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Simple Summary: Obesity shortens human lifespan and represents one of the most important public
health problems causing significant economic and societal consequences worldwide. However,
the current development of physiological human 3D adipose tissue models for in vitro research
on preclinical personalized medicine is limited and expensive. Here, we designed, produced, and
characterized 3D solid foams using a mixture of bovine collagen I and decellularized human adipose
tissue to serve as a 3D matrix mimicking in vivo adipose microenvironment for cell culture purposes.
Furthermore, we sought to validate its compatibility for the culture of human mesenchymal stem
cells isolated from the dental pulp. We demonstrated that 3D solid foams are able to integrate the
stem cells from the dental pulp and provide the appropriate cues to differentiate them into mature
adipocytes. The results represent an advance of in vitro 3D models using a human extracellular
matrix derived material for future personalized stem cell therapies.

Abstract: Engineered 3D human adipose tissue models and the development of physiological human
3D in vitro models to test new therapeutic compounds and advance in the study of pathophysiological
mechanisms of disease is still technically challenging and expensive. To reduce costs and develop
new technologies to study human adipogenesis and stem cell differentiation in a controlled in vitro
system, here we report the design, characterization, and validation of extracellular matrix (ECM)-
based materials of decellularized human adipose tissue (hDAT) or bovine collagen-I (bCOL-I) for 3D
adipogenic stem cell culture. We aimed at recapitulating the dynamics, composition, and structure of
the native ECM to optimize the adipogenic differentiation of human mesenchymal stem cells. hDAT
was obtained by a two-enzymatic step decellularization protocol and post-processed by freeze-drying
to produce 3D solid foams. These solid foams were employed either as pure hDAT, or combined
with bCOL-I in a 3:1 proportion, to recreate a microenvironment compatible with stem cell survival
and differentiation. We sought to investigate the effect of the adipogenic inductive extracellular
3D-microenvironment on human multipotent dental pulp stem cells (hDPSCs). We found that
solid foams supported hDPSC viability and proliferation. Incubation of hDPSCs with adipogenic
medium in hDAT-based solid foams increased the expression of mature adipocyte LPL and c/EBP
gene markers as determined by RT-qPCR, with respect to bCOL-I solid foams. Moreover, hDPSC
capability to differentiate towards adipocytes was assessed by PPAR-γ immunostaining and Oil-red
lipid droplet staining. We found out that both hDAT and mixed 3:1 hDAT-COL-I solid foams could
support adipogenesis in 3D-hDPSC stem cell cultures significantly more efficiently than solid foams
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of bCOL-I, opening the possibility to obtain hDAT-based solid foams with customized properties. The
combination of human-derived ECM biomaterials with synthetic proteins can, thus, be envisaged to
reduce fabrication costs, thus facilitating the widespread use of autologous stem cells and biomaterials
for personalized medicine.

Keywords: human adipose tissue; decellularization; extracellular matrix; human dental pulp stem
cells; solid foam; adipogenic differentiation; stem cell culture; personalized medicine

1. Introduction

Changes in the lifestyle and dietary habits over the last decades have resulted in a
burst of a worldwide obesity pandemic that shortens the lifespan of the affected individuals.
Obesity and related diseases, including cardiovascular diseases, diabetes, musculoskele-
tal disorders, fatty liver, and even some type of cancers [1,2], currently represent one of
the most important public health problems with significant economic and societal conse-
quences world-wide [3]. Obesity and related diseases produce 2.8 million deaths annually
worldwide with an estimated medical cost of 2 trillion dollars [4,5]. Most of the available
non-invasive medical therapies for obesity are non-efficient in a long-term evaluation, and
one pharmacological prescription that works well in a subset of patients might be useless
with another; therefore, there is a constant need for new personalized therapeutic strategies
that take into account individual genetic variability [3,6].

One of the most promising strategies to advance in personalized anti-obesity treat-
ments is the development of physiological human three-dimensional (3D) tissue culture
models for drug testing, regarding the regulation of adipogenesis and adipose cell differen-
tiation [7–9]. Traditional two-dimensional (2D) cell cultures have served biologists well for
decades, but this type of culture does not represent the physiological reality. Cells cultured
in 2D are more susceptible to the drug effects and show differences in surface receptor
organization which, among others, produce a decrease in drug efficiency and contributes to
drug resistance [10]. In contrast, it is widely demonstrated that 3D cell cultures reproduce
more accurately the complexity of native tissues and improve cell morphology, prolifera-
tion, and differentiation. Recent investigations demonstrated that 3D tissue models support
discoveries into the mechanisms of adipose-related diseases and the development of novel
anti-obesogenic therapeutic compounds [9,11–13].

There is a variety of methodologies to produce in vitro 3D tissue models, which,
typically, required the use of biomaterials as scaffolds for cells to grow. Scaffold-based 3D
cell cultures are expected to yield results with higher predictive value for clinical outcomes,
and are well suited to drug discovery to obtain more accurate results [14,15]. Although
substantial advances have been made, the development of an ideal tissue engineered
human 3D adipose tissue model is still technically challenging.

The extracellular matrix (ECM) represents the secreted product of the resident cells
of each tissue and organ, including both bioactive and structural molecules arranged in
a unique 3D ultrastructure that supports the phenotype and the function of cells [16,17].
Cells and their surrounding ECM are in a continuous “dynamic reciprocity”, with cells
responding to signals in the ECM to alter their behavior, and the cells, in turn, modifying
the organization and composition of the ECM [18,19]. As a natural template for cells,
ECM-derived materials are gaining clinical importance and market space due to their
biochemical superiority and the capacity to promote functional tissue regeneration [20,21].
There are numerous commercially available biologic scaffold materials derived from a
variety of tissues which have been successfully applied in both preclinical and clinical
studies [22]. The goal of a decellularization protocol is to efficiently remove the cellular
and nuclear material while minimizing any adverse effect on the composition, biological
activity, and mechanical integrity, by retaining the 3D ultrastructure and composition of the
native ECM [20,23]. A wide range of methods for decellularizing almost all types of tissues
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have been published [24,25], which typically involve a combination of physical, chemical,
and enzymatic treatment of tissues. However, each treatment affects the biochemical
composition, ultrastructure, and mechanical behavior of the remaining ECM materials,
which, in turn, brings functional and pathophysiological implications to its regenerative
capacities [21]. So, to remove as much cellular material as possible with minimal adverse
effects on the resulting ECM material, a fine-tuned decellularization protocol tailored
to the tissue of interest would be necessary [23]. To circumvent limitations of applying
decellularized tissues in their intact form, such as limited tuned shape, porosity, and
stiffness, as well as their mode of delivery for in vivo applications, numerous research
groups are applying innovative processing methods to generate custom-made scaffold
formats. Decellularized tissues can also be subjected to enzymatic digestion to fabricate
ECM-derived hydrogels, foams, microcarriers, and coatings [23–25], as well as to synthesize
bioinks for 3D bioprinting [26,27].

Our group patented a two-step enzymatic protocol for AT decellularization [28] and
investigated the macrophage polarization and immunocompetent capacity of decellularized
adipose tissue (DAT) obtained by enzymatic-based decellularization protocols. Our results
evidenced the effective decellularization and conservation of ECM proteins as well as an
absence of macrophage pro-inflammatory response, when these materials were processed
as coatings [26,29].

Due to their unique capabilities to self-renew (stemness) and to differentiate toward
one or more specialized cell types (potency), stem cells are being employed for recon-
structing tissue/organ structure and function in vitro, representing a versatile source of
cellular substitutes for a wide range of applications for both basic research and regenerative
medicine [30–34]. Specifically, human dental pulp stem cells (hDPSC) are multipotent stem
cells which can be differentiated to various linages, such as adipocytes, osteoblasts, and
vascular and neural cells [35–38]. hDPSC have a high proliferation capacity and they are
easily isolated, manipulated, expanded in vitro, and stored, making them a precious tool for
tissue engineering and regenerative therapies [39], and the production of human-derived
3D tissue models. Our group has recently in vitro combined hDPSCs with porcine and
human DAT produced by organic solvent decellularization and processed as solid foams.
Interestingly, human-derived DAT solid foams provided a different microenvironment for
hDPSCs because 3D cultures in this material were more refractory to osteogenesis and had
a better adipogenic capacity than porcine DAT [29]. One of the main advantages of hDAT
solid foams is that white AT is also a relatively abundant and available source of human-
derived raw-tissue material, which can be obtained from liposuction surgery. Because both
hDAT and hDPSCs can be isolated from human donors under ATMP standards, it could be
interesting to combine them for personalized medicine applications.

