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Abstract
The extracellular matrix regulates cell survival, proliferation, and differentiation. In vitro two-dimensional cell experiments
are typically performed on a plastic plate or a substrate of a single extracellular matrix constituent such as collagen or
calcium phosphate. As these approaches do not include extracellular matrix proteins or growth factors, they fail to mimic a
complex cell microenvironment. The cell-derived matrix is an alternative platform for better representing the in vivo
microenvironment in vitro. Standard decellularization of a cell-derived matrix is achieved by combining chemical and
physical methods. In this study, we compared the decellularization efficacy of several methods: ammonium hydroxide,
sodium dodecyl sulfate (SDS), or Triton X-100 with cold or heat treatment on a matrix of Saos-2 cells. We found that the
protocols containing SDS were cytotoxic during recellularization. Heat treatment at 47 °C was not cytotoxic, removed
cellular constituents, inactivated alkaline phosphatase activity, and maintained the levels of calcium deposition.
Subsequently, we investigated the differentiation efficiency of a direct bone coculture system in the established
decellularized Saos-2 matrix, an inorganic matrix of calcium phosphate, and a plastic plate as a control. We found that the
decellularized Saos-2 cell matrix obtained by heat treatment at 47 °C enhanced osteoclast differentiation and matrix
mineralization better than the inorganic matrix and the control. This simple and low-cost method allows us to create a Saos-2
decellularized matrix that can be used as an in vivo-like support for the growth and differentiation of bone cells.

Graphical Abstract

1 Introduction

The extracellular matrix (ECM) is a network of proteins and
carbohydrates [1] that provides structural support to cells and
regulates cell migration, proliferation, and differentiation [1–3].
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The composition of the ECM varies by tissue and organ [4].
Bone ECM is mainly composed of type I collagen embedded
in mineral crystals (calcium phosphate [CaP] and hydro-
xyapatite) [5]. Type I collagen induces osteoblast and osteoclast
differentiation by binding integrins of mesenchymal stem cells
[6]. Several ECM proteins (α5 and β5 integrin chains) secreted
by mesenchymal stem cells modulate the differentiation of
these cells into osteoblasts [7]. Two ECM molecules, osteo-
pontin and bone sialoprotein, when combined with αvβ3
integrin, can trigger osteoclast migration and adhesion to bone
ECM as well as differentiation of preosteoclasts into mature
osteoclasts [8]. Physiological mimicking of active bone for-
mation and degradation processes occurring in vivo requires a
feasible and reliable platform for bone cell cultivation and
differentiation.

Decellularization is a promising method for removing
cellular elements and maintaining ECM structure and
functional constituents left by the cells on the substrate [9].
Tissues and organs are ideal sources of decellularized
matrices; but the scarcity of native ECM sources restricts
their large-scale application in in vitro experiments [10].
Inorganic matrices have been used as an alternative; the
inorganic constituents of native bone ECM are hydro-
xyapatite and CaP, which are easy to obtain. Hydro-
xyapatite coatings improve surface bioactivity, but may not
help cells maintain long-term stability [11]. CaP coatings
exhibit excellent biocompatibility and osteoconductive
features [12–14], and several studies have shown that CaP
coatings promote differentiation of osteoclastic precursors
to osteoclasts in favor of bone resorption [12, 13]. CaP
coatings can also steer bone marrow stromal cells towards
osteogenic differentiation [14]. Despite their apparent ben-
efits, these inorganic matrices do not contain proteins or
growth factors (e.g., transforming growth factor β, bone
morphogenetic proteins, or collagen) that regulate bone cell
differentiation and cellular metabolism during the devel-
opment and remodeling of bone tissue. Regulation of cell
behavior can be achieved by incorporating collagen, a major
organic constituent of native bone ECM [15]. For instance,
only the presence of both organic and inorganic components
in native bone ECM facilitates annexin A8 expression,
which is required for initial osteoclast cell fusion [15].
Therefore, a reliable research platform must include both
organic and inorganic constituents of bone ECM, such as
CaP and collagen, to create complex bone cultures with
properties similar to those observed in vivo.

Cell-derived ECM represents a promising alternative to
tissue-derived ECM [16, 17], and its use in laboratory set-
tings is simple, affordable, and free of ethical issues. Cell-
derived ECM creates a microenvironment that mimics the
in vivo condition, acting as a reservoir of cytokines and
factors to facilitate cell growth and development [1, 18].
When preparing cell-derived ECM, researchers must

address both the selection of an appropriate cell type for
producing ECM and application of a suitable decellular-
ization method. The osteosarcoma cell line Saos-2 and
primary human osteoblasts have been shown to exhibit
similar osteogenic differentiation capacities and generate
comparable deposits of calcium in the same period [19].
The ECM derived from Saos-2 cells is mainly composed of
collagen type I and type V and is mineralized by hydro-
xyapatite crystals [20]. These components of Saos-2 ECM
are comparable to those of native bone ECM, making this
cell line a good candidate for ECM production. Ammonium
hydroxide (NH4OH) has been used as a decellularizing
agent [21]; but the efficiency and applicability of NH4OH-
mediated decellularization method require validation, as this
decellularized Saos-2 ECM (DS-ECM) has only been used
to quantify osteoclast activity rather than to support osteo-
precursor cell growth and differentiation.

In the present study, we developed a decellularization
method to generate DS-ECM as a platform for bone cell
cultivation and differentiation. We then investigated the
differentiation efficiency of a direct bone coculture system
composed of mesenchymal stem cells (osteoblast progenitor
cells) and monocytes (osteoclast progenitor cells) in DS-
ECM and compared the results to those obtained from direct
bone cocultures grown on an inorganic matrix coating of
CaP or directly on conventional cell culture plastic
(polystyrene).

2 Materials and methods

2.1 Chemicals and media

Chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA) or Carl Roth (Karlsruhe, Germany). Cell culture
medium and supplements were purchased from Sigma-
Aldrich or Gibco (Thermo Fisher Scientific, Waltham,
MA, USA).

2.2 Cell lines

Cells from the human osteoblast-like cell line Saos-2
(Deutsche Sammlung von Mikroorganismen und Zellk-
ulturen [DSMZ], Leibniz, Germany) were used as osteo-
genic cells [22]. Saos-2 cells were cultured with RPMI 1640
medium supplemented with 5% v/v fetal bovine serum in a
5% CO2 incubator at 37 °C. The medium was replaced
every 3–4 days.

Immortalized human mesenchymal stem cells (SCP-1
line, kindly provided by Dr. Matthias Schieker [23]) were
used as osteoprogenitor cells. The cells were cultivated
(37 °C, 5% CO2, and 100% humidity) in minimum essential
medium Eagle α supplemented with 5% v/v fetal bovine
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serum. The cells were passaged at 80–90% confluence to
avoid spontaneous differentiation. The medium was
replaced every 3–4 days.

Cells from the human monocytic cell line THP-1
(DSMZ) were used as osteoclast precursor cells [22] and
cultured in RPMI 1640 medium supplemented with 5% v/v
fetal bovine serum. The medium was replaced every
3–4 days.

