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Abstract
Decellularized tissues and organs have aroused considerable interest for developing functional bio-scaffolds as natural templates
in tissue engineering applications. More recently, the use of natural extracellular matrix (ECM) extracted from the in vitro cell
cultures for cellular applications have come into question. It is well known that the microenvironment largely defines cellular
properties. Thus, we have anticipated that the ECMs of the cells with different potency levels should likely possess different
effects on cell cultures. To test this, we have comparatively evaluated the differentiative effects of ECMs derived from the cultures
of human somatic dermal fibroblasts, human multipotent bone marrow mesenchymal stem cells, and human induced pluripotent
stem cells on somatic dermal fibroblasts. Although challenges remain, the data suggest that the use of cell culture-based
extracellular matrices perhaps may be considered as an alternative approach for the differentiation of even somatic cells into
other cell types.
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Introduction

Tissue engineering (TE) is a field of regenerative medicine
with emphasis on the repair/replacement of diseased or miss-
ing tissue through the in vitro use of cells and scaffolds. The
main objective of TE is to develop bioconstructs which can
mimic the natural in vivo three-dimensional (3D) structure of
the tissues and the extracellular matrix (ECM) under labora-
tory conditions [1, 2]. Past studies have focused on various
approaches for producing bio-scaffolds aiming to mimic the
structure and function of natural ECM, albeit with limited
success. There is as yet no developed bio-scaffold or tissue
layer fully meeting the complex architectural structure and
bio-functions of the natural ECM prepared by common phys-
icochemical biomaterials production techniques.

Nevertheless, development of functional bio-scaffolds
through the use of the biological ECM known as
“decellularization” has recently aroused considerable interest.
The fundamental principle behind this technique is based on
the removal of cells from tissues or organs using appropriate
methods, leaving a bioactive scaffold possessing the natural
3D ECM structure [3]. The essential criterion of success in
decellularization is the complete removal of the cellular com-
ponents, while preserving the vast majority of the active ECM
content of the cells of the tissue in question [4]. Currently,
decellularized ECMs originating from tissues or organs can
be handled as bio-matrices for tissue engineering, as their
natural 3D structure and multidirectional active composition
can be preserved to a significant extent. To date, various types
of tissues, including those of small intestine submucosa (SIS),
cartilage, heart valves, urethra etc. have been used in preclin-
ical TE studies with a certain level of success, and have
formed the basis for the clinical use of these products [5–9].
As an alternative approach to the extraction of natural ECM
from tissues or organs, ECM extraction from in vitro cell
cultures have more recently drawn interest. This approach is
based essentially on the collection of the natural ECM synthe-
sized by cell cultures. Briefly, the cells of the confluent cul-
tures are removed by standard decellularization protocols,
while the ECM containing the natural bioactive molecules
and proteins released by the cells is collected and used for
multipurpose biomaterials or cell culture substrate
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applications [10–14]. This approach also allows to overcome
some of the disadvantages of using ECMs directly from
tissues/organs for TE or cell therapy applications [15, 16].
Although studies aiming to obtain the ideal cell culture
ECM have reported promising results, their success remains
to be limited, so the search still continues for a means of
obtaining well-characterized ECMs produced in vitro that
can support the in vivo functions of stem or somatic cells.

In the present study, we investigated comparative
decellularization protocols for the extraction of ECM from
cells with different potencies, including human somatic der-
mal fibroblasts (hDFs), human multipotent bone marrowmes-
enchymal stem cells (hBM-MSCs) and human induced plu-
ripotent stem cells (hiPSCs) and evaluated their potential as
differentiation inducers using the hDFs. After the
immunophenotypical and molecular characterization of the
cells were carried out, the efficacy of the decellularization
protocols was compared based on spectroscopic, histologic
and microscopic techniques. Bioactive contents of different
types of cell culture-derived ECMs were analyzed using im-
munofluorescence staining, ELISA and spectroscopic
methods. Later, viability, proliferation and gene expression
characteristics of hDFs on all three types of ECM-covered
culture plates were investigated in detail. The schematic illus-
tration of the experimental approach is presented in Fig. 1.

Materials and Methods

Cell Cultures

hDFs (PCS-201-012), hBM-MSCs (PCS-500-012) and
hiPSCs (ACS-1023) were obtained from American Type
Culture Collection (ATCC, Manassas, VA). All cells were
thawed in a 37 °C water bath, as per the manufacturer recom-
mendations and transferred into respective culture media.
hDFs which were isolated from 40 to 45 year-old female do-
nors (N = 3) weremaintained in a serum-free fibroblast growth
medium (ATCC, PCS-201-040) containing 10 U/mL penicil-
lin/10μg/mL streptomycin (Pen/Strep) and cultured in 25 cm2

culture plates at a density of 4,000–5,000 cells/cm2. The me-
dium was exchanged with fresh growth medium after 24 h,
then every other day and cultured until 80% confluence was
achieved. The cells were monitored by standard methods and
passaged using 0.25% trypsin-EDTA solution, and replated at
a ratio of 1:6. Three independent cell cultures were pooled and
stocked for further studies. Cells from passages 6–10 were
used in advanced characterization and decellularization stud-
ies. hBM-MSCs were plated at a density of 5,000 cells/cm2 in
MSC growth medium (ATCC, PCS-500-041) containing Pen/
Strep and maintained until passages 2–5.

hiPSCs were adapted initially to the culture as per the rec-
ommendations of the manufacturer. To this end, cells were

seeded onto 60 mm culture plates coated with CellMatrix™
(ATCC, ACS-3035), prepared at a concentration of 150 μg/
mL in 2 mL of cold DMEM:F12. The stock cells were
suspended in a Pluripotent Stem Cell SFM XF/FF growth
medium containing 1 mL 10 μM ROCK inhibitor and sepa-
rated onto two culture plates. After reaching ~80% conflu-
ence, the cell colonies were detached using the dissociation
reagent (ATCC, ACS 3010), and the culture was maintained
after splitting at 1:4 ratio. hiPSCs were then transferred into
vitronectin-coated (VTN-N; 0.5 μg/cm2) plates, and cultured
in Essential 8™ Medium (Gibco, A1517001) containing
Essential 8™ Supplement. hiPSCs were passaged using a
0.5 mM EDTA solution in phosphate-buffered saline
(pH 7.4; PBS). All cell types were cultured in an incubator
adjusted to 5% CO2, 37 °C and > 95% humidity. The cells
were monitored and photographed daily using a digital
phase-contrast microscope.