In the present study, we followed a different two-enzymatic step decellularization
protocol to obtain hDAT [26,28], which was processed by freeze-drying as solid foams, and
combined with hDPSCs to investigate the inductive capability of these biologic scaffolds
on the adipogenesis of hDPSCs, recreating a natural biochemical environment. The com-
patibility and interactions between adipogenic hDPSCs and the hDAT solid foams were
assessed by comparing them to commercial single-protein-based scaffolds of bovine type I
collagen (bCOL-I), which have already been extensively used for 3D modeling of tissues
in vitro [29,40].

2. Materials and Methods
2.1. Human Adipose Tissue Decellularization

Following authorization AC20131754 from the French Ministry of Higher Education
and Research, human AT was obtained from the biotech company Biopredict International
(Saint Grégoire, France). The ATwas cleaned, creamed, and stored at −20 ◦C. AT was de-
cellularized following the enzymatic digestion methodology previously published by our
group [26]. Briefly, tissue was dispersed and homogenized in ultrapure water using aPoly-
tron PT3100 device at 12,000 rpm for 5 min, and centrifuged at 900× g for 5 min to discard
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the liquid phase containing the lipids and keeping the protein pellets. Next, pellets were
processed by a two-step enzymatic protocol previously described by the group [28] using
lipoprotein lipase (Merck Life Science SL, Madrid, Spain) and Benzonase® (Emprove®-bio,
Merck Life Science SL, Madrid, Spain). Samples were cleaned with Phosphate Buffer Saline
(PBS, Merck Life Science SL), supplemented with 1% (v/v) of Penycyline/Streptomycine
and Fungizone (Gibco-BRL, Paisley, UK) and washed with Ultrapure milli Q water. Then,
using a mixer mill (Retsch MM400, Haan, Germany) and a vacuum dessicator, samples
were dried to obtain a fine-grained powder that was conserved at 4 ◦C until use.

2.2. Characterization of hDAT

hDAT was analyzed to assess the presence of residual DNA and lipids as well as the
protein composition, as previously described [26]. DNA was extracted using a QiAmp kit
(Qiagen, Madrid, Spain) following the manufacturer’s instructions, and absolute quantifi-
cation was performed by quantitative reverse-transcription and real-time polymerase chain
reaction (qRT-PCR) based on standard curves of known human DNA samples.

The total lipid content was determined using liquid chromatography coupled with
Q-TOF mass spectrometry (UPLC/Q-TOF MS). Samples were injected into a Waters column
(Acquity UPLC HSS T3 1.8 µm, 100 mm × 2.1 mm) and then heated to 65 ◦C to give rise to
two mobile phases. The phase A and B consisted of a proportion of 40:60 v/v and 10:90
v/v respectively of acetonitrile and water with 10 mM ammonium acetate. The injection
volume was 5 µL at 0.5 mL/min flow rate. UHPLC-MSE data were acquired on a SYNAPT
G2 HDMS equipped with an electrospray ionization (ESI) source using a quadrupole time
of flight (Q-ToF) setup.

Finally, the protein composition was analyzed using a liquid chromatography coupled
with a tandem mass spectrometry (LC-MS/MS) in native ATs and hDAT. Samples were
processed by homogenization in 8 M of urea, using a Precellys® 24 homogenizer (Bertin
Technologies, Brussels, Belgium). Thereafter, they were sonicated for 3 min, and centrifuged
at 16,000× g for 10 min. After the clarification proteins were reduced, alkylated (with 5 mM
DTT and 15 mM iodoacetamide, respectively) and digested with trypsin (0.01 µg/µL).
Finally, the isolated peptides were desalted using C-18 Micro SpinColumns (Harvard J.
Fungi 2021, 7, 392 4 of 18 Apparatus, Holliston, MA, USA) and analyzed by LC-MS/MS
with a Q Exactive instrument (Thermo Fisher Scientific, Madrid, Spain).

2.3. hDAT Processing as Solid Foam

hDAT and bCOL-I (Ref. C9879; Merck KGaA, Darmstadt, Germany) solid foams
were obtained by the freeze-drying method and following the formulations described in
Table 1. 0.5 % (w/v) milled hDAT and bCOL-I were added to a 0.5 mol/L acetic acid
solution and homogenized by magnetic stirring for 48 h at room temperature. After that,
different moulds were used to prepare solid foams. For SEM, mechanical, and degradation
testing, 12-well plates (Ref. CLS3513-50EA; Corning Incorporated, New York, NY, USA)
with 1 mL were used, for swelling and qRT-PCR assays, 48-well polystyrene tissue culture
treated plates (Ref. 056204; Nalge Nunc International, Rochester, NY, USA) were used
with 225 µL solutions. For viability and proliferation assays Millicell EZ-slide 8-well glass
slides (PEZGS0816; Merck Millipore, Burlingtone, MA, USA) and µ-slide angiogenesis
devices (Ref. 81506; Ibidi GmbH, Gewerbehof Gräfelfing, Germany) were used respective
with approximately 200 µL/cm2. To obtain the solid foams, all the samples were frozen
at −20 ◦C overnight and freeze-dried at −10 ◦C and 63 Pa of pressure during 72 h. All
the material was sterilized using ethylene oxide (Esterilizacion Sl, Barcelona, Spain) for
270 min at 38 ◦C and 40% relative humidity and kept at 4 ◦C in a vacuum desiccator until
use in cell culture.
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Table 1. Properties of hDAT-based solid foams.

ID
Formulation

(wt%)

Water
Absorption Average Storage Modulus Degradation Weight

Loss (%)
(EWC, %) S Ratio G′ (Pa) G′′ (Pa)

hDAT 100% hDAT 92.4 ± 0.9 12.2 ± 1.6 152.8 ± 15.6 21.1 ± 3.2 22.9 ± 11.9
3hDAT:1
bCOL-I

75% hDAT: 25%
bCOL-I 92.1 ± 0.7 11.7 ± 1.1 128.0 ± 11.1 13.6 ± 2.1 26.10 ± 11.5

bCOL-I 100% bCOL-I 90.3 ± 0.1 9.3 ± 0.1 302.9 ± 22.2 32.7 ± 7.0 61.95 ± 15.99

2.4. Scanning Electron Microscopy (SEM)

Solid foams microarchitecture and porosity were assessed by SEM. Samples were
freeze-dried, pulse-coated using a JFC-1100 ion sputter (JEOL, Tokyo, Japan) with gold
85–10 nm, mounted, and then visualized with an accelerating voltage of 10 kV using a
JEOL JSM-5910 LV SEM (JEOL Ltd., Tokyo, Japan).

2.5. Swelling Properties

Solid foam swelling properties were determined by a water absorption assay (n = 3).
The dry weight (Wd) was recorded from lyophilized foams prior to bringing them to maxi-
mum hydration in distillated water for 24 h. Thereafter, the foams were carefully blotted to
remove the excess liquid and the wet weight (Ws) was recorded. The equilibrium water
content (%ECW) and mass swelling ratio (S) were determined with the following formulas:

%ECW =
Ws−Wd

Ws
× 100 S =

Ws−Wd
Wd

2.6. Mechanical Test

Mechanical properties of the hydrated foams were measured by oscillatory shear
rheology (n = 2). Rheological experiments were carried out using a parallel-plate geometry
(200 mm diameter steel with a gap of 1 mm) of a Discovery HR20 rheometer (TA Instru-
ments, New Castle, Denver, CO, USA). Firstly, stress amplitude sweeps were performed at
a constant frequency of 0.1 Hz to fix the amplitude parameter for each sample and to ensure
that subsequent data were collected in the linear viscoelastic regime. All measurements
were taken at room temperature in constant deformation control mode over a frequency
range from 0.01 to 10 Hz.

2.7. Degradation Test

The in vitro degradation of the solid foams was evaluated by weight measures (n = 5)
before and after the incubation in PBS (Gibco™, Waltham, MA, USA) containing 0.01%
collagenase (Gibco, BRL, UK) for 4 h at 37 ◦C. After the incubation, the samples were
removed, rinsed with distilled water, dried under vacuum, and weighed. The degradation
(%) was calculated using the following equation:

Degradation (%) =
Wo−Wt

Wo
× 100

where Wo is the initial foam weight and Wt is the foam weight after the incubation time (t).

2.8. hDPSC In Vitro Culture

Primary cultures of hDPSCs were isolated from human third molars obtained from
healthy donors between 18–40 years after written informed consent in compliance with
the 14/2007 Spanish directive for Biomedical research, and the protocol approved by
the CEISH committee (CEISH/M10/2020/172) of the University of the Basque Country
(UPV/EHU). hDPSC isolation and culture were carried out as previously reported [41,42].
Briefly, hDPSCs were cultured in basal medium composed of Dulbecco’s modified Eagle’s
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medium (DMEM, Lonza 12-733; Basel, Switzerland) supplemented with 10% fetal bovine
serum (Ref. SV30160.03; Hyclone, Ge Healthcare Life Sciences, Logan, UT, USA), 2 mM
L-glutamine (G7513, Sigma, St. Louis, MO, USA), 100 U/mL penicillin and 150 µg/mL
streptomycin antibiotics (15140-122, Gibco). Then, 1 × 106 cells/mL (between passage 1
and 3) were transferred to cell culture plates with incorporated solid foams for 3D culture.
Foams were firstly wetted on basal media for at least 30 min (37 ◦C, 5% CO2). Afterwards,
1 × 105 hDPSCs were added dropwise and cell-foam constructs were cultured for 72 h in
basal medium.