2.3 Preparation of DS-ECM

2.3.1 Standard decellularization methods

Several decellularization procedures were adapted from
previous publications [21, 24, 25] and tested. These
standard protocols use chemicals (15 mM NH4OH, 0.5%
v/v Triton X-100, and 1% w/v sodium dodecyl sulfate
[SDS]) and cold or heat treatments. Table 1 summarizes
the decellularization protocols. For ECM production, 1 ×
104 Saos-2 cells were seeded in 96-well plates (Greiner
Bio-One, Kremsmünster, Austria) and cultured in osteo-
genic medium (RPMI 1640, 5% v/v fetal bovine serum,
200 μM L-ascorbic acid 2-phosphate, 5 mM β-glycerol
phosphate, 25 mM HEPES, 1.5 mM CaCl2, and 5 μM
cholecalciferol) for 13 days. To obtain cell-free matrices,
the cells were incubated with 15 mM NH4OH with or
without 1% w/v SDS or 0.5% v/v Triton X-100 for 30 min
at room temperature. After incubation, the matrices were
washed three times with phosphate-buffered saline (PBS).
These matrices were then incubated at 4 °C, 37 °C, or
41 °C for 48 h and washed three times with PBS. To
confirm that the DS-ECM was sterile, the matrices were
incubated with culture medium for 2 days before cell
seeding.

2.3.2 Modified decellularization methods

After 13 days of osteogenic culturing, the Saos-2 cells were
treated with PBS or 15 mM NH4OH or 1% w/v SDS for
30 min. After incubation, the matrices were heat-treated at
41 °C, 43 °C, 45 °C, or 47 °C for 48 h. Table 2 lists the
modified methods assessed in this paper. To confirm that
the DS-ECM was sterile, the matrices were incubated with
culture medium for 2 days before cell seeding.

2.4 CaP coating

A synthetic inorganic matrix was coated with CaP under
sterile conditions as described previously [12]. Two solu-
tions, A and B, were freshly prepared and sterile-filtered
before use (Table 3). Solution A (100 μL/well) was incu-
bated (37 °C, 5% CO2, and 100% humidity) in 96-well
plates for 3 days. After incubation, solution A was removed
and solution B (100 μL/well) was added for 1 day (37 °C,
5% CO2, and 100% humidity). The wells were then washed
three times with sterile water and air-dried overnight. The
coated plates were incubated with culture medium for
2 days as a sterility control before cell seeding.

2.5 Cell seeding

SCP-1 (osteoprogenitor) cells and THP-1 (osteoclastic pre-
cursor) cells were used to generate the bone coculture system.
THP-1 cells (2.4 × 104 cells per well) were seeded in plates
with and without DS-ECM or CaP coating in a culture med-
ium supplemented with 200 nM phorbol 12-myristate

Table 1 Summary of the standard decellularization methods tested in
this study

Protocol Chemical treatment (30 min at room
temperature)

Temperature
(48 h)

15 mM
ammonium
hydroxide

1% sodium
dodecyl
sulfate

0.5%
Triton
X-100

1 + − − 4 °C

2 + + − 4 °C

3 + − + 4 °C

4 + − − 37 °C

5 + + − 37 °C

6 + − + 37 °C

7 + − − 41 °C

8 + + − 41 °C

9 + − + 41 °C

Table 2 Summary of the modified decellularization methods tested in
this study

Protocol Chemical treatment (30 min at room
temperature)

Temperature
(48 h)

Phosphate-
buffered saline

15 mM
ammonium
hydroxide

1%
sodium
dodecyl
sulfate

A + − − 41 °C

B − + − 41 °C

C − − + 41 °C

D + − − 43 °C

E − + − 43 °C

F − − + 43 °C

G + − − 45 °C

H − + − 45 °C

I − − + 45 °C

L + − − 47 °C

M − + − 47 °C

N − − + 47 °C
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13-acetate to induce cell differentiation into adherent macro-
phages. After 24 h, SCP-1 cells (3 × 103 cells per well) were
seeded into the same well with osteogenic differentiation
medium (50:50 mix of RPMI to minimum essential medium
Eagle α, 2% v/v fetal bovine serum, 200 μM L-ascorbic acid
2-phosphate, 5 mM β-glycerol phosphate, 25mM HEPES,
1.5mM CaCl2, and 5 μM cholecalciferol). No exogenous
sources of macrophage colony-stimulating factor or RANKL
(receptor activator of nuclear factor kappa-Β ligand) were
added to induce osteoclastogenesis. The osteogenic differ-
entiation medium was replaced twice a week.

2.6 Resazurin conversion assay

Resazurin conversion assay (mitochondrial activity) was used
to assess cell viability as described previously [26, 27]. Cells
were washed once with PBS before addition of 100 μL of
0.0025% w/v resazurin in PBS. After 30min of incubation at
37 °C, the concentration of the reaction product (resorufin) in
each well was measured at 544 nm excitation and 590 nm
emission wavelengths and corrected by subtracting the back-
ground values obtained from no-cell control wells.

2.7 Cellular adenosine triphosphate (ATP)
measurement

Cell viability was evaluated by measuring ATP content
using a luminescence-based assay (CellTiter-Glo Lumines-
cent Cell Viability Assay, Promega, Madison, WI, USA) by
following the manufacturer’s protocol. The luminescence
signal was measured using an Omega plate reader (BMG
Labtech, Ortenberg, Germany) and corrected by subtracting
the background values obtained from wells with assay
solution with medium (without cells).

2.8 Lactate dehydrogenase (LDH) release
(extracellular)

The release of LDH into the supernatant is a marker of cell
membrane damage [28]. The concentration of LDH in the
medium was measured using a kit (CytoTox-ONE Homo-
geneous Membrane Integrity Assay; Promega). LDH reaction

solution (100 µL) was added to each well, and the plates were
incubated at room temperature for 10min in the dark. Next,
50 µL of stop solution was added to obtain experimental LDH
release. The cells were lysed using the cell lysis solution
provided by the manufacturer to obtain maximum LDH
release (positive control). The fluorescence of the osteogenic
differentiation medium was used as the background value. The
fluorescence signal was assessed using an Omega plate reader
(BMG Labtech) and calculated as follows:

LDH release %½ � ¼ Experimental LDH release � Background
Total LDH release� Background

� 100

2.9 Calcein AM–Hoechst staining

Viable cells were visualized by calcein AM–Hoechst staining
as described previously [27, 29]. The cells were washed once
with PBS before addition of 100 µL of a staining solution
(2 µM calcein-AM and 1 µM Hoechst 33342 in PBS) and
incubation at 37 °C for 20min. The cells were then washed
with PBS and imaged with a fluorescence microscope (EVOS
FL, Thermo Fisher Scientific, Carlsbad, CA, USA).

2.10 Alkaline phosphatase activity

Alkaline phosphatase activity was determined as previously
described [26, 27] by incubating cells with a reaction
solution (0.2% w/v 4-nitrophenyl phosphate, 50 mM gly-
cine, 1 mM MgCl2, and 100 mM Tris; pH 10.5). After a 30-
min incubation, the concentration of the reaction product (4-
nitrophenol) was quantified photometrically (λ= 405 nm;
Omega plate reader, BMG Labtech).