Immunophenotype Characterization

A f luo r e s cen t - a c t i v a t ed ce l l s epa r a t i on -ba s ed
immunophenotypic characterization (FACS) procedure was
carried out using a Beckman Coulter Navios FCM device
using the following antibody panel: CD31, CD10 CD26, CD
90 and CD105 for hDFs; CD29, CD31, CD34, CD73, CD90
and CD105 for hBM-MSCs; and Oct3/4, Nanog, Sox2,
SSEA-4, TRA-1-60 and TRA-1-81 for hiPSCs.

The cells were collected once they reached 80% confluence
and washed with the buffer solution. Afterwards, the cells
were suspended in the buffer to reach a cell density of 2.0–
3.0 × 106 for each cell type, and centrifuged for 10 min at
250×g. The obtained pellet was suspended in a 1 mL buffer,
and 100 μL samples were transferred to tubes for analysis, for
which 5 μL of antibody solution was added, and the solution
was incubated for 20 min. The samples were then suspended
in the buffer solution after a series of washes and placed into
the device (Beckman Coulter Navios FCM) for reading.
Collected data were analyzed using Kaluza software.

Quantitative RT-Polymerase Chain Reaction

After the cells reached ~80% confluence, they were collected
from the culture dishes and prepared for qRT-PCR analyses.
cDNA samples from isolated total RNAwere examined using
the LightCycler® 96 Real-Time PCR System (Roche Life
Sci., Belmont, CA), following the LightCycler® 480 Probes
Master protocol. The probes of the selected target genes were
obtained from Roche [17, 18] (listed in supplementary
Table I). qRT-PCR reaction conditions were as follows: 10 s
at 95 °C, 30 s at 60 °C and 1 s at 72 °C for 45 cycles for
amplification, then 30 s 40 °C for cooling. Expression levels
of the target genes were calculated using the ΔΔCt method.
The experiments were performed in triplicate, and HPRT1
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was used as the reference gene. The pluripotency gene expres-
sion levels of the human iPSCs were calculated by reference
to the un-transfected hDF cells (iPSCs had been derived from
hDFs).

Decellularization of Cell Culture

At first, all cell types were proliferated under respective cul-
ture conditions until they reached full confluence, confirmed
by phase-contrast microscopy. Decellularization protocols
were then applied on cell cultures. Briefly, the cultures
underwent the process for the release of the nucleic acid con-
tent by degradation of the cell membrane and removal of the
cells until the ECM was retained. Decellularization was mon-
itored by phase contrast microscopy and photographed
(Zeiss). Three independent protocols were investigated for
optimization: In Protocol 1, the cultures were treated for
20 min with a 1% volume Triton X-100 solution in sterile
distilled water (dH2O). Repetitive washes were carried out
with PBS before and after the process. In Protocol 2, the cul-
tures were treated for 20 min with a 1% volume Triton-X-100
solution in dH2O. In the second stage, they were washed in
PBS and treated for 30 min with a 150 U/mL DNase-1

solution in PBS at 37 °C. In the final stage, a repetitive series
of washes were performed with PBS. In Protocol 3, the cul-
tures were treated for 15 min with a 20 mM NH4OH solution
prepared in a 1% Triton X-100 in PBS. In the final stage, a
repetitive series of washes were done with PBS.

DNA Content Analysis

The DNA contents of the respective decellularized cultures
were analyzed by the spectrophotometric method. For this
purpose, the retained ECM specimens on the plate surfaces
were incubated for 48 h at 55 °C with a solution comprising
10 mM Trizma, 50 mMKCl, 1.5 mMMgCl2, 0.5% Tween 20
and 20 mg/mL Proteinase K. The solution was collected and
centrifuged for 15min at +4 °C and at 3000 rpm to remove the
supernatant. DNA was extracted from the collected superna-
tant by the phenol:chloroform:isoamyl alcohol method. The
extraction solution was centrifuged for 10 min at 25 °C and at
10,000 rpm, and the supernatant was discarded. The remain-
ing pellet was mixed with 100 μL dH2O and the DNA content
was measured using Nanodrop 2000c spectrophotometer
(Thermo), and the efficacy of the decellularization process
was quantified based on the percentage decrease in DNA

Fig. 1 Schematic illustration of the experimental approach
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content. For each group of ECM, the untreated hDFs, hBM-
MSCs and hiPSCs were used as controls.

H&E Staining of Decellularized ECM

In addition to the DNA content analysis (presence of potential
cell nuclei), retained ECM distribution in the decellularized
ECMs was analyzed through histochemical evaluations. To
this end, cell-culture based ECMs were washed in PBS fol-
lowing decellularization, and fixed in 2.5% glutaraldehyde.
Following serial washing (2 min with 95% alcohol and
2 min with 70% alcohol), the samples were treated for 8 min
with a hematoxylin solution, washed with water for 5 min and
activated for 30 s using a 1% acid-alcohol solution. The sam-
ples were then washed again and cross-stained with eosin-B
for ~1 min, after which they were dehydrated with 95% alco-
hol. In the final stage, the stained samples were investigated
under a light microscope (Leica).

Quantification of sGAGs

The amounts of sulfated glycosaminoglycans (sGAGs) in the
cell-based ECMs obtained from the decellularization proce-
dure were determined by using the Blyscan sGAG detection
kit (Biocolor, Newtonabbey, UK), following the standard pro-
tocol recommended by the manufacturer. For this purpose,
cell-culture based ECMs were treated separately with a papain
extraction solution and incubated in an axial mixer for 3 h at
65 °C. The lysate obtained was collected and mixed with the
blyscan-stain provided in the kit, and then centrifuged for
10 min at 10,000×g. The supernatant was then discarded and
a dissociation solution was added to the collected pellet. The
sGAG amount was measured spectrophotometrically at a
wavelength of 656 nm. Untreated cell cultures were consid-
ered as controls for a comparison of the decrease in sGAG
amounts.