2.9. hDPSC Viability and Proliferation

Propidium Iodide (Sigma-Aldrich, Burlington, MA, USA) and Calcein-AM (Invitrogen,
Waltham, MA, USA) and were used to assess cell viability after 72 h of culture. Cell
containing constructs were washed with 1× PBS (Gibco, Waltham, MA, USA) and stained
with Propidium iodide staining (1 mg/mL; Sigma-Aldrich, Burlington, MA, USA) and
Calcein AM (5 µM in PBS 1×; Invitrogen, Waltham, MA, USA) for 30 min at 37 ◦C and 5%
CO2 for 5 min at 37 ◦C and 5% CO2. Cell proliferation was assessed by immunofluorescence
staining incubating the primary antibody Ki67 (1:300, Ref. ab15580, Abcam, Cambridge,
UK) overnight. After three rinses in PBS, secondary antibody Alexa Fluor 555 (1:500,
Ref. A32723, Invitrogen, Waltham, MA, USA) was incubated for 2 h and cell nuclei were
stained with 4′,6-diamino-2-fenilindol (DAPI; 1:1000, Ref.D1306, Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA). All samples were visualized by fluorescent microscopy
(Olympus LSM800, Tokyo, Japan) and images were analyzed by ImageJ program [43].
Viability and proliferation percentage results were presented as the mean ± standard
deviation of 10 random fields in three independent experiments calculated using the
following equations:

Viability (%) = (live cells/total cells)× 100
Proliferation (%) = (Ki67 positive nuclei/total nuclei)× 100

2.10. Adipogenic Differentiation of hDPSC

To induce adipogenic differentiation 5 × 104 hDPSCs were cultured for two days in
basal medium, then separated in two parallel cohorts, one maintained in basal medium and
the other grown in adipogenic medium for additional 14 days. The adipogenic differentia-
tion medium consisted of regular culture medium supplemented with 1 µM dexamethasone
(Ref. 265005; Merck KGaA, Darmstadt, Germany), 0.5 mM 3-Isobutyl-1-methylxanthine
(IBMX) (Ref. I5879; Merck KGaA, Darmstadt, Germany) and 1 µg/mL insulin (Ref. 91077C;
SAFC Biosciences).

2.11. RNA Extraction and qRT-PCR

After 14 days of culture in basal or adipogenic medium, cellular RNA was extracted for
the solid foams (n = 3). Firstly, cell-laden foams were cleaned with 1× PBS (Gibco, Waltham,
MA, USA) and RNA extraction was done using RNAqueous kit (Refs. AM1906/AM1931;
Ambion Life technologies, Waltham, MA, USA) and purity was checked by the Nanodrop
Synergy HT (BioTek Agilent, Santa Clara, CA, USA). cDNA (50 ng/µL) was obtained by
reverse transcription of total extracted RNA using the iScript cDNA kit (Ref. 1708890;
BioRad, Hercules, CA, USA). Primer pairs used were obtained through the PrimerBlast
method (Primer Bank) and they are listed in Table 2.

Quantitative PCR was setup mixing 4.5 µL of SsoAdvanced Universal SYBR® Green
Supermix (Ref. 1725271; BioRad, Hercules, CA, USA) with 0.5 µL of primers (0.3125 µM)
and 0.3 µL of cDNA (1.5 ng/µL) adjusting to a final volume reaction of 10 µL per well
with Nuclease Free water. All the primers were checked for optimal efficiency (>90%).
We checked the melting curve method of qPCR reactions to verify they yielded only one
amplification product. β-ACTIN and GAPDH were used as internal controls and the
relative expression of each gene was calculated using the standard 2−∆∆Ct method [44]. All
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reactions were performed in triplicate, and qPCR was run on an ABI PRISM® 7000 (Thermo
Fisher Scientific, Waltham, MA, USA). Data were analyzed using CFX Manager™ software
(BioRad, Hercules, CA, USA).

Table 2. List of primers used in this study.

Primers Sequence 5′-3′ Annealing Amplicon
(bp)

β-ACTIN
(upstream) GTTGTCGACGACGAGCG 58.5 93

β-ACTIN
(downstream) GCACAGAGCCTCGCCTT 59.7 93

GAPDH
(upstream) CTTTTGCGTCGCCAG 60.3 131

GAPDH
(downstream) TTGATGGCAACAATATCCAC 60.8 131

CEBP
(upstream) AGCCTTGTTTGTACTGTATG 54.3 199

CEBP
(downstream) AAAATGGTGGTTTAGCAGAG 58.3 199

LPL
(upstream) ACACAGAGGTAGATATTGGAG 53.8 143

LPL
(downstream) CTTTTTCTGAGTCTCTCCTG 52.9 143

2.12. PPAR-Gamma Immunofluorescence and Quantification

Following 14 days of culture, solid foams were washed with 1× PBS and fixed with
4% paraformaldehyde (PFA, Ref. 158127; Sigma, St. Louis, MO, USA) in PBS for 10 min at
RT. After that, samples were incubated with 10 % goat serum (50197Z, Invitrogen, Carlsbad,
CA, USA) for 10 min at RT. Then, the following primary antibody was applied at a dilution
of 1:200 overnight at 4 ◦C in a solution of 0.1% Triton X-100 and 1% BSA in PBS: anti-PPARy
(1:250 dilution, Abcam ab59256, Cambridge, UK). Thereafter, secondary antibody goat
anti-rabbit Alexa Fluor 488 (1:500, A32731, Thermo Fisher Scientific, Waltham, MA, USA)
was incubated for 2 h at room temperature and cell nuclei were counterstained with DAPI
(1:1000, Ref. D1306, Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). Fluorescence
images were taken by fluorescence Zeiss LSM800 microscope (Zeiss, Overkochen, Germany)
coupled to a Nikon DS-Qi1 camera (Nikon, Tokyo, Japan). For PPAR-gamma quantification,
an average of n = 17–18 cells were analyzed for each condition randomly selected from
aleatory regions. Briefly, each cell was delimited generating individual R.O.I.s (regions
of interest) and the labeling intensity for each cell was determined using the mean value
measurement on ImageJ software.

2.13. Oil Red Staining and Quantification

Cell laden solid foams cultured for 14 days were stained at room temperature for
10 min with a solution of 0.5 % of 1-(2,5-dimethyl-4-(2,5-dimethylphenyl) phenyldiazenyl)
azonapthalen-2-ol (Oil red) (Ref.O1516; Merck KGaA, Darmstadt, Germany) solution
diluted in polyethylene glycol (PEG) 100% (Ref.151957; MP Biomedicals), as previously
described [29,45]. Exceeding Oil red was washed with a 60% ispropanol (ref. I9516,
Sigma-Aldrich, Burlington, MA, USA) and twice with distilled water for one minute. Cell
nuclei were counterstained with DAPI (1:1000, Invitrogen, CA, USA) in PBS (Gibco™,
Waltham, MA, USA). Images were acquired using an epifluorescence and transmission
light Olympus IX71 microscope, coupled to an Olympus DP71 digital camera. For lipid
droplet quantification, an average of n = 17–18 cells were analyzed for each condition
randomly selected from aleatory regions. For each cell (region of interest or R.O.I.) droplets
were identified using an inversion of the RGB color space from the color threshold, then
automatic quantification was made using the “Analyze Particles” function from ImageJ
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v.1.53k software (Wayne Rasband and contributors, National Institutes of Health, Bethesda,
MD 20814, USA).

2.14. Statistical Analysis

All data sets were subjected to normality test (Shapiro–Wilk test) and homoscedasticity
(Levene test) to verify whether they fitted a normal distribution or not. Statistical compar-
isons between samples groups of three independent experiments were made compared to
each respective basal media condition: one-way ANOVA and post-hoc Dunns or student’s
t-test. Confidence intervals were set at 95% (p < 0.05) for all tests.