2.11 Tartrate-resistant acid phosphatase (TRAP) 5b
activity

TRAP 5b activity as a marker of osteoclast activity was
measured in culture supernatants as previously described
[30, 31]. Culture supernatant (30 µL) was transferred to a new
cell culture plate with 90 μL of TRAP 5b activity assay
solution (0.2% w/v 4-nitrophenyl phosphate, 100mM sodium

Table 3 Composition of the
calcium phosphate coating

Substrate Composition

Tris buffer 50 mM Tris base in demineralized water, pH 7.4

Calcium solution 25 mM calcium chloride, 1.37M sodium chloride, and 15 mM magnesium chloride in
Tris buffer, pH 7.4

Phosphate solution 11.1 mM disodium hydrogen phosphate and 42 mM sodium hydrogen carbonate in
Tris buffer, pH 7.4

Solution A 50% Tris buffer, 25% calcium solution, and 25% phosphate solution

Solution B 2.25 mM disodium hydrogen phosphate, 4 mM calcium chloride, and 140 mM sodium
chloride in Tris buffer with 4M hydrogen chloride
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acetate, and 50mM sodium tartrate in demineralized water;
pH 5.5) and incubated for 6 h at 37 °C. The reaction was
stopped by adding 90 μL of 1M NaOH, and the concentration
of the reaction product (4-nitrophenol) was measured at
405 nm and corrected to background control (medium with
assay solution). The results were normalized to mitochondrial
activity (see 2.6 resazurin conversion assay).

2.12 Carbonic anhydrase activity

The method of Bernhardt and colleagues [32] was used to
measure carbonic anhydrase activity. Cells were incubated
with carbonic anhydrase reaction solution (10 mM Tris at
pH 7.5 and 60 mM sodium chloride with pH adjusted to 7.5,
followed by addition of 200 mM 4-nitrophenyl acetate
dissolved in ethanol), and the absorbance was measured
every minute over a 15-min period by using an Omega plate
reader (BMG Labtech). The rate of conversion of
4-nitrophenyl acetate to 4-nitrophenol was calculated and
normalized to mitochondrial activity.

2.13 Alizarin red staining

To assess matrix mineralization, cells were fixed with 100%
ethanol overnight at −20 °C. The fixed cells were gently
washed with tap water, stained with 50 µL of 0.5% w/v
Alizarin Red solution (pH 4.0), and incubated at room
temperature for 30 min. Excessive Alizarin Red was
removed by washing the cells with tap water. Bright-field
images of the stained cells were captured by microscopy
(EVOS FL, Thermo Fisher Scientific). For quantitative
measurement, the bound Alizarin Red was dissolved with
10% w/v cetylpyridinium chloride solution and quantified
photometrically (λ= 562 nm; Omega plate reader) as
described previously [31].

2.14 Dot blot

Protein levels in cell culture supernatants were determined
by dot blot as previously described [22]. Cell culture
supernatants (40 µL) were applied to a nitrocellulose

membrane by a dot blotter (Carl Roth). All transferred
proteins were visualized by a solution containing 0.1% w/v
Ponceau S in 1% v/v acetic acid. The membrane was
blocked with 5% bovine serum albumin in Tris-buffered
saline/Tween 20 (TBS-T; 10 mM Tris-HCl at pH 7.6,
0.15 mM NaCl, and 0.1% v/v Tween-20) at room tem-
perature for 1 h. It was then incubated with anti-procollagen
type I N-terminal propeptide (PINP; 1:1000 in TBS-T; Ref.
abx131414, Abbexa, Cambridge, UK) and anti-osteonectin
(1:1000 in TBS-T; Ref. sc-74295, Santa Cruz Biotechnol-
ogy, Dallas, TX, USA) overnight at 4 °C. The following
day, the membrane was incubated with the corresponding
secondary antibodies (1:10,000 in TBS-T; Santa Cruz
Biotechnology) for 2 h after washing. The protein signal
was detected by a charge-coupled device camera (INTAS
Science Imaging, Göttingen, Germany) after addition of an
enhanced chemiluminescence substrate solution. The signal
intensity was quantified using the ImageJ software (NIH,
Bethesda, MD, USA).

2.15 Statistical analysis

The results are presented as mean ± standard error of the
mean (SEM). Each experiment was repeated twice for three
biological replicates with at least three technical replicates
(n ≥ 3). Group differences were analyzed by the nonpara-
metric Mann–Whitney U test or Kruskal–Wallis H test,
followed by Dunn’s multiple comparison test. The analysis
was performed in GraphPad Prism (GraphPad Software 8.0,
La Jolla, CA, USA).

3 Results

3.1 Saos-2 matrix formation over time

Saos-2 cells were osteogenically differentiated for up to
23 days to determine the optimal time point for decel-
lularization. The cells were fixed with ethanol at various
time points to evaluate matrix formation by Alizarin Red
staining. Calcium deposition in DS-ECM should be in the

Fig. 1 Matrix formation in Saos-2 cells. a Quantification of matrix
deposition by Alizarin Red staining in relative absorbance units (RAU)
at 560 nm. The red line shows the maximum absorbance detected at

560 nm (mean ± standard error of the mean; N= 4; n= 4). b Repre-
sentative microscopy images of Alizarin Red staining. Scale bar:
2000 μm
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linear range and not reach saturation to detect later matrix
formation and degradation from bone cells cultivated in DS-
ECM. In the present study, calcium deposition increased
linearly from day 4 until day 13 before reaching saturation
between days 15 and 18 (Fig. 1a, b). Therefore, the DS-
ECM from Saos-2 cells differentiated after 13 days was
used to test different decellularization methods.

3.2 NH4OH in combination with SDS at 41 °C exhibits
the highest degree of Saos-2 decellularization
among standard decellularization methods

To compare the efficiency of standard decellularization
methods, we analyzed mitochondrial activity, alkaline
phosphatase activity, and Alizarin Red staining in Saos-2
cells. Measurement of resazurin conversion showed that,
before decellularization, the fluorescence intensity of
resorufin formation in Saos-2 cells increased linearly over
time and, at 150 min, reached an intensity approximately

twofold higher than the basal level of intensity at 30 min
(Fig. 2a–c). None of the nine decellularization treatments
caused a gradual increase in resorufin formation in exposed
cells (Fig. 2a–c). Measurement of alkaline phosphatase
activity showed that, before decellularization, 4-nitrophenol
formation in Saos-2 cells linearly increased over time. Cells
decellularized by cold treatment at 4 °C with or without one
of the three chemical methods exhibited a linear increase in
4-nitrophenol formation over time (Fig. 2d). In Saos-2 cells
exposed at 37 °C to NH4OH combined with SDS, the rate of
4-nitrophenol formation remained unchanged for up to
120 min (Fig. 2e). A similar trend was observed in Saos-2
cells exposed at 41 °C to NH4OH combined with SDS or
Triton X-100. The smallest slope of alkaline phosphatase
activity was observed in cells exposed at 41 °C to NH4OH
combined with SDS (Fig. 2f). Alizarin Red staining showed
that calcium deposition was strongly affected in Saos-2 cells
exposed at 37 °C to NH4OH combined with SDS (Fig. 2g
and Figure S1). In contrast, calcium deposition was largely

Fig. 2 Decellularization efficiency of standard decellularization treat-
ments. Resorufin formation presented in relative fluorescence units
(RFU) before and after treatment with the chemical decellularization
agents ammonium hydroxide (NH4OH), sodium dodecyl sulfate
(SDS), and Triton X-100 (TRX) in various combinations as well as
with protein heat inactivation at (a) 4 °C, (b) 37 °C, and (c) 41 °C.
Alkaline phosphatase activity is represented by 4-nitrophenol

formation in relative absorbance units (RAU) at 405 nm at several time
points before and after treatment with chemical decellularization
agents and protein heat inactivation at (d) 4 °C, (e) 37 °C, and (f)
41 °C. g Representative images of Alizarin Red-stained cells before
and after treatment with standard decellularization agents. Results
represent the mean ± standard error of the mean (N= 3; n= 3)
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unaffected in Saos-2 cells decellularized with NH4OH
combined with SDS or Triton X-100 at 41 °C. (Fig. 2g and
Fig. S1). Overall, combined treatment with NH4OH and
SDS at 41 °C produced the highest degree of Saos-2
decellularization and did not affected calcium deposition.
We used this procedure to investigate cell repopulation
attachment on the DS-ECM.