Morphological Characterization

SEM was used to investigate the efficacy of decellularization
based on the distribution of the retained ECMs in the culture
dishes. For this purpose, decellularized culture surfaces were
washed in PBS, and fixed in glutaraldehyde (2.5%). Then they
were washed again in PBS, and dehydrated through ethanol
series (50–95%). After critical point drying, the samples were
coated with a thin layer of gold and imaged using an Evo 10
model SEM (Zeiss, Oberkochen, Germany).

Immunofluorescence Stainings

The prospective proteins present in the cell-culture based
ECMs were identified by immunofluorescence stainings.
Briefly, the samples were fixed in cold methanol, then the

fixed cells and cell-culture based ECMs were repetitively
washed in 1 mL PBS. Following aspiration of PBS, the fixed
samples were permeabilized by adding PBS containing 1%
BSA for 30 min at room temperature. Then, the samples were
incubated for 3 h at room temperature with the primary anti-
bodies which were diluted 1:100 in 1% BSA buffer (listed in
Supplementary Table II).

After that, the samples were washed three times in PBS
containing 1% BSA, and incubated for 45 min with Alexa
Fluor® 488 (10 μg/mL) in dark room to avoid bright light
exposure. Finally, the stained samples were imaged using a
ZEISS®ImagerZ2 (Zeiss).

Quantification of Growth Factors

After the samples were washed with PBS, a urea-heparin ex-
traction solution was added into culture plates and kept on an
orbital shaker for 24 h at +4 °C, after which, the samples were
collected and transferred to tubes and centrifuged for 10min at
12,000 rpm. The supernatant was collected after centrifuga-
tion and growth factors were analyzed. ELISA kits for
VEGF (KHG0111), and TGFB-1 (BMS249–4) were obtained
from ThermoFisher; PDGF-AB ELISA kit (DHD00C) was
purchased from R&D Systems (Minneapolis, MN).

Seeding of hDFs on Cell ECM Surfaces

The behavior of somatic hDFs was investigated in 2D cultures
covered with ECM obtained from three different cell types
having different characteristics and potencies. The medium
of hDF cultures (at passages 5–7) was removed once the cells
reached ~80% confluence, then washed in PBS, before
detaching the cells from the surface by trypsin-EDTA treat-
ment. The cell pellet obtained after centrifugation was
suspended in DMEM-F12 containing 10% FBS and 1%
Pen/Strep, and the cells (~3000 cells/cm2) were seeded onto
24-well culture plates covered with decellularized ECMs
retained from either hDFs, hBM-MSCs or hiPSC cultures.
The cultures were maintained in an incubator adjusted to 5%
CO2 and 37 °C. The hDFs were also seeded on standard cul-
ture plates as the control group.

Cell Viability and Proliferation Capacity of DFs on Cell
Culture-Based ECMs

After the seeding of somatic hDFs on the surface of culture
plates covered with different cell-based ECMs, their viability
and proliferation capacity were identified at certain time
points (days 1, 3 and 7) using a commercial MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] kit,
which detects changes in cellular mitochondrial dehydroge-
nase activity. The samples were washed after discarding the
growth medium, and the MTT reagent was added at a ratio of
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1/10. The growthmediumwas removed after 4 h of incubation
in an incubator adjusted to 5% CO2 at 37 °C, the obtained
formazan was collected using a solvent and measurements
were taken at a wavelength of 570 nm using a SpectraMax®
M5 microplate reader (Molecular Devices, San Jose, CA).

In addition to the spectrophotometric quantitative analysis
for the monitoring of cell viability, the effects of ECM-
covered surfaces on the viability and proliferation of hDFs
were investigated and recorded using a phase-contrast
microscope.

Surface Characterization of Cell Seeded ECMs

SEM analyses were performed to monitor the adhesion and
proliferation properties of hDFs on 2D-culture surfaces cov-
ered with different cell-based ECMs. Similarly, after the so-
matic hDFs were seeded on the culture surfaces covered with
different cell-based ECMs, the samples were fixed in 2.5%
glutaraldehyde prepared in PBS at certain time points (days
1, 3 and 7), washed in PBS, and dehydrated by passing the
samples through a series of ethanol (50–95%). After the crit-
ical drying process, the sample surfaces were covered with a
thin layer of gold and investigated under the SEM.

Identification of Gene Expression Levels of hDFs
on Cell Culture-Based ECMs

The changes in the gene expression levels of hDFs under the
influence of external factors found in the rich content of dif-
ferent ECM types were evaluated. The hDFs were seeded on
different cell culture-based ECM-covered T75 culture plates
and maintained under standard culture conditions. hDFs
reaching ~80% confluence (within 6–7 days) were collected
for the identification of the gene expression levels. The hDFs
proliferated on culture plates were considered as the controls,
and changes in gene expression levels were compared. BMP2,
COL1A1, SOX2, POU5F1 (OCT4), KLF4, FSP1 (S1100A4),
SMAD4, THY1, VWF, KAT2B (PCAF), CD106 (VCAM1),
BMP6, NANOG and CD44 genes were analyzed for this
purpose.

Statistical Analysis

All analyses performed in the study were independently re-
peated three times (n = 3) and the results were expressed as
mean ± standard deviation values. Statistical analyses were
carried out in the GraphPad Prism 7 program using a one-
way ANOVA test, and significant differences were identified
through Tukey’s post hoc analyses. The level of significance
was considered as * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, ****
p ≤ 0.0001.

Results

Characterization of Cultured Cells

The cells demonstrated typical immunophenotypes and gene
expressions. Three different types of commercially-obtained
human cell lines were cultured and characterized using stan-
dard methods, including qRT-PCR and flow cytometry.
Firstly, the typical fibroblastic cell morphology of hDFs was
confirmed by phase-contrast microscopy on day 7 of passage
7 (Fig. 2a). Immunophenotype analysis revealed that the so-
matic hDFs were positive for the surface antigens CD10,
CD26, CD105, CD90, while they lacked the surface antigen
expressions of CD31, LIN and HLA DR (Fig. 2b,
supplementary Fig. 1). In addition, qRT-PCR analysis re-
vealed that hDFs have specific gene expressions [19] for
FSP1, and THY1, while they expressed low levels of
SMAD4, PCAF, PPAR and KLF4 (Fig. 2c).