3. Results
3.1. hDAT and 3hDAT:1bCOL-I Solid Foams Degradation Is Slower Than bCOL-I

Based on our previous experience, in the present study human AT was decellularized
by a two-step enzymatic method [26,28]. The resultant hDAT met the decellularization
criteria (remnant DNA ≤ 50ng/mg and absence of cell nuclei) established by the research
community [24,46] as well as by a recently published standard guide ASTM International
(ASTM F3354-19) [28] based upon the findings of studies in which adverse cell and host
responses have been avoided. The decellularization protocol described in this paper
resulted in a hDAT that contained 2.38± 0.16 ng/mg dry weight remnant DNA without any
presence of cell nuclei after DAPI staining. Besides, the protocol of tissue decellularization
was very efficient for lipid removal, showing 0.8 ± 0.1 µg/mg of remnant lipids which
corresponded to a 0.1% (w/w) with respect to the hDAM dry weight. Proteomic analysis of
hDAT showed the conservation of 45 of 52 ECM specific proteins identified in native AT
(86.5%), including all of the identified basement membrane proteins.

Once the decellularization criteria and composition were verified, hDAT-based solid
foams were obtained following the formulations described in Table 1 to be used as scaffolds
for in vitro 3D culture. We observed that hDAT and bCOL-I were optimally processed
by the freeze-drying method to obtain solid foams, and SEM analysis revealed a highly
interconnected porous mesh-like structures in all cases, with a pore size of 50–100 µm
(Figure 1b). All the solid foams swelled properly without losing their geometry, and hDAT
and 3hDAT:1bCOL-I solid foams had a slightly higher tendency to water absorption of
92.4 ± 0.9%, 92.1 ± 0.7%, respectively, in comparison to 90.3 ± 0.1% of bCOL-I solid foams,
as shown in EWC and S results (Table 1).

The viscoelastic behaviour of the solid foams showed higher G′ (storage modulus)
values than G′′ (loss modulus) during the entire range of frequencies, indicating the
predominance of the elastic behavior over the viscous one for all assayed samples. Solid
foams showed higher average storage modulus with the increase in bCOL-I quantity
in the formulation: 152.8 ± 15.6 Pa, 128.0 ± 11.1 Pa, and 302.9 ± 22.2 Pa, for hDAT,
3hDAT:1bCOL-I, and bCOL-I, respectively (Table 1). In the same way, the degradation
rate increased accordingly with bCOL-I content in the solid foam formulation, showing a
degradation of 22.9 ± 11.9%, 26.1 ± 11.5%, and 61.95 ± 15.99% for hDAT, 3hDAT:1bCOL-I,
and bCOL-I after 4 h of collagenase treatment, respectively (Figure 1 and Table 1). Thus,
water absorption results could explain the water contribution to the overall resistance of
the materials to deformation, and are in agreement with reologícal test results that show
greater elastic or storage modulus (G′) in bCOL-I solid foams and greater viscous or loss
modulus (G′′) in hDAT and 3hDAT:1bCOL-I solid foams.
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Figure 1. Viscoelastic behaviour and ultrastructural morphology of the solid foams. (a) Logarithmic
quantification of the viscoelastic behaviour showing storage and loss modulus. (b) Ultrastructural
images of the different solid foams. Scale bars = 100 µm.

3.2. hDPSC Viability and Proliferation

To assess cell viability in the different compositions of the hDAT, 3hDAT:1bCOL-I, and
bCOL-I solid foams, freshly isolated and expanded hDPSCs were dissociated and cultured
in the foams and were maintained for 72 h until labeling to allow cells to integrate into the
foam. Next, a colabeling of Calcein and Propidium Iodide (PI) was made to detect both
cell viability (cytoplamic staining) and cell death (PI incorporation). Our results showed
similar values with 97.5 ± 3.5%, 99.4 ± 0.6%, and 95.9 ± 2.8% cell viability values for
hDAT, 3hDAT:1bCOL-I, and bCOL-I samples, respectively (one-way ANOVA p = 0.4615.
Figure 2a,b).
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Figure 2. hDPSC viability in solid foams after 72 h. (a) Fluorescence microscope images of live
(Calcein-AM green) and dead cells (Propidium iodide red). Upper row: bCOL-I, middle row:
3hDAT:1bCOL-I; and lower row: hDAT solid foams (scale bars represent 200 µm, inset 50 µm).
(b) Quantification of cell viability, data are represented as mean ± SD.

With regard to the ratio of cell proliferation analyzed by Ki67 staining, our results
showed a hDPSC proliferation ratio of 12.1 ± 4.7%, 8.3 ± 2.6%, and 7.8 ± 4.0% for hDAT,
3hDAT:1bCOL-I, and bCOL-I solid foams, respectively, after 72h of culture (one-way
ANOVA p = 0.3887. Figure 3a,b).
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Figure 3. hDPSC proliferation cultured in solid foams after 72 h. (a) Fluorescence microscope images
of immunofluorescent labeling against Ki-67 (red) and nuclear counterstaining with DAPI (blue).
Upper row: bCOL-I, middle row: 3hDAT:1bCOL-I, and lower row: hDAT solid foams (scale bars
represent 100 µm, inset 25 µm). (b) Quantification of cell viability, data are represented as mean ± SD.

3.3. hDPSCs Cultured on Solid Foams Expressed Adipogenic Markers

To assess the change of gene expression pattern towards adipocyte phenotype, cell-
laden solid foams were subjected to adipogenic induction/differentiation using adipogenic
culture medium for 14 days. Adipogenic markers, such as Lipoprotein lipase (LPL), an
enzyme necessary for intracellular lipid accumulation [47], and the CCAAT/enhancer
binding protein (C/EBP) involved in adipocyte differentiation [48] were analyzed by RT-
qPCR. We did not find any statistical difference for LPL in basal conditions; ratios of
1.000 ± 0.006, 0.327 ± 0.083, and 1.470 ± 0.532 for bCOL-I, 3hDAT:1bCOL-I, and hDAT,
respectively (Figure 4a). However, when cultured with adipogenic medium, we found
an increase of 7.573 ± 4.737 and 8.373 ± 1-fold change ratios for 3hDAT:1bCOL-I and
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hDAT, respectively, with statistically significant differences between each type of solid foam
(Dunn’s post-hoc, one-way ANOVA * p < 0.05. Figure 4b). For C/EBP, in basal medium
conditions we found fold change ratios of 0.918 ± 0.066, 2.636 ± 0.272, and 5.930 ± 2.461
for bCOL-I, 3hDAT:1bCOL-I, and hDAT, respectively (Figure 4c). When cultured in adi-
pogenic medium conditions, C/EBP fold change values increased to 20.280 ± 4.790 and
13.317 ± 1.314 for 3hDAT:1bCOL-I and hDAT solid foams, respectively, with statistically
significant differences (Dunn’s post-hoc, one-way ANOVA * p < 0.05. Figure 4c,d).
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Figure 4. Relative fold change in gene expression by RT-qPCR analysis of hDPSC cultured in bCOL-I,
3 hDAT:1bCOL-I, and hDAT solid foams. (a) Fold change of Lipoprotein lipase (LPL) cultured for
14d with basal medium or (b) adipogenic medium. (c) Fold change of CCAAT/enhancer binding
protein (CEBP) cultured for 14 days with basal medium or (d) adipogenic medium. Dunn’s pot-hoc
test, one-way ANOVA * p < 0.05 compared to each respective basal media condition.

3.4. PPAR-γ Immunofluorescence and Oil Red Staining

The over-expression of genes involved in adipogenesis prompted us to check the
presence of the peroxisome proliferator-activated receptor gamma (PPAR-γ), a receptor
found in adipose tissue and involved in a terminal adipocyte differentiation [49]. Positive
cells for immunofluorescence against PPAR-γ were detected in hDAT and 3hDAT:1bCOL-I
solid foams with both basal and adipogenic medium (Figure 5a). Quantification of the
optical signal intensity (o.d.) showed no nuclear staining and no significant differences
for bCOL-I foams between basal and adipogenic medium (1005.8 ± 581.9 o.d. for basal
and 3229.2 ± 2617.1 o.d. for adipogenic medium, student’s t-test p = 0.1344). However,
3hDAT:1bCOL-I foams showed an increase of immunolabeling from 3193.5 ± 1804.1 to
11,280.5 ± 2049.4 o.d. (student’s t-test p < 0.0005) and hDAT foams also increased from
4429.5 ± 1091.3 to 9865.9 ± 877. 4 o.d. with a more nuclear immunolabeling pattern
(Figure 5a,b, student’s t-test p < 0.0001).
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Figure 5. PPAR-γ staining of hDPSCs cultured in solid foams with basal or adipogenic medium
for 14 days in culture. (a) Images of immunofluorescent labeling against PPAR-γ (green). Upper
row: hDAT, middle row: 3hDAT:1bCOL-I, and lower row: bCOL-I solid foams (scale bars represent
100 µm, inset 25 µm). (b) Quantification of the PPAR-γ signal of the different conditions. t-student ***
p < 0.001.