3.3 DS-ECM decellularized by a combination of
NH4OH and SDS at 41 °C is cytotoxic

Decellularization by treatment with a combination of
NH4OH and SDS at 41 °C produced the highest degree of
Saos-2 cell detachment and did not affect calcium deposi-
tion. Next, we performed calcein-AM staining to assess cell
(osteoprogenitor cells) attachment and repopulation on the
DS-ECM. SCP-1 cells (osteogenic precursor cells; 3 × 103

cells per well) and THP-1 cells (osteoclastic precursor cells;
2.4 × 104 per well) were seeded on the DS-ECM. The same
numbers of bone cells were also seeded separately in
untreated wells (in polystyrene cell culture plate) as con-
trols. After 24 h of culture, viable cells growing in untreated
wells and on the DS-ECM were stained with calcein AM
and visualized (Fig. 3a). Although the density of THP-1
cells in the DS-ECM and control groups was comparable,
that of SCP-1 cells was slightly lower on DS-ECM than on
the plastic plate, suggesting that DS-ECM produced by
combined treatment with NH4OH and SDS at 41 °C might
be toxic to SCP-1 cells.

To further study the toxicity of the DS-ECM or compounds
remaining from the decellularization process in SCP-1 cells,

the DS-ECM was cultured in osteogenic differentiation med-
ium for 3 days. The conditioned DS-ECM medium was col-
lected and centrifuged (600 × g for 10min) to remove cell
debris. Then, the clear supernatant was added to SCP-1 cells
cultured in a fresh plastic plate (3 × 103 cells per well; Fig. 3b).
Osteogenic differentiation medium incubated in untreated
wells (without DS-ECM) was used as a control. After 48 h of
incubation, the ATP content and mitochondrial activity in
SCP-1 cells exposed to the conditioned DS-ECM medium had
decreased by ~38% and 57%, respectively (Fig. 3c and d).
These findings demonstrated that the decellularization method
involving NH4OH and SDS at 41 °C was toxic to SCP-1 cells
and required modification.

3.4 Heat treatment results in better
decellularization at 47 °C than at lower
temperatures

To avoid the cytotoxicity associated with SDS, we tested
additional decellularization methods (Section 2.3.2). These
methods combined the use of chemicals (15mM NH4OH and
1% w/v SDS) with heat treatment (41 °C, 43 °C, 45 °C, and
47 °C). Heat treatment was also performed in the presence of
PBS to investigate the decellularization efficiency of heat in
the absence of chemicals. Mitochondrial activity, alkaline
phosphatase activity, and Alizarin Red staining were assessed
to determine the efficiency of the decellularization process.

Measurement of resazurin conversion showed no increase
in resorufin formation in Saos-2 cells over time for any of the
decellularization methods tested (Fig. 4a–d). In line with the
findings described above (Section 3.2), residual alkaline

Fig. 3 Cell attachment and viability on a matrix decellularized by
ammonium hydroxide (NH4OH) in combination with sodium dodecyl
sulfate (SDS) at 41 °C. a SCP-1 cells and THP-1 cells were seeded on
a Saos-2 matrix decellularized by combined treatment with NH4OH
and SDS at 41 °C. The same numbers of SCP-1 and THP-1 cells were
also seeded in untreated wells as controls. After 24 h, live cells were
visualized by calcein-AM (green) and Hoechst (blue) staining. Scale

bar: 400 µm. b SCP-1 cells were treated with medium incubated with
the decellularized Saos-2 extracellular matrix (DS-ECM) for 3 days.
c Cellular adenosine triphosphate (ATP) content and (d) mitochondrial
activity were used as markers of cell viability. Statistical significance
was determined by the nonparametric Mann–Whitney U test. Results
represent the mean ± standard error of the mean. **p < 0.01, ***p <
0.001 (N= 3; n= 3). W/O, without
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phosphatase activity was detectable at 41 °C (compare Fig.
2d–f with Fig. 4e–h). Alkaline phosphatase activity was low
after NH4OH treatment and undetectable after SDS treatment
combined with heat treatment between 41 °C and 45 °C (Fig.
4e–g). Alkaline phosphatase activity was also low when the
Saos-2 cells were heated between 41 and 45 °C without che-
mical treatment, i.e., when PBS was used. Incubation at 47 °C
resulted in no detectable alkaline phosphatase activity in any
of the decellularization methods tested, even when no che-
mical agent was used (Fig. 4h). Alizarin Red staining showed
that calcium deposition was unaffected in Saos-2 cells exposed
to various modified decellularization methods (Fig. 4i and
Figure S2).

3.5 The highest degree of Saos-2 decellularization
without cytotoxicity is achieved by 47 °C
treatment alone

To evaluate the cytotoxicity of the DS-ECM generated
by the modified decellularization methods (Section

2.3.2), the DS-ECM was incubated with osteogenic dif-
ferentiation medium, and the DS-ECM-conditioned
medium was added to SCP-1 cell cultures. Osteogenic
differentiation medium incubated in untreated wells was
used as a control. The ATP content in SCP-1 cells treated
for 48 h with the conditioned medium increased after
heat inactivation at 41 °C, 43 °C, 45 °C, and 47 °C con-
comitantly with PBS or NH4OH. However, conditioned
medium from the SDS-treated group caused a decrease in
ATP levels by 28, 17, 12, and 29%, respectively
(Fig. 5a).

Greater LDH release, indicating increased cellular
damage, was observed in SCP-1 cells exposed to medium
conditioned with matrices decellularized by SDS and heat
treatment (any temperature; Fig. 5b). The lowest LDH
release was measured in SCP-1 cells treated with medium
conditioned with decellularized matrices obtained after heat
(any temperature) and PBS treatment. These results suggest
that the DS-ECM might still contain residual SDS after
decellularization and that this residue is toxic to SCP-1

Fig. 4 Decellularization efficiency of modified standard treatments.
Resorufin formation represented in relative fluorescence units (RFU)
of intensity before and after decellularization with phosphate-buffered
saline (PBS), ammonium hydroxide (NH4OH), and sodium dodecyl
sulfate (SDS) combined with heat inactivation at (a) 41 °C, (b) 43 °C,
(c) 45 °C, and (d) 47 °C. 4-Nitrophenol formation represented in

relative absorbance units (RAU) of intensity at 405 nm before and after
treatment with modified chemical decellularization methods and pro-
tein heat inactivation at (e) 41 °C, (f) 43 °C, (g) 45 °C, and (h) 47 °C. i
Representative images of Alizarin Red-stained cells before and after
treatment with modified decellularization methods. Results represent
the mean ± standard error of the mean (N= 3; n= 3)
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cells. In summary, heat treatment at 47 °C produced optimal
Saos-2 matrix decellularization and no cytotoxicity.

To evaluate cell attachment to the DS-ECM obtained by
heat treatment at 47 °C, 3 × 103 SCP-1 cells or 2.4 × 104

THP-1 cells were seeded on DS-ECM. The same cell
numbers were also seeded in untreated wells and used as
controls. Calcein AM and Hoechst 33342 staining (Fig. 5c)
showed that viable SCP-1 and THP-1 cells were attached to
the DS-ECM with a density comparable to that of the
control group.

