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Background aims: To facilitate artificial bone construct integration into a patient’s body, scaffolds are enriched
with different biologically active molecules. Among various scaffold decoration techniques, coating surfaces
with cell-derived extracellular matrix (ECM) is a rapidly growing field of research. In this study, for the first
time, this technology was applied using primary dental pulp stem cells (DPSCs) and tested for use in artificial
bone tissue construction.
Methods: Rat DPSCs were grown on three-dimensional-printed porous polylactic acid scaffolds for 7 days.
After the predetermined time, samples were decellularized, and the remaining ECM detailed proteomic anal-
ysis was performed. Further, DPSC-secreated ECM impact to mesenchymal stromal cells (MSC) behaviour as
well as its role in osteoregeneration induction were analysed.
Results: It was identified that DPSC-specific ECM protein network ornamenting surface-enhanced MSC
attachment, migration and proliferation and even promoted spontaneous stem cell osteogenesis. This protein
network also demonstrated angiogenic properties and did not stimulate MSCs to secrete molecules associ-
ated with scaffold rejection. With regard to bone defects, DPSC-derived ECM recruited endogenous stem
cells, initiating the bone self-healing process. Thus, the DPSC-secreted ECM network was able to significantly
enhance artificial bone construct integration and induce successful tissue regeneration.
Conclusions: DPSC-derived ECM can be a perfect tool for decoration of various biomaterials in the context of
bone tissue engineering.

© 2022 International Society for Cell & Gene Therapy. Published by Elsevier Inc. All rights reserved.
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Introduction

Bone tissue, in the case of various types of minor damage, can
regenerate naturally. The most common example of bone regenera-
tion is the healing of fractures [1]. However, there are many clinical
cases where fractures do not heal independently (e.g., 13% of all tibial
fractures) [2]. Moreover, there are many other clinical situations
where bone tissue damage (caused by genetic diseases, cancer, vari-
ous types of inflammation, etc.) results in critical-size bone defects
that are also unable to regenerate naturally [2,3]. In an attempt to
regenerate damaged bone tissue, orthopedic transplant surgeries are
performed. To date, autologous transplants have been considered the
gold standard for this kind of surgery [4]. However, these transplants
have disadvantages, including limited donor tissue sources and donor
site morbidity [5�7]. To address this issue, scientists around the
globe are actively working to create fully functional artificial bone
that can be used for treatment of critical-size bone defects.

Although many different production technologies are being devel-
oped and tested to reach this goal, all researchers agree on three
main elements that should be combined: cells, scaffolds and bioactive
molecules [8]. Bioactive molecules are usually used for scaffold surface
decoration. Decorated scaffolds not only integrate more easily into the
patient’s body but also promote faster regeneration of damaged bone
and even accelerate angiogenesis [5]. Three main types of bioactive
molecules used for bone scaffold enrichment can be distinguished: (i)
growth factors (e.g., bone morphogenetic protein 2, bone morphoge-
netic protein 7, platelet-derived growth factor, vascular endothelial
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growth factor) [9�11], (ii) various extracellular matrix (ECM) proteins
and their signaling sequences (e.g., RGD, B2A2-K-NS and P-15 pepti-
des, collagen, fibronectin) [12�16] and (iii) small signaling molecules
(e.g., quercetin, silibinin, hesperetin, icariin) [17�20]. However, using
molecules/proteins of only one type fails to significantly improve the
osteoinductive properties of the scaffold [21].

Recently, a new and relatively simple surface decoration method has
been gaining more andmore attention: coating the scaffold with cell cul-
ture-derived ECM. Compared with single proteins or signalingmolecules,
natural ECM secreted by the cells has a multi-component structure, with
various cell-activating ligands. These ligands initiate a cellular response
that significantly improves the osteointegration process [22,23].

Despite the rapid growth of this research field, there are still a lot
of uncertainties. Thus far, detailed ECM composition studies have
been limited to only primary bone marrow-derived mesenchymal
stem cells (BMSCs), adipose stromal cells (ASCs), dermal fibroblasts,
osteoblast/fibroblast co-cultures and ECM formed by osteoblast cell
lines [22,24�29]. Based on these studies, the matrisome (all ECM pro-
teins produced by one organism or cell/tissue type [30]) signature of
osteogenic ECM differs depending on the cell type used for produc-
tion. Some similar core matrisome components (e.g., collagen 2, col-
lagen 5, fibronectin) have been detected in all analyzed ECMs.
However, the majority of the determined proteins have been cell
type-specific (e.g., lysyl oxidase homolog 2 [LOXL2] and collagen 8
proteins were detected in BMSC ECM but not in matrix formed by
dermal fibroblasts) [27,28]. These different ECM proteins, in turn, can
trigger different signaling cascades within the cells [30]. Therefore, to
apply this scaffold decoration method in practice, it is necessary to
analyze in detail the different types of ECMs as well as the potential
cellular response induced by them.