To fully corroborate the terminal adipocyte differentiation phenotype of hDPSCs
seeded on the solid foams, the presence of neutral triglycerides and lipid droplets was
detected using a type of Sudan dye known as Oil red. The Oil red staining was performed
in parallel cellular cohorts cultured either in basal medium or adipogenic medium showing
the pattern of lipid droplet accumulation around the nucleus of differentiated hDPSCs,
consistent with their mature adipocyte phenotype (Figure 6a). Quantification of the number
of droplets per region of interest (R.O.I.) showed values of 73.2 ± 14,67 o.d. for basal
and 135.8 ± 63.25 o.d. for adipogenic medium for bCOL-I solid foams (student’s t-test
p = 0.0866). 3hDAT:1bCOL-I foams showed an increase of droplet accumulation from
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52.33 ± 22.82 to 153.8 ± 29.04 o.d. when cultured using adipogenic medium (student’s
t-test p = 0.0179). In hDAT foams lipid droplet presence also increased from 73.5 ± 15.9 to
113 ± 24.14 particles (Figure 6a,b, student’s t-test p = 0.026).
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Figure 6. Lipid deposition staining of hDPSCs cultured in solid foams with basal or adipogenic
medium for 14 days in culture. (a) Images of Oil red (red) counterstained with DAPI. Upper row:
bCOL-I, middle row: 3hDAT:1bCOL-I, and lower row: hDAT solid foams (scale bars represent 50 µm,
inset 10 µm). (b) Quantification of the Oil Red stained droplets of the different culture conditions.
Student’s t-test * p < 0.05.

4. Discussion

The worldwide prevalence of obesity has nearly tripled since 1975, and, currently,
60% of citizens in Europe are either overweight or obese [50]. AT dysfunctions contribute
to obesity-related metabolic diseases. Indeed, obesity has been reported to be linked to
a decline in the mean life expectancy due to its association with comorbidities, such as
atherosclerosis, or increasing the risk of developing several pathologies, such as type 2
diabetes, hypertension, coronary heart disease, stroke, fatty liver disease, inflammation,
and neurocognitive functions, among others [51–54]. Moreover, COVID-19 has been
associated with worse outcomes in obese people [55]. For all these reasons, there is an
urgent need for the development of in vitro humanized AT models. Furthermore, these
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models should reproduce aspects of the native tissue to optimize and speed up research in
its pathophysiology and personalized drug-screening, offering major benefits and advances
in the study of pathophysiological mechanisms of disease to the biomedical research
community and Health Systems.

Native tissue ECM is the natural cell-template to be recreated for scaffolding in 3D
culture models. Thanks to the development of tissue decellularization technologies, it
is nowadays possible to obtain ECM-derived materials from a large variety of tissues.
These materials provide a substrate for cell attachment but also a plethora of potential
bioinductive signals to the seeded cells, which may influence their differentiation [56,57]
all the while showing excellent processability as biological scaffolds. AT is a potentially
abundant source of human ECM. Compared to other human adult tissues, white AT is
an abundant and available source of human-derived raw-tissue material, which can be
obtained from liposuction surgeries. Previous works succeeded in the generation of DAT to
provide an inductive microenvironment for stem cells in vitro. Adipogenic differentiation
of human adipose-derived stem cells has been achieved previously using this model,
however, results were absent for other types of stem cells of non-adipogenic origin [58].
It is convenient to note the importance of the cell donor source in the development of
tissue-engineering strategies, as well as the reduction of costs and the need to optimize
protein formulation for a large-volume of soft-tissue regeneration for future cell therapies.
hDAT is an intact ECM and, according to the literature, shows bioinductive capacity of
the components of the natural ECM [58]. Some commercial materials (alginate, gelatin,
collagen, fibrin, etc.) are composed of a single ECM protein and are, therefore, biologically
insufficient to recreate a microenvironment and 3D cellular organization typical of natural
tissues. Besides, while promising for some applications, applying decellularized tissues in
their intact form offers limited versatility in terms of tuning scaffold properties, including
shape, manageability, stiffness, and degradability, as well as the mode of delivery for in vivo
applications [25]. Numerous research groups are applying further processing methods
and blending materials to generate customized scaffold formats, such as coatings, foams,
hydrogels, and bioinks [26,29,59].

In the present work, we have demonstrated that the substitution of a 25% of the
total weight (0.5% (w/v) of material) in hDAT solid foam offers a viable alternative in
terms of physical, mechanical, and biocompatibible properties with stem cell integration
and adipogenic differentiation. Thus, the generation as well as mechanical and structural
characterization and validation of hDAT solid foams combined with bCOL-I in a proportion
3:1 (respectively) was compatible with the absence of significant differences in the material
degradation observed in pure bCOL-I. Moreover, water absorption and storage modulus
of hDAT solid foams combined with bCOL-I were maintained with respect to pure hDAT
solid foams. Thus, this strategy may save costs and offer an alternative for custom-made
solid foam production. From the biological perspective, we sought to use a non-adipogenic
stem cell origin to check the adipogenic potential in order to discard the “primed” or
committed status of stem cell differentiation tested on previous studies [58]. For this reason,
we decided to test the adipogenic potential in primary cultures from human origin using a
source of multipotent adult stem cells derived from the neural crest, such as hDPSCs [36,60].
hDPSCs are considered a biological waste with a large potential for cell therapy due to
the clear possibility to derive them from autologous tissue [61]. Moreover, hDPSCs are
known to be able to differentiate to neural crest progenitors [62], vascular cells [37], and
bone cells [39], among other phenotypes. We recently reported that hDPSCs were able
to differentiate to osteogenic cells with different efficiencies in decellularized porcine
and human AT solid foams, using a solvent extraction method [29]. It remained to be
elucidated if hDPSCs were able to differentiate towards AT using hDAT foams generated
by a two-step enzymatic digestion method. In the present work, we found that hDAT
foams were permissive to allow the survival and proliferation of hDPSCs in a similar way
to bCOL-I foams. hDPSCs in adipogenic differentiation media, either in presence of the
hDAT 100% pure or 3:1 proportion of hDAT:bCOL-I, were able to increase the mRNA
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expression of adipocyte-derived lipoprotein lipase (LPL) and C/EBP, both genes being
involved in adipocyte differentiation and intracellular lipid accumulation [47,48]. We
also found that PPAR-γ, a nuclear receptor involved in the regulation of several genes
associated with growth, differentiation, and regulation of AT [49,63] was more strongly
expressed when hDPSCs were cultured in adipogenic media in the presence of hDAT either
100% pure or in the 3:1 proportion of hDAT:bCOL-I solid foams, with respect to bCOL-
I ones [64]. To corroborate our results, Oil red staining allowed distinguishing mature
adipocytes from other cells types with lipid droplets. We found that a time of merely
14 days of culture of hDPSCs in adipogenic medium in either hDAT or 3hDAT:1bCOL-I
foams was sufficient to commit and differentiate hDPSCs into adipocytes. This represents a
substantial improvement over traditional adipocyte differentiation methods from hDPSCs
in 2D culture, which typically take about four weeks to complete [38].

From the point of view of innovation, our strategy of combining bCOL-I and hDAT
ECM materials allows the customization of the hDAT quantity for cell culture in solid foams,
and saves production costs by reducing the use of hDAT. We demonstrate that the amount
of heterogeneous matrix composition, such as hDAT, can be reduced by using different
single protein materials, such as bCOL-I, without significantly altering the potential of
enhanced differentiation of hDPSCs towards an adipose phenotype.

5. Conclusions

In the present work, we describe a method to generate 3D solid foams fabricated from
pure bCOL-I, 100% pure hDAT, or a 3:1 proportion of hDAT:bCOL-I. Moreover, we validate
all three solid foams with similar characteristics as 3D substrates compatible with the
culture of human stem cells isolated from the dental pulp. We show that at short term the
3D substrates display a remarkably good stem cell integration and survival. Furthermore,
at medium term when cultured cells were subjected to adipocyte differentiation during
14 days in hDAT and 3hDAT:1bCOL-I solid foams, LPL and C/EBP gene expression was in-
creased together with a nuclear localization of PPARγ receptor and Oil red positive staining
for lipid droplets. In conclusion our 3D solid foams obtained by hDAT and 3:1 proportion
of hDAT:bCOL-I are compatible for human stem cell culture and differentiation towards
adipogenic phenotype, with an enhanced efficiency compared to traditional protocols. The
present results represent one step forward towards the use of human-derived materials
and cells for personalized use in stem cell research and future therapies.

6. Patents

This work used the methodology of the patent W02017114902 method for producing a
decellularized tissue matrix.