3.6 DS-ECM supports osteoclast differentiation and
matrix mineralization more efficiently than CaP
coating

To compare the osteoblastic and osteoclastic functions of
bone cells cultured on DS-ECM, SCP-1 and THP-1 cells
were seeded on CaP-coated and untreated (controls) sur-
faces. Bone cocultures grown on the CaP-coated and
untreated surfaces showed comparable mitochondrial
activity after 7 days of culture (Figure S3). Osteoclast
activity was evaluated by measuring TRAP 5b and carbonic
anhydrase activity after 7 days of culturing. Carbonic
anhydrase activity was significantly higher in cells cultured
on the DS-ECM surface than in cells cultured on the CaP-
coated or untreated surface (Fig. 6a). TRAP 5b activity in
THP-1 cells was twice as high on DS-ECM than on the
untreated surface, although the difference was not statisti-
cally significant (Fig. 6b). The coculture system exhibited
higher TRAP 5b activity on DS-ECM than on CaP coating
(206% vs. 169%; p > 0.05). Alkaline phosphatase activity,
an early marker of osteogenic differentiation [27], was also

measured after 7 days in culture; it was significantly lower
(~60%) in the coculture system cultured on the CaP-coated
surface than in that cultured on the untreated surface. The
alkaline phosphatase activity in cells cultured on DS-ECM
was 30% lower than the activity in cells cultured on the
untreated surface Fig. 6c). After 14 days of differentiation,
the supernatants of bone cells cultured on the three surfaces
were analyzed for two matrix remodeling markers, PINP, a
bone formation marker [33], and osteonectin, a late osteo-
genic differentiation marker [34]. PINP levels were com-
parable between the supernatants from cells cultured on DS-
ECM and CaP coating (Fig. 6d). Interestingly, the highest
levels of osteonectin were measured in the supernatant of
cells cultured on DS-ECM (2.85-fold greater than that in the
control), followed by cells cultured on a CaP-coated surface
(1.81-fold greater than control levels; Fig. 6e). Matrix
mineralization, a marker of functionality and differentiation
in osteoblasts [31], was assessed by Alizarin Red staining
after 14 days of culture (Fig. 6f). The DS-ECM significantly
increased calcium deposition by the coculture, when com-
pared with the deposition from cells cultured on the
untreated surface (Fig. 6f). Cells cultured on the CaP-coated
surface could not be analyzed by Alizarin Red staining
because of the acidic conditions of the staining solution (pH
4.0), which caused detachment of the CaP coating.

4 Discussion

In the present study, we developed a procedure for gen-
erating a decellularized ECM from a human cell line. The
ECM was further used for bone cell cultivation and

Fig. 5 Cell growth on the decellularized Saos-2 extracellular matrix
(DS-ECM) obtained by modified decellularization treatments. After
48 h of incubation, adenosine triphosphate (ATP) release (a) and
lactate dehydrogenase (LDH) content (b) were measured in SCP-1
cells. c SCP-1 cells and THP-1 cells were seeded on a Saos-2 matrix
decellularized by heat inactivation at 47 °C. The same numbers of cells

were also seeded in untreated wells as controls. After 24 h, live cells
were visualized by calcein-AM dye (green) and Hoechst staining
(blue). Scale bar: 400 µm. Results represent the mean ± standard error
of the mean. The values were compared by nonparametric one-way
analysis of variance. *p < 0.05 (N= 3; n= 2). NH4OH, ammonium
hydroxide; SDS, sodium dodecyl sulfate; W/O, without

Journal of Materials Science: Materials in Medicine (2021) 32:124 Page 9 of 13 124



differentiation, and it could better mimic the bone micro-
environment in vivo. We used the human osteogenic cell
line Saos-2 to produce an ECM that includes organic and
inorganic constituents, as experiments conducted on a
plastic plate or by using single ECM constituents have
demonstrated that these surfaces are not optimal for cul-
turing bone cells [35, 36]. Saos-2 cells are known to pro-
duce and deposit large quantities of calcium, comparable to
the deposits from human osteoblasts, and to exhibit
enhanced alkaline phosphatase activity during osteogenic
differentiation [37, 38]. In our study, calcium deposition by
Saos-2 cells reached saturation after 15–18 days of differ-
entiation, indicating that 13 days is the cultivation period
that yields optimal matrix deposition in this cell line.

An ideal decellularization method should remove cell
constituents and eliminate enzymatic activity associated
with matrix deposition while maintaining the structure of
the ECM. The potential toxicity of residual chemicals used
for decellularization procedures (e.g., SDS and NH4OH) is a
considerable limitation. NH4OH (15 mM) combined with
treatment at 4 °C has been reported to decellularize a matrix
of Saos-2 cells [21]. In our study, this protocol indeed
successfully decellularized a matrix of Saos-2 cells; how-
ever, we observed residual alkaline phosphatase activity.
Because of this, we compared the decellularization

efficiency of standard protocols by combining two chemical
and temperature-specific treatments. The non-ionic Triton
X-100 and ionic SDS detergents are potent decellularization
agents with protein denaturation properties [24, 25].
Therefore, we used Triton X-100 and SDS to enhance
decellularization and reduce residual enzymatic activity. We
found that alkaline phosphatase activity was inhibited more
effectively when NH4OH was combined with SDS or Triton
X-100 rather than when used alone. The highest degree of
decellularization by these standard methods was achieved
by a combination of NH4OH and SDS at 41 °C. However,
the DS-ECM obtained from this method was cytotoxic to
SCP-1 and THP-1 cells, and this cytotoxicity was pre-
sumably attributable to the residual SDS in the matrix, as
previously demonstrated by Rieder and colleagues [39].
Because we observed that heat treatment at 47 °C without
chemicals was sufficient to yield a DS-ECM without resi-
dual alkaline phosphatase activity or cytotoxicity, we elec-
ted to continue with this approach and evaluate whether this
matrix could improve bone cell characteristics.

When assessing the effects of DS-ECM on bone cell
function, both bone formation and bone resorption should
be investigated. Our previous study showed that osteogenic
precursor SCP-1 cells release macrophage colony-
stimulating factor and RANKL, which enhance osteoclast

Fig. 6 Cell function in the bone coculture system cultivated on various
culture platforms. The SCP-1/THP-1 cell bone coculture system was
seeded on plastic plates (control), calcium phosphate (CaP)-coated
surface, or decellularized Saos-2 extracellular matrix (DS-ECM). On
day 7, osteoclast function was determined by carbonic anhydrase (CA
II) activity (a) and tartrate-resistant acid phosphatase 5b (TRAP 5b)
activity (b). c Osteoblast function was determined by alkaline phos-
phatase (AP) activity. On day 14, dot blot analysis of culture

supernatants was performed to determine the relative levels of (d)
procollagen type I N-terminal propeptide (PINP) and (e) osteonectin
(ON). f Mineralization was measured by Alizarin Red staining on day
14 and corrected by subtracting the background levels. The values
were compared by a nonparametric Mann–Whitney U test or non-
parametric one-way analysis of variance. Results represent mean ±
standard error of the mean. *p < 0.05; ***p < 0.001; ****p < 0.0001
(N= 3; n= 2–3). RAU, relative absorbance units

124 Page 10 of 13 Journal of Materials Science: Materials in Medicine (2021) 32:124



differentiation in THP-1 cells [19]. For this reason, the SCP-
1/THP-1 coculture in the present study displayed features of
osteogenic differentiation.In the present study, SCP-1/THP-
1 cell function was determined in cocultures grown on DS-
ECM, on a CaP-coated surface, or directly in untreated
polystyrene cell culture plates. SCP-1/THP-1 coculturing on
DS-ECM resulted in higher activity of carbonic anhydrase
and TRAP 5b, functional markers of osteoclast [31, 40]),
than coculturing on a CaP-coated or conventional plastic
surface. A prior study highlighted the importance of cell
culture surfaces in osteoclast fusion and functionality [15].
For instance, only the presence of both organic and inor-
ganic bone matrix constituents promotes the expression of
annexin A8, which is required for fusion of mononuclear
cells to generate multinucleated osteoclasts. This may
explain why osteoclast differentiation was better supported
by DS-ECM than by CaP coating in our study.