The second cell type, hBM-MSCs used in the study ad-
hered and proliferated well on culture plates and preserved
their typical fibroblastoid fusiformmorphology during culture
(Fig. 2d; passage 2, day 7). In line with their characteristics
[17], the multipotent hBM-MSCs expressed high levels of
CD73 (98.55%), CD90 (91.67%), CD105 (99.57%) and
CD29 (99.66%) antigens (Fig. 2e, supplementary Fig. 2),
while not expressing CD34, LIN, CD31, HLA DR or
CD133. Additionally, they expressed BMP2, BMP6, CD44,
VCAM1 and vWF, which were selected from the characteris-
tic gene panel (Fig. 2f).

The third cell type was hiPSCs, which is acquired by the
reprogramming of adult somatic hDFs via the transfer of
Oct3/4, Sox2, Klf4 and c-Myc genes. hiPSCs proliferatedwell
on vitronectin (VTN)-coated culture plates, and acquired the
typical colony form in ongoing passages (Fig. 2g; passage 21).
Besides the cell phenotype, expression of pluripotency genes,
along with the existence of certain surface markers are com-
monly used to identify the hiPSCs [20]. Flow cytometry find-
ings demonstrated the presence of the surface antigens Nanog,
OCT3/4, Sox2, SSEA4, TRA-1-60, TRA-1-81, while not ex-
pressing CD45 (Fig. 2h, supplementary Fig. 3). In addition,
the quantitative RT-PCR analysis showed that the hiPSCs
expressed Sox2, OCT3/4, Nanog and Klf4 genes (Fig. 2i).

H&E and SEM Results of Decellularized Cell-Cultures

Complete decellularization was achieved in all three types of
cells. After the cells reached full confluence in each of their
standard culture media, three different protocols for the retrieval
of decellularized ECM from different cell types were investi-
gated. The essential requirement of an optimal decellularization
protocol is the removal of the DNA and cell nuclei from the
cells, while ensuring maximum preservation of the ECM con-
tent [7, 21]. Figure 3a shows the findings of the hematoxyline&
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eosin (H&E) staining performed to examine the efficacy of the
decellularization protocols (i.e. evaluation of cell nuclei and
ECM distribution). For all three cell culture types, the light
micrographs showed that while the cell nuclei were prominent
in the ECMs before decellularization, they were removed from
the culture at varying levels after decellularization, and the
ECMs were substantially preserved. Among the studied proto-
cols, Protocol 3 was found to bemore effective than Protocols 1
and 2 in terms of eliminating a significant amount of cell nuclei
from the culture while retaining ECM integrity (Fig. 3a).
Scanning electron microscopy (SEM) findings showed that
the integrity of the ECMs was retained and the characteristic
cell morphologies were impaired on the culture plate surface for
all three cell types (Fig. 3b). H&E stainings revealed that the

hDF cell nucleus-like structures could still be found after
Protocols 1 and 2, while they were not identified after
Protocol 3. The SEM findings for hBM-MSCs-based ECM
retrieval were also similar for hDFs, while hiPSC-based
ECMs showed the effective removal of cells with Protocol 2
as well as Protocol 3, consistent with H&E histochemistry (Fig.
3b). Phase-contrast microscopy evaluations for all the three
types of decellularized cell cultures were in line with the SEM
findings (supplementary Fig. 4).

DNA and sGAG Content Measurements

DNA could be largely removed from cell cultures. The DNA
content analyses revealed a value of 42.17 ± 6.29 ng/ECM for

Fig. 2 Characterization of the cultured cells. hDFs: (a) Representative
phase-contrast micrograph of hDFs (passage 7, day 7). (b) FACS analysis
of hDFs. (c) RT-PCR findings of hDFs. hBM-MSCs: (d) Phase-contrast
micrograph showing characteristic fibroblastoid morphology of hBM-
MSCs (Passage 2, day 7). (e) FACS analysis of hBM-MSCs. (f) RT-
PCR findings of hBM-MSCs. hiPSCs: (g) Phase-contrast image of
hiPSCs on the VTN-coated surface proliferating in colony form unlike
other cells (passage 21, day 5). (h) FACS analysis of hiPSCs. (i) RT-PCR
findings of the cultured hiPSCs. All experiments were performed in

triplicate. Errors bars: s.d (n = 3). Scale bars: (a, d, g) 100 μm. (FSP1:
Fibroblast-specific protein 1; THY1: Cluster of Differentiation 90;
SMAD4: SMAD Family Member 4; PCAF: Lysine Acetyltransferase
2B; BMP2: Bone morphogenetic protein 2; BMP6: Bone morphogenetic
protein 6; CD44: Hematopoietic Cell E- and L-Selectin Ligand; VCAM1:
Vascular Cell Adhesion Molecule 1; VWF: Von Willebrand Factor;
SOX2: Sex determining region Y (SRY)-box 2; OCT4: Octamer-
binding transcription factor 4; NANOG: Homeobox transcription factor
Nanog; KLF4: Kruppel-like factor 4)
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hDFs (1.0 × 106 cells) in the control group. The reductions in
the DNA content were calculated from the ECMs obtained
from each culture of 1.0 × 106 cells. After decellularization,
the amount of DNA decreased significantly by 16.50 ±
5.22 ng/ECM (p < 0.001) in hDFs-based-ECMs using
Protocol 1. On the other hand, the DNA amount in hDFs-
based ECMs effectively decreased compared to the control
after Protocol 2 by 5.17 ± 1.04 ng/ECM and after Protocol 3
by 8.67 ± 2.02 ng/ECM (p < 0.0001) (Fig. 3c). The DNA con-
tent analysis with hBM-MSCs also showed that the DNA,
identified as 28.83 ± 1.04 ng/ECM in controls, was eliminated
at a similar level after the decellularization protocols
(p < 0.0001). When the efficacy of the protocols was com-
pared, Protocol 3 was found to lead to a marked decrease of

DNA of 4.33 ± 0.76 ng/ECM in hBM-MSCs-based ECMs
(p < 0.05). hiPSCs studies have revealed a protocol efficacy
similar to that observed in hBM-MSCs-based ECM studies,
with Protocols 1 and 3 leading to significantly decreased DNA
amounts (11.65 ± 0.51–10.57 ± 1.02) (p < 0.001) (Fig. 3c).