Author Contributions: Conceptualization, N.G.-U. and I.M.; methodology, F.J.F.-S.-A., N.G.-U. and
J.L.; validation, N.G.-U., B.O., G.I. and I.M.; formal analysis, N.G.-U., V.U.-E., J.L. and J.R.P.; inves-
tigation, I.I., N.B. and F.U.; resources, I.M., F.U., B.O., G.I. and J.R.P.; data curation, I.M. and J.R.P.;
writing—original draft preparation, N.G.-U., I.M., N.B. and J.R.P.; writing—review and editing, G.I.,
N.G.-U., I.M., F.U. and J.R.P.; supervision, G.I., N.G.-U., I.M. and J.R.P.; funding acquisition, N.B.,
I.M., G.I. and J.R.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Basque Government (IT1751-22; to G.I.; ELKARTEK
program 566 PLAKA KK-2019-00093; to N.B.), the Health Department of the Basque Government
(grant No. 2021333012; to J.R.P.), and grant No. RYC-2013-13450 and grant No. PID2019-104766RB-
C21 funded by MCIN/AEI/10.13039/501100011033 by the European Union (NextGenerationEU)
“Plan de Recuperación Transformación y Resiliencia” (grants to J.R.P.).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Ethics Committee of University of the
Basque Country EHU/UPV (CEISH/M10/2020/172).

Informed Consent Statement: Informed consent was obtained from all donors involved in the study.

Data Availability Statement: All data are available upon request.



Biology 2022, 11, 1099 17 of 19

Acknowledgments: The authors would like to thank Ricardo Andrade and Alejandro Díez-Torre,
staff members of the SGIKER analytical microscopy service, and Beatriz Abad and Kerman Aloria,
staff members of the SGIKER lipidomic and proteomic service, for their technical assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Hajer, G.R.; van Haeften, T.W.; Visseren, F.L.J. Adipose Tissue Dysfunction in Obesity, Diabetes, and Vascular Diseases. Eur. Heart

J. 2008, 29, 2959–2971. [CrossRef] [PubMed]
2. Marcelin, G.; Silveira, A.L.M.; Martins, L.B.; Ferreira, A.V.; Clément, K. Deciphering the Cellular Interplays Underlying Obesity-

Induced Adipose Tissue Fibrosis. J. Clin. Investig. 2019, 129, 4032–4040. [CrossRef] [PubMed]
3. Pellegrinelli, V.; Carobbio, S.; Vidal-Puig, A. Adipose Tissue Plasticity: How Fat Depots Respond Differently to Pathophysiological

Cues. Diabetologia 2016, 59, 1075–1088. [CrossRef]
4. Obesity. Available online: https://www.who.int/news-room/facts-in-pictures/detail/6-facts-on-obesity (accessed on 7

June 2022).
5. Tremmel, M.; Gerdtham, U.-G.; Nilsson, P.M.; Saha, S. Economic Burden of Obesity: A Systematic Literature Review. Int. J.

Environ. Res. Public Health 2017, 14, 435. [CrossRef]
6. Finkelstein, E.A.; Khavjou, O.A.; Thompson, H.; Trogdon, J.G.; Pan, L.; Sherry, B.; Dietz, W. Obesity and Severe Obesity Forecasts

through 2030. Am. J. Prev. Med. 2012, 42, 563–570. [CrossRef] [PubMed]
7. Choi, J.H.; Bellas, E.; Vunjak-Novakovic, G.; Kaplan, D.L. Adipogenic Differentiation of Human Adipose-Derived Stem Cells on

3D Silk Scaffolds. Methods Mol. Biol. 2011, 702, 319–330. [CrossRef] [PubMed]
8. Gerlach, J.C.; Lin, Y.-C.; Brayfield, C.A.; Minteer, D.M.; Li, H.; Rubin, J.P.; Marra, K.G. Adipogenesis of Human Adipose-Derived

Stem Cells within Three-Dimensional Hollow Fiber-Based Bioreactors. Tissue Eng. Part. C Methods 2012, 18, 54–61. [CrossRef]
[PubMed]

9. Yang, F.; Carmona, A.; Stojkova, K.; Garcia Huitron, E.I.; Goddi, A.; Bhushan, A.; Cohen, R.N.; Brey, E.M. A 3D Human Adipose
Tissue Model within a Microfluidic Device. Lab Chip 2021, 21, 435–446. [CrossRef]

10. Lancaster, M.A.; Knoblich, J.A. Organogenesis in a Dish: Modeling Development and Disease Using Organoid Technologies.
Science 2014, 345, 1247125. [CrossRef]

11. NCD Risk Factor Collaboration (NCD-RisC). Worldwide Trends in Body-Mass Index, Underweight, Overweight, and Obesity
from 1975 to 2016: A Pooled Analysis of 2416 Population-Based Measurement Studies in 128·9 Million Children, Adolescents,
and Adults. Lancet 2017, 390, 2627–2642. [CrossRef]

12. McCarthy, M.; Brown, T.; Alarcon, A.; Williams, C.; Wu, X.; Abbott, R.D.; Gimble, J.; Frazier, T. Fat-On-A-Chip Models for
Research and Discovery in Obesity and Its Metabolic Comorbidities. Tissue Eng. Part. B Rev. 2020, 26, 586–595. [CrossRef]
[PubMed]

13. Wang, R.Y.; Abbott, R.D.; Zieba, A.; Borowsky, F.E.; 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] [PubMed]

14. Langhans, S.A. Three-Dimensional in Vitro Cell Culture Models in Drug Discovery and Drug Repositioning. Front. Pharm. 2018,
9, 6. [CrossRef] [PubMed]

15. Gibler, P.; Gimble, J.; Hamel, K.; Rogers, E.; Henderson, M.; Wu, X.; Olesky, S.; Frazier, T. Human Adipose-Derived Stromal/Stem
Cell Culture and Analysis Methods for Adipose Tissue Modeling In Vitro: A Systematic Review. Cells 2021, 10, 1378. [CrossRef]

16. De Sousa Neto, I.V.; Durigan, J.L.Q.; da Silva, A.S.R.; de Cássia Marqueti, R. Adipose Tissue Extracellular Matrix Remodeling in
Response to Dietary Patterns and Exercise: Molecular Landscape, Mechanistic Insights, and Therapeutic Approaches. Biology
2022, 11, 765. [CrossRef]

17. Reing, J.E.; Zhang, L.; Myers-Irvin, J.; Cordero, K.E.; Freytes, D.O.; Heber-Katz, E.; Bedelbaeva, K.; McIntosh, D.; Dewilde, A.;
Braunhut, S.J.; et al. Degradation Products of Extracellular Matrix Affect Cell Migration and Proliferation. Tissue Eng. Part. A
2009, 15, 605–614. [CrossRef]

18. Mendibil, U.; Ruiz-Hernandez, R.; Retegi-Carrion, S.; Garcia-Urquia, N.; Olalde-Graells, B.; Abarrategi, A. Tissue-Specific
Decellularization Methods: Rationale and Strategies to Achieve Regenerative Compounds. Int. J. Mol. Sci. 2020, 21, 5447.
[CrossRef]

19. Nelson, C.M.; Bissell, M.J. Of Extracellular Matrix, Scaffolds, and Signaling: Tissue Architecture Regulates Development,
Homeostasis, and Cancer. Annu Rev. Cell Dev. Biol. 2006, 22, 287–309. [CrossRef]

20. Keane, T.J.; Swinehart, I.T.; Badylak, S.F. Methods of Tissue Decellularization Used for Preparation of Biologic Scaffolds and in
Vivo Relevance. Methods 2015, 84, 25–34. [CrossRef]

21. Parmaksiz, M.; Dogan, A.; Odabas, S.; Elçin, A.E.; Elçin, Y.M. Clinical Applications of Decellularized Extracellular Matrices for
Tissue Engineering and Regenerative Medicine. Biomed. Mater. 2016, 11, 022003. [CrossRef]

22. Badylak, S.F. The Extracellular Matrix as a Biologic Scaffold Material. Biomaterials 2007, 28, 3587–3593. [CrossRef] [PubMed]

http://doi.org/10.1093/eurheartj/ehn387
http://www.ncbi.nlm.nih.gov/pubmed/18775919
http://doi.org/10.1172/JCI129192
http://www.ncbi.nlm.nih.gov/pubmed/31498150
http://doi.org/10.1007/s00125-016-3933-4
https://www.who.int/news-room/facts-in-pictures/detail/6-facts-on-obesity
http://doi.org/10.3390/ijerph14040435
http://doi.org/10.1016/j.amepre.2011.10.026
http://www.ncbi.nlm.nih.gov/pubmed/22608371
http://doi.org/10.1007/978-1-61737-960-4_23
http://www.ncbi.nlm.nih.gov/pubmed/21082412
http://doi.org/10.1089/ten.tec.2011.0216
http://www.ncbi.nlm.nih.gov/pubmed/21902468
http://doi.org/10.1039/D0LC00981D
http://doi.org/10.1126/science.1247125
http://doi.org/10.1016/S0140-6736(17)32129-3
http://doi.org/10.1089/ten.teb.2019.0261
http://www.ncbi.nlm.nih.gov/pubmed/32216545
http://doi.org/10.1007/s10439-016-1752-x
http://www.ncbi.nlm.nih.gov/pubmed/27815650
http://doi.org/10.3389/fphar.2018.00006
http://www.ncbi.nlm.nih.gov/pubmed/29410625
http://doi.org/10.3390/cells10061378
http://doi.org/10.3390/biology11050765
http://doi.org/10.1089/ten.tea.2007.0425
http://doi.org/10.3390/ijms21155447
http://doi.org/10.1146/annurev.cellbio.22.010305.104315
http://doi.org/10.1016/j.ymeth.2015.03.005
http://doi.org/10.1088/1748-6041/11/2/022003
http://doi.org/10.1016/j.biomaterials.2007.04.043
http://www.ncbi.nlm.nih.gov/pubmed/17524477


