunol.1701751
http://doi.org/10.1002/stem.2818
http://doi.org/10.1089/ten.tea.2012.0750
http://www.ncbi.nlm.nih.gov/pubmed/23668629
http://doi.org/10.1089/scd.2016.0064
http://doi.org/10.1039/C5TX00236B
http://doi.org/10.1089/biores.2013.0046
http://doi.org/10.1016/j.ebiom.2020.102656
http://doi.org/10.1007/978-4-431-56847-6_14
http://doi.org/10.1007/s10456-013-9352-y
http://www.ncbi.nlm.nih.gov/pubmed/23709171
http://doi.org/10.1155/2016/4626073
http://doi.org/10.1016/B978-0-12-411619-1.00002-1
https://analyticalscience.wiley.com/do/10.1002/imaging.5611
https://analyticalscience.wiley.com/do/10.1002/imaging.5611
http://doi.org/10.3390/ma11091768
http://doi.org/10.1016/j.jcyt.2013.02.006
http://doi.org/10.1016/B978-0-12-800280-3.00010-4
http://doi.org/10.3390/cells8121620

	Introduction 
	Methods 
	Results and Discussion 
	Differentiation Pathways 
	Adipogenic Differentiation Analysis Techniques 
	Microscopy Techniques 
	Snapshot Assays 
	Functional Biochemical Assays 

	3D Culture Mechanisms 
	Scaffold Culture 
	Scaffold-Free Culture 

	Microphysiological Systems 
	Limitations of Current Analysis 
	Identifying Future Directions Using MPS Models to Evaluate Human Adipose Biology 

	References