The sGAG content in ECMswas also measured to evaluate
the decellularization efficacy. Aside from collagen, sGAGs
are among the main components of ECM, providing a micro-
environment convenient for the maintenance of basic cellular
activities such as cell adhesion, migration and differentiation,
and should therefore be protected in target tissue or cell
culture-based ECMs after decellularization [22]. The sGAG
amounts determined spectrophotometrically for the control
cultures of hDFs, hBM-MSCs and hiPSCs were 5.13 ±

Fig. 3 Efficiency evaluation of decellularization protocols on human
cells with different potencies. (a) Cell nuclei and ECM distribution of
cell culture-derived ECMs after the application of different
decellularization protocols (H&E stainings). Black arrows indicate the
cell nucleus. There is no visible nucleus in Protocol 3-treated cell culture
groups (Control is un-treated cell culture) (Scale bars: 100 μm). (b) SEM

images of standard cell culture (Control) and decellularized cell culture-
derived ECMs (Scale bars: 20 μm). (c) DNA, and (d) sGAG contents of
the native and decellularized cell culture-derived ECMs following the
application of different protocols. Error bars represent s.d. (n = 3) (*
p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001)
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0.31 μg/ECM, 5.59 ± 0.57 μg/ECM and 4.07 ± 0.70 μg/
ECM, respectively (Fig. 3d). Comparative analyses showed
that the hDFs-based decellularized ECMs had higher sGAG
contents in Protocol 2 and 3. The greatest difference was
achieved with Protocol 3, with an sGAG level of 3.70 ±
1.13 μg/ECM (p < 0.05). In hBM-MSCs, a significant
sGAG loss was observed in ECMs decellularized with
Protocol 2 (1.89 ± 0.16 μg/ECM) (p < 0.01), while in hiPSC
studies, no significant loss was observed when compared to
the controls after the implementation of Protocol 3 (2.95 ±
0.51 μg/ECM), whereas a marked sGAG loss was noted, par-
ticularly after Protocol 2 (p < 0.01) (Fig. 3d).

Evalulation of Protein Distribution in Cell-Culture
Based ECMs

Decellularized cultures differentially possessed significant
ECM proteins. The ECM surrounding the cells contain cell
adhesion proteins such as fibronectin and laminin, in addition
to structural proteins, mainly various types of collagens (col-
lagen types 1 and 3) [23]. The presence of these proteins in
ECMs obtained from the three different types of cell cultures
after decellularization was examined through immunofluores-
cence. The control groups were found to have varying levels
of these proteins. The expressions of fibronectin, Col1A,
Col3A and Laminin in the control groups were significantly
higher in hiPSCs than that in the hBM-MSCs and hDFs (Fig.
4a). Col1A and FN were similarly higher than Laminin and
Col3A, in the control cultures of hBM-MSCs and hDFs.
Immunofluorescence micrographs showed that while FN
and Col1 proteins were preserved to some extent after
decellularization (Protocol 3) in hBM-MSCs- and hDFs-
based ECMs, Laminin and Col3A were found significantly
reduced. In hiPSCs, on the other hand, all of the above pro-
teins were highly preserved when compared to other cell-
based ECMs after decellularization (Fig. 4a). Protocol 3 was
selected for the subsequent decellularization studies, since this
protocol was found to be the most appropriate method among
others.

Growth Factor Contents

Decellularized cultures possessed different levels of VEGF,
TGFβ1 and PDGF. In addition to ECM proteins, several
growth factors in natural ECMs exist in the membrane pro-
teins bound to GAG chains which can adhere specifically to
certain proteins. Growth factors such as VEGF, TGFβ1 and
PDGF, normally known to exist in ECM, are involved in the
regulation of cell migration, proliferation and differentiation
through mutual interactions [3, 12]. ELISA findings indicated
that PDGF concentrations in the control culture groups were
194.26 ± 56.14 pg/ECM, 164.20 ± 31.98 pg/ECM and 74.25
± 4.98 pg/ECM in hDFs, hBM-MSCs and hiPSCs,

respectively. After decellularization using Protocol 3, maxi-
mum levels of PDGF were measured in hBM-MSCs-based
ECMs (65.65 ± 9.34 pg/ECM) compared to the other cells,
and the greatest loss was noted in iPSCs-based decellularized
ECM (Fig. 4b).

For the TGFβ1, the maximum level was found in the un-
treated hDF culture, while the lowest TGFβ1 level was
2155.63 ± 234.50 pg/ECM, noted in hiPSCs. Unlike in the
control group, the maximum TGFβ1 amount preserved after
decellularization was 1616.72 ± 87.93 pg/ECM, noted in
decellularized hBM-MSCs-based ECM (Fig. 4c). The other
growth factor measured in this study, VEGF, reached the
highest level in hBM-MSCs by 90.13 ± 25.70 pg/ECM, when
compared to the other cell types in the control groups. In line
with these results, the highest level after decellularization was
also noted in the hBM-MSCs-based decellularized ECM
(35.01 ± 16.45 pg/ECM) (Fig. 4d).

Effects of Decellularized ECMs on hDF Proliferation

Decellularized cell cultures supported hDF proliferation
in vitro. Figure 5 summarizes the findings of the spectropho-
tometric MTT assay and SEM analysis, in which the aim was
to identify the proliferation behavior of hDFs on surfaces con-
taining decellularized ECMs derived from different cell types
with distinct potencies. No significant difference in the prolif-
eration of hDFs was noted on the first day of culture (Fig. 5a).
On day 3, proliferation of hDFs increased significantly on the
hBM-MSCs-based ECM when compared to the control cul-
ture, on the other hand there was no significant difference
between the proliferation capacities of the hDFs on hDF-
based and hiPSC-based ECMs. On day 7, the cells maintained
their viability and continued to proliferate accordingly (Fig.
5a, supplementary Fig. 5). The SEM analyses were in line
with the spectrophotometric measurements. The cells gradu-
ally proliferated, and reached maximum levels by day 7, with
the increase in proliferation capacity of hDFs being particu-
larly remarkable on hBM-MSCs-based ECM (Fig. 5b).