Biology 2022, 11, 1099 18 of 19

23. Gilbert, T.W.; Sellaro, T.L.; Badylak, S.F. Decellularization of Tissues and Organs. Biomaterials 2006, 27, 3675–3683. [CrossRef]
[PubMed]

24. Crapo, P.M.; Gilbert, T.W.; Badylak, S.F. An Overview of Tissue and Whole Organ Decellularization Processes. Biomaterials 2011,
32, 3233–3243. [CrossRef] [PubMed]

25. Gilbert, T.W. Strategies for Tissue and Organ Decellularization. J. Cell Biochem. 2012, 113, 2217–2222. [CrossRef] [PubMed]
26. Cicuéndez, M.; Casarrubios, L.; Feito, M.J.; Madarieta, I.; Garcia-Urkia, N.; Murua, O.; Olalde, B.; Briz, N.; Diez-Orejas, R.;

Portolés, M.T. Effects of Human and Porcine Adipose Extracellular Matrices Decellularized by Enzymatic or Chemical Methods
on Macrophage Polarization and Immunocompetence. Int. J. Mol. Sci. 2021, 22, 3847. [CrossRef]

27. Kornmuller, A.; Brown, C.F.C.; Yu, C.; Flynn, L.E. Fabrication of Extracellular Matrix-Derived Foams and Microcarriers as
Tissue-Specific Cell Culture and Delivery Platforms. J. Vis. Exp. 2017, 122, e55436. [CrossRef]

28. Madarieta, I.; García-Urquia, N.; Fernandez García, R. Method for Producing a Decellularized Tissue Matrix. Patent
WO/2017/114902, 6 July 2017.

29. Luzuriaga, J.; García-Gallastegui, P.; García-Urkia, N.; Pineda, J.R.; Irastorza, I.; Fernandez-San-Argimiro, F.-J.; Briz, N.; Olalde, B.;
Unda, F.; Madarieta, I.; et al. Osteogenic Differentiation of Human Dental Pulp Stem Cells in Decellularised Adipose Tissue Solid
Foams. Eur. Cell Mater. 2022, 43, 112–129. [CrossRef]

30. Avior, Y.; Sagi, I.; Benvenisty, N. Pluripotent Stem Cells in Disease Modelling and Drug Discovery. Nat. Rev. Mol. Cell Biol. 2016,
17, 170–182. [CrossRef]

31. McKee, C.; Chaudhry, G.R. Advances and Challenges in Stem Cell Culture. Colloids Surf. B Biointerfaces 2017, 159, 62–77.
[CrossRef]

32. Rowe, R.G.; Daley, G.Q. Induced Pluripotent Stem Cells in Disease Modelling and Drug Discovery. Nat. Rev. Genet. 2019, 20,
377–388. [CrossRef]

33. Diomede, F.; Fonticoli, L.; Marconi, G.D.; Della Rocca, Y.; Rajan, T.S.; Trubiani, O.; Murmura, G.; Pizzicannella, J. Decellularized
Dental Pulp, Extracellular Vesicles, and 5-Azacytidine: A New Tool for Endodontic Regeneration. Biomedicines 2022, 10, 403.
[CrossRef] [PubMed]

34. Diomede, F.; Marconi, G.D.; Guarnieri, S.; D’Attilio, M.; Cavalcanti, M.F.X.B.; Mariggiò, M.A.; Pizzicannella, J.; Trubiani, O. A
Novel Role of Ascorbic Acid in Anti-Inflammatory Pathway and ROS Generation in HEMA Treated Dental Pulp Stem Cells.
Materials 2019, 13, 130. [CrossRef] [PubMed]

35. Aurrekoetxea, M.; Garcia-Gallastegui, P.; Irastorza, I.; Luzuriaga, J.; Uribe-Etxebarria, V.; Unda, F.; Ibarretxe, G. Dental Pulp Stem
Cells as a Multifaceted Tool for Bioengineering and the Regeneration of Craniomaxillofacial Tissues. Front. Physiol. 2015, 6, 289.
[CrossRef] [PubMed]

36. Gronthos, S.; Mankani, M.; Brahim, J.; Robey, P.G.; Shi, S. Postnatal Human Dental Pulp Stem Cells (DPSCs) in Vitro and in Vivo.
Proc. Natl. Acad. Sci. USA 2000, 97, 13625–13630. [CrossRef] [PubMed]

37. Luzuriaga, J.; Pastor-Alonso, O.; Encinas, J.M.; Unda, F.; Ibarretxe, G.; Pineda, J.R. Human Dental Pulp Stem Cells Grown in
Neurogenic Media Differentiate Into Endothelial Cells and Promote Neovasculogenesis in the Mouse Brain. Front. Physiol. 2019,
10, 347. [CrossRef] [PubMed]

38. Uribe-Etxebarria, V.; Luzuriaga, J.; Garcia-Gallastegui, P.; Agliano, A.; Unda, F.; Ibarretxe, G. Notch/Wnt Cross-Signalling
Regulates Stemness of Dental Pulp Stem Cells through Expression of Neural Crest and Core Pluripotency Factors. Eur. Cell Mater.
2017, 34, 249–270. [CrossRef]

39. Monterubbianesi, R.; Bencun, M.; Pagella, P.; Woloszyk, A.; Orsini, G.; Mitsiadis, T.A. A Comparative in Vitro Study of the
Osteogenic and Adipogenic Potential of Human Dental Pulp Stem Cells, Gingival Fibroblasts and Foreskin Fibroblasts. Sci. Rep.
2019, 9, 1761. [CrossRef]

40. Redmond, J.; McCarthy, H.; Buchanan, P.; Levingstone, T.J.; Dunne, N.J. Advances in Biofabrication Techniques for Collagen-Based
3D in Vitro Culture Models for Breast Cancer Research. Mater. Sci Eng. C Mater. Biol. Appl 2021, 122, 111944. [CrossRef]

41. Irastorza, I.; Luzuriaga, J.; Martinez-Conde, R.; Ibarretxe, G.; Unda, F. Adhesion, Integration and Osteogenesis of Human Dental
Pulp Stem Cells on Biomimetic Implant Surfaces Combined with Plasma Derived Products. Eur. Cell Mater. 2019, 38, 201–214.
[CrossRef]

42. Uribe-Etxebarria, V.; García-Gallastegui, P.; Pérez-Garrastachu, M.; Casado-Andrés, M.; Irastorza, I.; Unda, F.; Ibarretxe, G.;
Subirán, N. Wnt-3a Induces Epigenetic Remodeling in Human Dental Pulp Stem Cells. Cells 2020, 9, 652. [CrossRef]

43. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 Years of Image Analysis. Nat. Methods 2012, 9, 671–675.
[CrossRef] [PubMed]

44. Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

45. Kinkel, A.D.; Fernyhough, M.E.; Helterline, D.L.; Vierck, J.L.; Oberg, K.S.; Vance, T.J.; Hausman, G.J.; Hill, R.A.; Dodson, M.V. Oil
Red-O Stains Non-Adipogenic Cells: A Precautionary Note. Cytotechnology 2004, 46, 49–56. [CrossRef] [PubMed]

46. ASTM International. ASTM F3354-19 Standard Guide for Evaluating Extracellular Matrix Decellularization Processes; ASTM Interna-
tional: West Conshohocken, PA, USA, 2019.