Osteogenic differentiation of mesenchymal stem cells is
a complex process that includes proliferation, matrix
maturation, and mineralization [26, 27]. Several proteins are
involved in osteogenic differentiation and exert their effects
at different stages of the maturation process. For example,
alkaline phosphatase is expressed during the early phases of
osteogenic differentiation [27]. PINP is secreted by osteo-
blasts during collagen formation [33]. Late osteogenic dif-
ferentiation is related to matrix mineralization. Osteonectin,
secreted by mature osteoblasts, also affects matrix miner-
alization by linking mineral crystals to collagen [34, 41]. In
the present study, relative to conventional plastic well
plates, both DS-ECM and CaP coating reduced the activity
of alkaline phosphatase in the SCP-1/THP-1 coculture, and
this effect may be associated with the development and
maturation of osteoblast precursor cells. This is in accor-
dance with the findings of a previous study, where
mesenchymal stem cells showed lower alkaline phosphatase
activity at a later stage of osteogenic differentiation than at
an early stage [42]. In addition, the higher levels of osteo-
nectin observed in SCP-1/THP-1 cocultures on DS-ECM
and CaP-coated surfaces than on conventional plastic plates
support the enhanced osteogenic differentiation observed in
our study. Although PINP levels did not differ between
cells cultured on DS-ECM and those cultured on CaP-
coated surfaces, the higher levels of osteonectin measured
in the supernatant of the former indicate that DS-ECM can
promote matrix mineralization better than CaP coating.
Furthermore, culturing on DS-ECM yielded significantly
higher calcium deposition than culturing on conventional
cell culture plates.

From our findings, we believe that the DS-ECM devel-
oped here represents a simple-to-use and cost-efficient
platform for cultivating and differentiating an SCP-1/THP-1
coculture.

5 Conclusion

We have developed a simple and efficient method of gen-
erating a decellularized ECM from the human osteogenic
cell line Saos-2. Treatment at 47 °C can effectively decel-
lularize a matrix while preserving calcium deposition. The
biocompatibility of the DS-ECM was confirmed by the
successful attachment and survival of bone cells. In addi-
tion, DS-ECM enhanced osteoprogenitor cell function and
differentiation. DS-ECM obtained by treatment at 47 °C
provides a promising platform for differentiating bone cells,
which can be used to study the effects of drugs on bone cell
homeostasis, molecular pathways associated with metabolic
bone disorders, and biological processes occurring in
human bones.

Data availability

The datasets and/or analysed generated during the current
study are available from the corresponding author on rea-
sonable request.

Acknowledgements We thank Regina Breinbauer, Lorena Savini, and
Annick Lauriane Kemmoe for preparing decellularized Saos-2 extra-
cellular matrix and calcium phosphate coatings; and Sindhoora
Bhargavi Gopala Reddy for her scientific editing, which has been very
helpful in improving the manuscript. We acknowledge support from
the Deutsche Forschungsgemeinschaft and Open Access Publishing
Fund of the University of Tübingen.

Funding This study was partially funded by Philip Morris Interna-
tional. Open Access funding enabled and organized by Projekt DEAL.

Compliance with ethical standards

Conflict of interest FZ, DB, and JH are employees of Philip Morris
International.

Consent for publication All authors have read and agreed to the
published version of the manuscript.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

Journal of Materials Science: Materials in Medicine (2021) 32:124 Page 11 of 13 124

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


References

1. Hynes RO. The extracellular matrix: not just pretty fibrils.
Science. 2009;326:1216–9. https://doi.org/10.1126/science.
1176009.

2. Alford AI, Kozloff KM, Hankenson KD. Extracellular matrix
networks in bone remodeling. Int J Biochem Cell Biol.
2015;65:20–31. https://doi.org/10.1016/j.biocel.2015.05.008.

3. Gentili C, Cancedda R. Cartilage and bone extracellular matrix.
Curr Pharm Des. 2009;15:1334–48. https://doi.org/10.2174/
138161209787846739.

4. Frantz C, Stewart KM, Weaver VM. The extracellular matrix at a
glance. J Cell Sci. 2010;123:4195–200. https://doi.org/10.1242/
jcs.023820.

5. Kim YS, Majid M, Melchiorri AJ, Mikos AG. Applications of
decellularized extracellular matrix in bone and cartilage tissue
engineering. Bioeng Transl Med. 2019;4:83–95. https://doi.org/
10.1002/btm2.10110.

6. Elango J, Robinson J, Zhang J, Bao B, Ma N, de Val J, et al.
Collagen peptide upregulates osteoblastogenesis from bone mar-
row mesenchymal stem cells through MAPK- Runx2. cells.
2019;8. https://doi.org/10.3390/cells8050446.

7. Ren J, Jin P, Sabatino M, Balakumaran A, Feng J, Kuznetsov SA,
et al. Global transcriptome analysis of human bone marrow stro-
mal cells (BMSC) reveals proliferative, mobile and interactive
cells that produce abundant extracellular matrix proteins, some of
which may affect BMSC potency. Cytotherapy. 2011;13:661–74.
https://doi.org/10.3109/14653249.2010.548379.

8. Bouleftour W, Juignet L, Verdière L, Machuca-Gayet I, Thomas
M, Laroche N, et al. Deletion of OPN in BSP knockout mice does
not correct bone hypomineralization but results in high bone
turnover. Bone. 2019;120:411–22. https://doi.org/10.1016/j.bone.
2018.12.001.

9. Crapo PM, Gilbert TW, Badylak SF. An overview of tissue and
whole organ decellularization processes. Biomaterials.
2011;32:3233–43. https://doi.org/10.1016/j.biomaterials.2011.01.057.

10. Hoshiba T. Cultured cell-derived decellularized matrices: a review
towards the next decade. J Mater Chem B. 2017;5:4322–31.
https://doi.org/10.1039/c7tb00074j.

11. Sun L, Berndt CC, Gross KA, Kucuk A. Material fundamentals
and clinical performance of plasma-sprayed hydroxyapatite coat-
ings: a review. J Biomed Mater Res. 2001;58:570–92. https://doi.
org/10.1002/jbm.1056.

12. Maria SM, Prukner C, Sheikh Z, Mueller F, Barralet JE,
Komarova SV. Reproducible quantification of osteoclastic activ-
ity: characterization of a biomimetic calcium phosphate assay. J
Biomed Mater Res B Appl Biomater. 2014;102:903–12. https://
doi.org/10.1002/jbm.b.33071.