Evaluation of Gene Expression Changes of hDFs
on Decellularized Cell-Culture ECMs

Decellularized cell culture ECMs act as hDF differentiation
inducers. Following the proliferation of hDFs on the three dif-
ferent decellularized cell-based ECMs, RT-PCR analyses were
carried out to evaluate any potential changes in the expression
of 14 different genes (including somatic, multipotent and plu-
ripotent lineage specific genes), as part of an evaluation of the
three different levels of potency. For this purpose, SOX2,
OCT4, NANOG, KLF4, CD90, SMAD4, PCAF, FSP1,
BMP-2, BMP-6, CD44, VCAM, COL1A1 and vWF genes
were chosen. The gene expression levels of hDFs varied after
culturing on different cell-based ECMs. In particular, a marked
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increase in the expression of certain genes was noted in hDFs
cultured on hDF-based decellularized ECM (which was not the
case for hBM-MSC- and hiPSC-based ECMs) compared to

control hDFs (Fig. 6). The RT-PCR results, showing the chang-
es in gene expression levels after hDFs’ culture on hBM-MSC-
based ECM, revealed significant increases in expressions of the

Fig. 4 Immunofluorescence microscopy and growth factor contents. (a)
Fluorescence micrographs of Fibronectin, Laminin, Collagen Type I and
III stainings of standard and decellularized (Protocol 3) cell cultures of
hDFs, hBM-MSCs and hiPSCs (Scale bars: 200 μm). (b-d) ELISA

findings evaluating the effect of decellularization on growth factor con-
tent of cell-cultured derived ECMs: (b) PDGF, (c) TGFβ, and (d) VEGF
contents of standard and decellularized ECMs. Error bars represent s.d.
(n = 3) (*p < 0.05, **p < 0.01, ***p < 0.001)
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COL1A1 (p < 0.0001), SMAD4 (p < 0.0001), THY1
(p < 0.01), PCAF (p < 0.001), CD44 (p < 0.01) and CD106
(p < 0. 01) genes when compared to the control group.
Different from the control group and the other cell-based
ECMs, hDF culture on hiPSC-based decellularized ECM
showed significant increases in expression levels of the
BMP6 (p < 0.001), FSP1 (p < 0.01), SMAD4 (p < 0.01) and
KLF4 (p < 0.01) genes. Aside from these genes demonstrating
significant increases in expression levels, no marked increases

were noted in the expression of the vWF or NANOG genes,
when compared to the controls (Fig. 6).

Discussion

This study has optimized the decellularization protocol for the
isolation of the ECM from cells with different potencies,
namely hDFs, hBM-MSCs and hiPSCs, and has also made a

Fig. 5 Proliferation of hDFs on different cell culture-based ECMs. (a)
In vitro MTT assay results of hDFs at day 1, 3 and 7 of the culture. (b)
Representative SEM images demonstrating the surface distribution of

hDFs on different decellularized ECM types at day 1, 3 and 7 of the
culture. Error bars represent s.d. (n = 3) (* p < 0.05, ** p < 0.01, ***
p < 0.001)

Stem Cell Rev and Rep (2020) 16:569–584578



comparative characterization of the ECMs isolated from these
cell types. An evaluation of the efficacy of the examined
decellularization protocols revealed that the quantities of
ECM constituents, such as growth factors, sGAGs and ECM
proteins, varied considerably between the different cell types.
Moreover, this was the first study to assess hiPSC-derived
ECMs maintained in a 2D culture, hence constituting a com-
prehensive evaluation of decellularization technologies for the
tissue engineering of natural ECMs in cells that have not yet
been exposed to any kind of induction/differentiation
medium.

This study has also identified the potential changes in cel-
lular properties (viability, proliferation, etc.) and the
differentiation/gene expression of fully-differentiated hDFs
on ECMs obtained from cell cultures with different levels of
potency. Data collected in this study highlights the potential to
mimic tissue/organ ECMs in cell remodeling, differentiation

and advanced tissue engineering studies, as well as the use of
ECMs obtained from unlimited natural cell sources.

In the first part of the study, the optimal decellularization
protocols for each type of human cell cultures with different
potencies were determined. Even though the primary aim of
the decellularization process is to completely eliminate any
cellular components and DNA from tissues, organs, and –
most recently – cell cultures, it is important to minimize any
loss of the ECM components during this process [3, 4].
Previous studies of tissue and organ decellularization proce-
dures havemostly used a multi-step protocol approach involv-
ing physical, chemical and enzymatic processes [7, 16].
Despite the fact that their efficacy in tissue and organ-based
studies has been controversial, some cell culture-based studies
have reported that detergents such as Triton X-100, and alka-
line reactives like ammonium hydroxide (NH4OH) were more
effective than enzymatic methods in the removal of cellular

Fig. 6 Identification of gene expression changes. Real Time-PCR results
of 14 selected genes, including somatic, multipotent and pluripotent lin-
eage specific genes in hDFs cultured on different types of cell culture-

based ECMs. Error bars represent s.d. (n = 3) (* p < 0.05, ** p < 0.01, ***
p < 0.001, **** p < 0.0001)
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components [5]. It has also been reported that the use of de-
tergents with milder effects on organs/tissues, such as Triton
X-100, in cell cultures allowed for the elimination of cellular
materials without damaging the ECM constituents, such as
sulfated glycosaminoglycans, growth factors and collagen.
In addition to alkaline and mild detergents, the use of DNase
and RNase solutions in the final stage was also proven to be
effective in the elimination of DNA and RNA in different
tissue and cell types [15, 24].

Previous studies using hBM-MSCs and hDFs have mostly
employed an inducing growthmedium containing ascorbic acid
to enhance the ECM deposition. This indicates that the collec-
tion of the natural ECMs cannot be achieved by appropriately
preserving the cellular characteristics. Besides, the hiPSCs have
not been evaluated in a decellularization or ECM isolation
study before. The present study established an optimal
decellularization protocol that can be used for all three cell
types. Depending on the findings of the efficacy analyses, the
most suitable protocol which is common for hDFs, hBM-MSCs
and hiPSCs is based on a 1%Triton X-100 and 20mMNH4OH
solution [11].