47. Gonzales, A.M.; Orlando, R.A. Role of Adipocyte-Derived Lipoprotein Lipase in Adipocyte Hypertrophy. Nutr. Metab. 2007, 4, 22.
[CrossRef]

http://doi.org/10.1016/j.biomaterials.2006.02.014
http://www.ncbi.nlm.nih.gov/pubmed/16519932
http://doi.org/10.1016/j.biomaterials.2011.01.057
http://www.ncbi.nlm.nih.gov/pubmed/21296410
http://doi.org/10.1002/jcb.24130
http://www.ncbi.nlm.nih.gov/pubmed/22415903
http://doi.org/10.3390/ijms22083847
http://doi.org/10.3791/55436
http://doi.org/10.22203/eCM.v043a10
http://doi.org/10.1038/nrm.2015.27
http://doi.org/10.1016/j.colsurfb.2017.07.051
http://doi.org/10.1038/s41576-019-0100-z
http://doi.org/10.3390/biomedicines10020403
http://www.ncbi.nlm.nih.gov/pubmed/35203612
http://doi.org/10.3390/ma13010130
http://www.ncbi.nlm.nih.gov/pubmed/31892218
http://doi.org/10.3389/fphys.2015.00289
http://www.ncbi.nlm.nih.gov/pubmed/26528190
http://doi.org/10.1073/pnas.240309797
http://www.ncbi.nlm.nih.gov/pubmed/11087820
http://doi.org/10.3389/fphys.2019.00347
http://www.ncbi.nlm.nih.gov/pubmed/30984027
http://doi.org/10.22203/eCM.v034a16
http://doi.org/10.1038/s41598-018-37981-x
http://doi.org/10.1016/j.msec.2021.111944
http://doi.org/10.22203/eCM.v038a14
http://doi.org/10.3390/cells9030652
http://doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://doi.org/10.1007/s10616-004-3903-4
http://www.ncbi.nlm.nih.gov/pubmed/19003258
http://doi.org/10.1186/1743-7075-4-22


Biology 2022, 11, 1099 19 of 19

48. Darlington, G.J.; Ross, S.E.; MacDougald, O.A. The Role of C/EBP Genes in Adipocyte Differentiation. J. Biol. Chem. 1998, 273,
30057–30060. [CrossRef]

49. Gervois, P.; Fruchart, J.-C. PPAR gamma: A major nuclear receptor in adipogenesis. Med. Sci. 2003, 19, 20–22. [CrossRef]
50. Boutari, C.; Mantzoros, C.S. A 2022 Update on the Epidemiology of Obesity and a Call to Action: As Its Twin COVID-

19 Pandemic Appears to Be Receding, the Obesity and Dysmetabolism Pandemic Continues to Rage On. Metabolism 2022,
133, 155217. [CrossRef]

51. Stranahan, A.M. Visceral Adiposity, Inflammation, and Hippocampal Function in Obesity. Neuropharmacology 2022, 205, 108920.
[CrossRef]

52. Olshansky, S.J.; Passaro, D.J.; Hershow, R.C.; Layden, J.; Carnes, B.A.; Brody, J.; Hayflick, L.; Butler, R.N.; Allison, D.B.;
Ludwig, D.S. A Potential Decline in Life Expectancy in the United States in the 21st Century. N. Engl. J. Med. 2005, 352, 1138–1145.
[CrossRef]

53. Ebbeling, C.B.; Pawlak, D.B.; Ludwig, D.S. Childhood Obesity: Public-Health Crisis, Common Sense Cure. Lancet 2002, 360,
473–482. [CrossRef]

54. Must, A.; Spadano, J.; Coakley, E.H.; Field, A.E.; Colditz, G.; Dietz, W.H. The Disease Burden Associated with Overweight and
Obesity. JAMA 1999, 282, 1523–1529. [CrossRef] [PubMed]

55. Thomson, M.; Martin, A.; Long, E.; Logue, J.; Simpson, S.A. A Qualitative Exploration of Weight Management during COVID-19.
Clin. Obes. 2022, 12, e12512. [CrossRef] [PubMed]

56. Hussey, G.S.; Dziki, J.L.; Badylak, S.F. Extracellular Matrix-Based Materials for Regenerative Medicine. Nat. Rev. Mater. 2018, 3,
159–173. [CrossRef]

57. Vasanthan, K.S.; Srinivasan, V.; Pandita, D. Extracellular Matrix Extraction Techniques and Applications in Biomedical Engineer-
ing. Regen. Med. 2021, 16, 775–802. [CrossRef] [PubMed]

58. Flynn, L.E. The Use of Decellularized Adipose Tissue to Provide an Inductive Microenvironment for the Adipogenic Differentiation
of Human Adipose-Derived Stem Cells. Biomaterials 2010, 31, 4715–4724. [CrossRef]

59. Del Amo, C.; Fernández-San Argimiro, X.; Cascajo-Castresana, M.; Perez-Valle, A.; Madarieta, I.; Olalde, B.; Andia, I. Wound-
Microenvironment Engineering through Advanced-Dressing Bioprinting. Int. J. Mol. Sci. 2022, 23, 2836. [CrossRef]

60. Kaukua, N.; Shahidi, M.K.; Konstantinidou, C.; Dyachuk, V.; Kaucka, M.; Furlan, A.; An, Z.; Wang, L.; Hultman, I.;
Ahrlund-Richter, L.; et al. Glial Origin of Mesenchymal Stem Cells in a Tooth Model System. Nature 2014, 513, 551–554.
[CrossRef]

61. Luzuriaga, J.; Polo, Y.; Pastor-Alonso, O.; Pardo-Rodríguez, B.; Larrañaga, A.; Unda, F.; Sarasua, J.-R.; Pineda, J.R.; Ibarretxe,
G. Advances and Perspectives in Dental Pulp Stem Cell Based Neuroregeneration Therapies. Int. J. Mol. Sci. 2021, 22, 3546.
[CrossRef]

62. Luzuriaga, J.; Pineda, J.R.; Irastorza, I.; Uribe-Etxebarria, V.; García-Gallastegui, P.; Encinas, J.M.; Chamero, P.; Unda, F.;
Ibarretxe, G. BDNF and NT3 Reprogram Human Ectomesenchymal Dental Pulp Stem Cells to Neurogenic and Gliogenic Neural
Crest Progenitors Cultured in Serum-Free Medium. Cell. Physiol. Biochem. 2019, 52, 1361–1380. [CrossRef]

63. Lee, J.-H.; Woo, K.-J.; Kim, M.-A.; Hong, J.; Kim, J.; Kim, S.-H.; Han, K.-I.; Iwasa, M.; Kim, T.-J. Heat-Killed Enterococcus Faecalis
Prevents Adipogenesis and High Fat Diet-Induced Obesity by Inhibition of Lipid Accumulation through Inhibiting C/EBP-α and
PPAR-γ in the Insulin Signaling Pathway. Nutrients 2022, 14, 1308. [CrossRef]

64. Farmer, S.R. Regulation of PPARgamma Activity during Adipogenesis. Int. J. Obes. 2005, 29 (Suppl. 1), S13–S16. [CrossRef]
[PubMed]

http://doi.org/10.1074/jbc.273.46.30057
http://doi.org/10.1051/medsci/200319120
http://doi.org/10.1016/j.metabol.2022.155217
http://doi.org/10.1016/j.neuropharm.2021.108920
http://doi.org/10.1056/NEJMsr043743
http://doi.org/10.1016/S0140-6736(02)09678-2
http://doi.org/10.1001/jama.282.16.1523
http://www.ncbi.nlm.nih.gov/pubmed/10546691
http://doi.org/10.1111/cob.12512
http://www.ncbi.nlm.nih.gov/pubmed/35194943
http://doi.org/10.1038/s41578-018-0023-x
http://doi.org/10.2217/rme-2021-0021
http://www.ncbi.nlm.nih.gov/pubmed/34427104
http://doi.org/10.1016/j.biomaterials.2010.02.046
http://doi.org/10.3390/ijms23052836
http://doi.org/10.1038/nature13536
http://doi.org/10.3390/ijms22073546
http://doi.org/10.33594/000000096
http://doi.org/10.3390/nu14061308
http://doi.org/10.1038/sj.ijo.0802907
http://www.ncbi.nlm.nih.gov/pubmed/15711576

	Introduction 
	Materials and Methods 
	Human Adipose Tissue Decellularization 
	Characterization of hDAT 
	hDAT Processing as Solid Foam 
	Scanning Electron Microscopy (SEM) 
	Swelling Properties 
	Mechanical Test 
	Degradation Test 
	hDPSC In Vitro Culture 
	hDPSC Viability and Proliferation 
	Adipogenic Differentiation of hDPSC 
	RNA Extraction and qRT-PCR 
	PPAR-Gamma Immunofluorescence and Quantification 
	Oil Red Staining and Quantification 
	Statistical Analysis 

	Results 
	hDAT and 3hDAT:1bCOL-I Solid Foams Degradation Is Slower Than bCOL-I 
	hDPSC Viability and Proliferation 
	hDPSCs Cultured on Solid Foams Expressed Adipogenic Markers 
	PPAR- Immunofluorescence and Oil Red Staining 

	Discussion 
	Conclusions 
	Patents 
	References