13. Rochet N, Balaguer T, Boukhechba F, Laugier JP, Quincey D,
Goncalves S, et al. Differentiation and activity of human pre-
osteoclasts on chitosan enriched calcium phosphate cement. Bio-
materials. 2009;30:4260–7. https://doi.org/10.1016/j.biomaterials.
2009.04.044.

14. Liu Y, Cooper PR, Barralet JE, Shelton RM. Influence of calcium
phosphate crystal assemblies on the proliferation and osteogenic
gene expression of rat bone marrow stromal cells. Biomaterials.
2007;28:1393–403. https://doi.org/10.1016/j.biomaterials.2006.
11.019.

15. Crotti TN, O’Sullivan RP, Shen Z, Flannery MR, Fajardo RJ,
Ross FP, et al. Bone matrix regulates osteoclast differentiation and
annexin A8 gene expression. J Cell Physiol. 2011;226:3413–21.
https://doi.org/10.1002/jcp.22699.

16. Beiki B, Zeynali B, Seyedjafari E. Fabrication of a three
dimensional spongy scaffold using human Wharton’s jelly
derived extra cellular matrix for wound healing. Mater Sci Eng

C Mater Biol Appl. 2017;78:627–38. https://doi.org/10.1016/j.
msec.2017.04.074.

17. Ryzhuk V, Zeng XX, Wang X, Melnychuk V, Lankford L,
Farmer D, et al. Human amnion extracellular matrix derived
bioactive hydrogel for cell delivery and tissue engineering. Mater
Sci Eng C Mater Biol Appl. 2018;85:191–202. https://doi.org/10.
1016/j.msec.2017.12.026.

18. Bourgine PE, Scotti C, Pigeot S, Tchang LA, Todorov A, Martin
I. Osteoinductivity of engineered cartilaginous templates devita-
lized by inducible apoptosis. Proc Natl Acad Sci USA.
2014;111:17426–31. https://doi.org/10.1073/pnas.1411975111.

19. Ehnert S, Linnemann C, Aspera-Werz RH, Häussling V, Braun B,
Weng W, et al. Feasibility of cell lines for in vitro co-cultures
models for bone metabolism. SciMedicine Journal.
2020;2:157–81. https://doi.org/10.28991/SciMedJ-2020-0203-6.

20. McQuillan DJ, Richardson MD, Bateman JF. Matrix deposition by a
calcifying human osteogenic sarcoma cell line (SAOS-2). Bone.
1995;16:415–26. https://doi.org/10.1016/8756-328290186-8.

21. Lutter AH, Hempel U, Wolf-Brandstetter C, Garbe AI, Goettsch C,
Hofbauer LC, et al. A novel resorption assay for osteoclast func-
tionality based on an osteoblast-derived native extracellular matrix. J
Cell Biochem. 2010;109:1025–32. https://doi.org/10.1002/jcb.22485.

22. Weng W, Häussling V, Aspera-Werz RH, Springer F, Rinderknecht
H, Braun B, et al. Material-dependent formation and degradation of
bone matrix-comparison of two cryogels. Bioengineering. 2020;7.
https://doi.org/10.3390/bioengineering7020052.

23. Bocker W, Yin Z, Drosse I, Haasters F, Rossmann O, Wierer M,
et al. Introducing a single-cell-derived human mesenchymal stem
cell line expressing hTERT after lentiviral gene transfer. J Cell
Mol Med. 2008;12:1347–59. https://doi.org/10.1111/j.1582-4934.
2008.00299.x.

24. Cai R, Kawazoe N, Chen G. Influence of surfaces modified with
biomimetic extracellular matrices on adhesion and proliferation of
mesenchymal stem cells and osteosarcoma cells. Colloids Surf B
Biointerfaces. 2015;126:381–6. https://doi.org/10.1016/j.colsurfb.
2014.11.050.

25. Cooke MJ, Phillips SR, Shah DS, Athey D, Lakey JH, Przyborski
SA. Enhanced cell attachment using a novel cell culture surface
presenting functional domains from extracellular matrix proteins.
Cytotechnology. 2008;56:71–9. https://doi.org/10.1007/s10616-
007-9119-7.

26. Aspera-Werz RH, Ehnert S, Heid D, Zhu S, Chen T, Braun B,
et al. Nicotine and cotinine inhibit catalase and glutathione
reductase activity contributing to the impaired osteogenesis of
SCP-1 cells exposed to cigarette smoke. Oxid Med Cell Longev.
2018;2018:3172480 https://doi.org/10.1155/2018/3172480.

27. Sreekumar V, Aspera-Werz R, Ehnert S, Strobel J, Tendulkar G,
Heid D, et al. Resveratrol protects primary cilia integrity of human
mesenchymal stem cells from cigarette smoke to improve osteo-
genic differentiation in vitro. Arch Toxicol. 2018;92:1525–38.
https://doi.org/10.1007/s00204-017-2149-9.

28. Godel M, Morena D, Ananthanarayanan P, Buondonno I, Ferrero
G, Hattinger CM, et al. Small Nucleolar RNAs Determine
Resistance to Doxorubicin in Human Osteosarcoma. Int J Mol Sci.
2020;21. https://doi.org/10.3390/ijms21124500.

29. Aspera-Werz RH, Ehnert S, Müller M, Zhu S, Chen T, Weng W,
et al. Assessment of tobacco heating system 2.4 on osteogenic
differentiation of mesenchymal stem cells and primary human
osteoblasts compared to conventional cigarettes. World J Stem
Cells. 2020;12:841–56. https://doi.org/10.4252/wjsc.v12.i8.841.

30. Sreekumar V, Aspera-Werz RH, Tendulkar G, Reumann MK,
Freude T, Breitkopf-Heinlein K, et al. BMP9 a possible alternative
drug for the recently withdrawn BMP7? New perspectives for (re-
)implementation by personalized medicine. Arch Toxicol.
2017;91:1353–66. https://doi.org/10.1007/s00204-016-1796-6.

124 Page 12 of 13 Journal of Materials Science: Materials in Medicine (2021) 32:124

https://doi.org/10.1126/science.1176009
https://doi.org/10.1126/science.1176009
https://doi.org/10.1016/j.biocel.2015.05.008
https://doi.org/10.2174/138161209787846739
https://doi.org/10.2174/138161209787846739
https://doi.org/10.1242/jcs.023820
https://doi.org/10.1242/jcs.023820
https://doi.org/10.1002/btm2.10110
https://doi.org/10.1002/btm2.10110
https://doi.org/10.3390/cells8050446
https://doi.org/10.3109/14653249.2010.548379
https://doi.org/10.1016/j.bone.2018.12.001
https://doi.org/10.1016/j.bone.2018.12.001
https://doi.org/10.1016/j.biomaterials.2011.01.057
https://doi.org/10.1039/c7tb00074j
https://doi.org/10.1002/jbm.1056
https://doi.org/10.1002/jbm.1056
https://doi.org/10.1002/jbm.b.33071
https://doi.org/10.1002/jbm.b.33071
https://doi.org/10.1016/j.biomaterials.2009.04.044
https://doi.org/10.1016/j.biomaterials.2009.04.044
https://doi.org/10.1016/j.biomaterials.2006.11.019
https://doi.org/10.1016/j.biomaterials.2006.11.019
https://doi.org/10.1002/jcp.22699
https://doi.org/10.1016/j.msec.2017.04.074
https://doi.org/10.1016/j.msec.2017.04.074
https://doi.org/10.1016/j.msec.2017.12.026
https://doi.org/10.1016/j.msec.2017.12.026
https://doi.org/10.1073/pnas.1411975111
https://doi.org/10.28991/SciMedJ-2020-0203-6
https://doi.org/10.1016/8756-328290186-8
https://doi.org/10.1002/jcb.22485
https://doi.org/10.3390/bioengineering7020052
https://doi.org/10.1111/j.1582-4934.2008.00299.x
https://doi.org/10.1111/j.1582-4934.2008.00299.x
https://doi.org/10.1016/j.colsurfb.2014.11.050
https://doi.org/10.1016/j.colsurfb.2014.11.050
https://doi.org/10.1007/s10616-007-9119-7
https://doi.org/10.1007/s10616-007-9119-7
https://doi.org/10.1155/2018/3172480
https://doi.org/10.1007/s00204-017-2149-9
https://doi.org/10.3390/ijms21124500
https://doi.org/10.4252/wjsc.v12.i8.841
https://doi.org/10.1007/s00204-016-1796-6