In order to evaluate the efficacy of decellularization, the
effects of ECM on cells and sGAG content were also investi-
gated [22], and the results indicated that the optimized proto-
col ensured a high level of sGAG preservation in ECMs ob-
tained from all three cell types. When each group was evalu-
ated individually, the multipotent hBM-MSCs had a high
amount of sGAG, originating from their own natural ECM,
whereas pluripotent hiPSCs, which could be considered as
being at the early stages of development, had minimum
sGAG content, as expected.

The microenvironment surrounding the cells is known to
be the main factor directing the properties, including the dif-
ferentiation of cultured cells, possibly through receptor-ligand
interactions. Clarifying of such effects depends on a complete
understanding of cell-ECM interactions [24, 25]. While sev-
eral factors are known to play roles in receptor-ligand interac-
tions in the aforementioned natural cell microenvironments,
matrix proteins, as the main components, play significant roles
in such biological processes as protein synthesis, signal trans-
duction, cell motility and cell division [26]. In addition to
taking on the task as a physical substrate for cells, ECM also
contains several collagen types and structural proteins as elas-
tin, as well as cell adhesion proteins like fibronectin, laminin
and vitronectin [14].

In the present study, the levels of fibronectin, an ECM
protein that plays a key role in cell adhesion, were measured
in decellularized ECMs. Among the cell types, somatic hDFs
were found to have the highest level of fibronectin [19, 27,
28]. In contrast, pluripotent hiPSCs had markedly lower levels
of fibronectin when compared to the other cells [29]. hiPSCs
demonstrate relatively lower levels of ECM deposition than
other cell types, as they proliferate in colonies. As expected,

analyses of type 1 and type 3 collagen proteins, as the other
predominant matrix proteins that play key roles in cell prolif-
eration and differentiation, have indicated that their levels are
higher in control cell cultures [14, 23].

One particular notable difference detected in this study was
related to hiPSCs. Different to the fibroblastoid cell prolifera-
tion, ECM deposition in hiPSCs proliferating as colonies, was
denser inside the colonies than through the periphery. It is
therefore obvious that the difference in COL1A and COL3A
quantities were attributable to colony deposition [30].

In this study, we also investigated the levels of laminin,
being a protein with an RGD pattern that modulates cellular
functions and provides structural support. In line with some
other studies, laminin levels were found to have decreased
in all cells with different potencies [31, 32]. Laminin, which
was already low in the control group, decreased even further
in ECM after decellularization, and could only be detected
at very low levels in some regions of the 2D culture surface.
On the other hand, a significant amount of laminin expres-
sion was noted in iPSCs, which has not yet been investigat-
ed in decellularization studies. Indeed, it is known that lam-
inin proteins are expressed predominantly in the initial
stages of development. While some decellularization stud-
ies report that laminin may be preserved in hDFs and hBM-
MSCs-based-ECMs, those studies required additional pro-
cedures and cross-linking protocols to enhance ECM depo-
sition [14, 33, 34].

As known, the natural microenvironment of cells includes
various growth factors, ECM bound to GAG chains, and
membrane proteins, aside from matrix proteins. It is known
that growth factors are bound to particular proteins [14, 35].
Growth factors such as bFGF, VEGF, TGFβ1 and PDGF,
which are known to bind to ECM under physiological condi-
tions, can enhance cell migration, proliferation and differenti-
ation through mutual interactions [3, 12].

In the present study we investigated certain levels of
VEGF, TGFβ1 and PDGF in decellularized ECM, all of
which are known to have significant effects on cell behavior.
Based on previous reports, we expected to find elevated
PDGF and TGFβ1 levels in somatic and multipotent cells,
and it was remarkable to find that VEGF had markedly in-
creased in multipotent hBM-MSCs when compared to the
other groups [12, 36, 37]. On the other hand, the levels of
VEGF, PDGF and TGFβ1 were much lower in hiPSCs that
were addressed previously in this study. The ECM of plurip-
otent cells that are in the differentiation stage and carrying
growth factor receptors is believed to bear growth factors at
levels that permit their proliferation without differentiating
[38]. These results appear to be congruent with previous stud-
ies. Moreover, the spectroscopic sGAG, IF staining findings
and growth factor analyses of the decellularized cell culture
ECMs investigated in this study are, on the whole, consistent
with one other, and suggest that growth factors essentially
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exist as bound to sGAGs and ECM proteins. The enzymes
found in ECMs, such as matrix metalloproteases (MMPs),
collagenases and stromelysin, are known to release growth
factors by degrading the sGAG molecules that are bound to
these factors [10, 39].

Studies with cell-based ECMs havemostly investigated the
properties of multipotent cells that can differentiate between
the different types of ECM after being re-seeded on ECMs.
On the other hand, the effects on differentiated cells such as
hDFs or cells with low potential for differentiation have been
evaluated in only a number of studies. The present study ad-
dressed whether the different potencies of ECM constituents
are able to direct hDFs away from their innate microenviron-
ment and enable them to differentiate into different cell types
or adapt to new microenvironments.

Findings indicated that hDFs exhibited higher levels of
viability and proliferation on multipotent ECMs than on other
types of ECMs. The ECMmatrix proteins and sGAG contents
were not markedly different between the decellularized
ECMs, hence the differential effects may be attributable to
the greater level of preservation of growth factors in
multipotent ECM, and to the synergistic effects of the combi-
nations of the aforementioned active constituents [6, 12, 13,
40–42].

In addition, the expression of a significant proportion of the
investigated genes (BMP2, CD44, CD106, COL1, PCAF,
SMAD4, KLF4) had significantly increased under the influ-
ence of multipotent decellularized ECM (hBM-MSCs), how-
ever some unexpected results were also observed. For exam-
ple, it was expected that the SOX2 and OCT4 genes would
modulate the multipotent and pluripotent effect of ECMs;
however, they displayed limited increases in the decellularized
microenvironments of hDFs. On the other hand, the pluripo-
tent microenvironment was found to modulate the FSP1,
BMP6 and KLF4 genes, in contrast to other decellularized
ECMs.

In order to identify the basis behind such changes in the
gene expressions of somatic hDFs, their biology needs to be
evaluated. Previous studies have shown that hDFs have some
features resembling the multipotent cells; clonal analyses have
suggested that these cells form a heterogeneous population
containing precursor cells. Indeed, microarray-based gene ex-
pression analyses have reported that genes expressed by hBM-
MSCs were also expressed by hDFs to a substantial level,
while some other studies have indicated the multipotent dif-
ferentiation potential of these cells have actually provided
evidence that they could differentiate into neuronal and meso-
dermal lineages [43–45]. Studies also suggest that, hDFs may
differentiate into adipocyte-, chondrocyte- and osteoblast-like
cells under the appropriate conditions. Hence, our study sug-
gests that different types and compositions of decellularized
ECMsmay have influenced the hDFs. It is not easy to attribute
changes in gene expression to a single factor, although the

synergistic effects of the aforementioned decellularized
ECM components may have played potential roles.

It could be asserted that the changes in gene expres-
sions have resulted both from the growth factors and
sGAG contents of the cell culture ECMs. BMPs are oste-
oblastic markers also known to play significant roles in
vascular endothelial cells and angiogenesis [46]. Studies
with hDFs have reported that although fibroblasts do not
typically express osteoblastic markers, they may express
significant levels of BMP2 or BMP7 when exposed to
osteogenic induction [47]. It is also known that the pres-
ence of TGF-β1 contributes to the protection and devel-
opment of bone tissue by enhancing the synthesis of the
proteoglycan matrix and collagen; TGF-β1 is also
expressed by hDFs under in-vitro osteogenic differentia-
tion [48]. TGF-β1 is also involved in the increase in
CD44 exp r e s s i on . F i b r ob l a s t s t r an s f o rm in t o
myofibroblasts during the natural wound healing process,
enabling effective healing, and is mainly regulated by
TGFβ1 [49]. Similarly, the SMAD4 gene also expresses
a signal transduction protein activated by the transmem-
brane serine-treonin receptor kinases that is responsible
for TGF-β1 signaling. It is possible to interpret that dif-
ferent TGF-β1 concentrations detected in decellularized
ECMs may bring about increases in the expression of
BMP2, BMP6, CD44 and SMAD4 genes, in addition to
other combinations. The characteristics noted for each
gene and the differentiation potential of hDFs may indi-
cate that these cells are perhaps directed towards the os-
teogenic and/or endothelial lineages, although the effect
may be attributed to the fact that the VEGF and TGF-β1
detected in the ECM-based structures was in different
combinations. Another growth factor identified in
decellularized cultures is PDGF, which is known to be
involved in cell proliferation and migration. Its contribu-
tion to osteogenic differentiation is not known [50]; addi-
tionally the mechanism through which PDGF regulates
cell differentiation is still unknown [51].

Another point that is worthy of note in other gene expres-
sion variations is that hDFs showed significant elevations in
pluripotent OCT4, SOX2, KLF4 and NANOG gene levels
when cultured on somatic hDF-based ECMs. Previous studies
also report that hDFs express high levels of KLF4, a gene
known to be expressed by pluripotent stem cells [19, 52,
53]. It has also been reported that hDFs express a certain level
of stem cell transcription factors, and that some of these genes
such as OCT4, are expressed by pluripotent cells. Re-
programming studies have indicated that environmental fac-
tors may affect the expression of stem cell-specific genes in
somatic hDFs, such as the use of growth factors like FGF,
culture conditions and low oxygen levels. While environmen-
tal effects are known to enhance the translation of such genes
as OCT4, SOX2 and NANOG, hDFs have been reported to
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survive longer in cultures under similar environmental condi-
tions [54, 55].

Studies investigating MSCs have shown that factors
such as TGFB1, PDGF and FGF play key roles in the
signaling processes, and MSCs can therefore differentiate
into different lineages. Nonetheless, considering the fact
that the differentiation characteristics of hDFs resemble
those of MSCs, it may be due to a combination of such
factors which direct hDFs to different cell types [56]. In
addition to these genes, relative increases in the expres-
sion of the PCAF, VCAM-1 (CD106), vWF and Thy-1
(CD90) genes were also observed, particularly under the
influence of hBM-MSCs-derived ECM. PCAF is known
to play a role in differentiation processes, angiogenesis
and cell cycle progression [57], while vWF is a glycopro-
tein that is produced by endothelial cells, and which is
specific to these cells [58–60], and Thy-1 (CD90) and
VCAM-1 (CD106) are also known to be expressed by
endothelial cells [61–64]. Considering these findings alto-
gether, it is possible that hDFs may have tendency to
differentiate into the endothelial lineage when cultured
in multipotent microenvironments [63]. Another impor-
tant effect of the multipotent microenvironment on hDFs
was observed in COL1, in line with earlier studies
reporting that hBM-MSCs-based ECMs enhance the ex-
pression of chondrocyte-related genes, for reasons that are
as yet unclear [44].

As a proof of concept, the present study has investigated
the relationship between cells and microenvironment potency
using state of the art decellularization approach. It has been
shown that ECMs with significantly preserved natural bioac-
tive components regulating cell differentiation can be obtained
from unlimited sources of cell cultures. It is remarkable that
cells undergo molecular changes in relation to the effects of
the ECMs obtained from different cell types. Pluripotent
ECMs should be investigated extensively in prospective stud-
ies, as their use with terminally-differentiated somatic cells or
undifferentiated stem cells have the potential to provide as yet
unpredictable results. It seems feasible to incorporate such
decellularized microenvironments as biomimetic components
into fabricated constructs for a variety of bioengineering ap-
plications. In addition, clarification of the potential synergistic
effects of decellularized ECMsmay contribute to in vitro drug
development, as well as remodeling studies. Although chal-
lenges remain, the present study suggests that cell culture-
based ECMs may perhaps be considered as an alternative
approach for the direct differentiation of even somatic cells
into other cell types in the future.
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