31. Zhu S, Haussling V, Aspera-Werz RH, Chen T, Braun B, Weng
W, et al. Bisphosphonates reduce smoking-induced osteoporotic-
like alterations by regulating rankl/opg in an osteoblast and
osteoclast co-culture model. Int J Mol Sci. 2020;22. https://doi.
org/10.3390/ijms22010053.

32. Bernhardt A, Koperski K, Schumacher M, Gelinsky M. Relevance
of osteoclast-specific enzyme activities in cell-based in vitro
resorption assays. Eur Cell Mater. 2017;33:28–42. https://doi.org/
10.22203/eCM.v033a03.

33. Salam S, Gallagher O, Gossiel F, Paggiosi M, Khwaja A, Eastell
R. Diagnostic accuracy of biomarkers and imaging for bone
turnover in renal osteodystrophy. J Am Soc Nephrol.
2018;29:1557–65. https://doi.org/10.1681/ASN.2017050584.

34. Stein GS, Lian JB. Molecular mechanisms mediating prolifera-
tion/differentiation interrelationships during progressive develop-
ment of the osteoblast phenotype. Endocr Rev. 1993;14:424–42.
https://doi.org/10.1210/edrv-14-4-424.

35. DeQuach JA, Mezzano V, Miglani A, Lange S, Keller GM, Sheikh
F, et al. Simple and high yielding method for preparing tissue specific
extracellular matrix coatings for cell culture. PLoS One. 2010;5:
e13039 https://doi.org/10.1371/journal.pone.0013039.

36. Koochekpour S, Merzak A, Pilkington GJ. Extracellular matrix
proteins inhibit proliferation, upregulate migration and induce mor-
phological changes in human glioma cell lines. Eur J Cancer.
1995;31A:375–80. https://doi.org/10.1016/0959-8049(94)00476-l.

37. Prante C, Kuhn J, Kleesiek K, Gotting C. High xylosyltransferase
activity in children and during mineralization of osteoblast-like

SAOS-2 cells. Glycoconj J. 2009;26:219–27. https://doi.org/10.
1007/s10719-008-9180-2.

38. Bayram H, Kenar H, Tasar F, Hasirci V. Effect of low level laser
therapy and zoledronate on the viability and ALP activity of Saos-
2 cells. Int J Oral Maxillofac Surg. 2013;42:140–6. https://doi.org/
10.1016/j.ijom.2012.03.026.

39. Rieder E, Kasimir MT, Silberhumer G, Seebacher G, Wolner E,
Simon P, et al. Decellularization protocols of porcine heart valves
differ importantly in efficiency of cell removal and susceptibility
of the matrix to recellularization with human vascular cells. J
Thorac Cardiovasc Surg. 2004;127:399–405. https://doi.org/10.
1016/j.jtcvs.2003.06.017.

40. Habermann B, Eberhardt C, Feld M, Zichner L, Kurth AA.
Tartrate-resistant acid phosphatase 5b (TRAP 5b) as a marker of
osteoclast activity in the early phase after cementless total hip
replacement. Acta Orthop. 2007;78:221–5. https://doi.org/10.
1080/17453670710013717.

41. Thorwarth M, Rupprecht S, Falk S, Felszeghy E, Wiltfang J,
Schlegel KA. Expression of bone matrix proteins during de
novo bone formation using a bovine collagen and platelet-rich
plasma (prp)-an immunohistochemical analysis. Biomaterials.
2005;26:2575–84. https://doi.org/10.1016/j.biomaterials.2004.
07.041.

42. Freude T, Braun KF, Haug A, Pscherer S, Stöckle U, Nussler AK,
et al. Hyperinsulinemia reduces osteoblast activity in vitro via
upregulation of TGF-β. J Mol Med. 2012;90:1257–66. https://doi.
org/10.1007/s00109-012-0948-2.

Journal of Materials Science: Materials in Medicine (2021) 32:124 Page 13 of 13 124

https://doi.org/10.3390/ijms22010053
https://doi.org/10.3390/ijms22010053
https://doi.org/10.22203/eCM.v033a03
https://doi.org/10.22203/eCM.v033a03
https://doi.org/10.1681/ASN.2017050584
https://doi.org/10.1210/edrv-14-4-424
https://doi.org/10.1371/journal.pone.0013039
https://doi.org/10.1016/0959-8049(94)00476-l
https://doi.org/10.1007/s10719-008-9180-2
https://doi.org/10.1007/s10719-008-9180-2
https://doi.org/10.1016/j.ijom.2012.03.026
https://doi.org/10.1016/j.ijom.2012.03.026
https://doi.org/10.1016/j.jtcvs.2003.06.017
https://doi.org/10.1016/j.jtcvs.2003.06.017
https://doi.org/10.1080/17453670710013717
https://doi.org/10.1080/17453670710013717
https://doi.org/10.1016/j.biomaterials.2004.07.041
https://doi.org/10.1016/j.biomaterials.2004.07.041
https://doi.org/10.1007/s00109-012-0948-2
https://doi.org/10.1007/s00109-012-0948-2

	A simple method for decellularizing a cell-derived matrix for bone cell cultivation and differentiation
	Abstract
	Introduction
	Materials and methods
	Chemicals and media
	Cell lines
	Preparation of DS-ECM
	Standard decellularization methods
	Modified decellularization methods
	CaP coating
	Cell seeding
	Resazurin conversion assay
	Cellular adenosine triphosphate (ATP) measurement
	Lactate dehydrogenase (LDH) release (extracellular)
	Calcein AM&#x02013;nobreakHoechst staining
	Alkaline phosphatase activity
	Tartrate-resistant acid phosphatase (TRAP) 5b activity
	Carbonic anhydrase activity
	Alizarin red staining
	Dot blot
	Statistical analysis

	Results
	Saos-2 matrix formation over time
	NH4OH in combination with SDS at 41nobreak&#x02009;nobreak&#x000B0;nobreakC exhibits the highest degree of Saos-2 decellularization among standard decellularization methods
	DS-ECM decellularized by a combination of NH4OH and SDS at 41nobreak&#x02009;nobreak&#x000B0;nobreakC is cytotoxic
	Heat treatment results in better decellularization at 47nobreak&#x02009;nobreak&#x000B0;nobreakC than at lower temperatures
	The highest degree of Saos-2 decellularization without cytotoxicity is achieved by 47nobreak&#x02009;nobreak&#x000B0;nobreakC treatment alone
	DS-ECM supports osteoclast differentiation and matrix mineralization more efficiently than CaP coating

	Discussion
	Conclusion
	Supplementary information
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