Furthermore, to use cell-derived, ECM-coated scaffolds to treat
damaged bone, they must be easily applicable in a clinical setting.
However, the extraction procedure for cells forming the aforemen-
tioned ECMs is complicated and painful and requires additional surgi-
cal interventions to the patient’s body [31,32]. Moreover, BMSCs,
ASCs and fibroblasts are able to form bone-specific ECM networks
only after additional stimulation with chemical inductors (e.g.,
b-glycerophosphate, dexamethasone) [33], which may adversely
affect the patient’s body. Thus, attempts are being made to proceed
to clinical trials using adult stem cells that can spontaneously differ-
entiate into the osteogenic lineage and be extracted without aggres-
sive surgical interventions. One possible candidate could be dental
pulp stem cells (DPSCs) [34,35]. However, thus far, no studies have
been conducted in which ECM formed by DPSCs has been tested.

This study was carried out to evaluate the impact of DPSC-
secreted ECM on new bone formation. ECM-coated surfaces were
prepared by culturing laboratory rat DPSCs on three-dimensional
(3D)-printed porous polylactic acid (PLA) scaffolds. The structure and
matrisome composition of the DPSC-derived ECM were characterized
comprehensively. The effect of ECM on newly seeded DPSC adhesion,
migration, proliferation and osteogenic differentiation was investi-
gated. Moreover, the angioinductive and immunogenic properties of
the ECM were elucidated. Finally, PLA scaffolds coated with DPSC-
ECM were implanted into critical-size rat calvarial defects to assess
the ability of DPSC-ECM to promote bone regeneration in vivo.

Methods

Scaffold 3D printing

PLA pellets (racemic L/D isoform polymer, particle size 100�800
mm, molecular weight 42 700 g/mol) (STP Chem Solutions Co Ltd,
Nonthaburi, Thailand) were used for scaffold production. PLA fila-
ment preparation and scaffold models as well as their 3D printing
procedures were performed as described by Alksne et al. [36]. The
3D-printed eight-layered woodpile scaffolds (30 £ 30 £ 1.6 mm)
(Figure 1A) were further cut into 10 £ 10 £ 1.6-mm pieces for in vitro
studies and into 5.5-mm-diameter circles for in vivo experiments.

Preparation and maintenance of primary cell culture

Wistar rat-derived DPSCs and pulmonary trunk blood vessel
endothelial stem cells (PTEC) were used for in vitro studies. In all
experiments, the use of rats as well as their DPSCs and PTECs was
approved by the Vilnius animal research ethics committee, Lithuania
(G2-40; March 18, 2016). Cell isolation and characterization protocols
are described in the supplementary material. Isolated DPSCs and
endothelial stem cells were maintained in growth medium (GM);
Iscove’s Modified Dulbecco’s Medium (Gibco, Carlsbad, CA, USA) sup-
plemented with 10% fetal bovine serum (Gibco) and antibiotic solu-
tion composed of penicillin 100 U/mL and streptomycin 100 mg/mL
(Gibco) at 37°C in a humidified atmosphere containing 5% carbon
dioxide. The cells used in the experiments were cultivated up to 20
passages.

Decellularized scaffold production

To produce PLA scaffolds coated with cell-derived ECM, DPSC suspen-
sions (3 £ 104 cells/cm2) were seeded on pure PLA scaffolds. Cell�scaf-
fold constructs were cultivated for 7 days in GM containing 100 mg/mL
ascorbic acid solution composed of 5 mg/mL L-ascorbic acid 2-phosphate
(Sigma-Aldrich, St Louis, MO, USA) diluted in phosphate-buffered saline
(PBS) (Gibco), and half of the medium was changed every second or
third day. After 7 days, scaffolds were washed twice with PBS and trans-
ferred to a �20°C freezer for 30 min. Decellularization solution com-
posed of 0.5% Triton X-100 (AppliChem GmbH, Darmstadt, Germany)
and 20 mM ammonium hydroxide (Sigma-Aldrich) prepared in PBS was
added to the samples and incubated for 1 h with gentle shaking at
25 rpm using a WT17 (Biometra GmbH, G€ottingen, Germany) at 37°C.
Later, decellularization solution was aspirated, specimens were rinsed
twice with PBS and nuclease solution composed of 10 U/mL DNase I
(Thermo Fisher Scientific, Waltham, MA, USA), 100 mg/mL RNase A
(Thermo Fisher Scientific) and 10 mM magnesium chloride (Sigma-
Aldrich) prepared in PBS was added and incubated for 1 h with gentle
shaking at 25 rpm at 37°C. After the predetermined time, the nuclease
solution was aspirated and samples were washed twice with PBS. In
addition, 0.1% glutaraldehyde (Sigma-Aldrich) solution prepared in PBS
was added and incubated for 4�6 h at 4°C. Next, specimens were rinsed
with PBS and immersed in 0.1 M glycine (Invitrogen, Carlsbad, CA, USA)
solution prepared in PBS and incubated overnight at 4°C. The next day,
samples were again washed twice with PBS and stored in PBS at 4°C
until use.

Sample for liquid chromatography�mass spectrometry preparation

To extract the proteins retained on the scaffolds after the decellu-
larization procedure, samples were treated with lysis buffer com-
posed of 8 M urea (Sigma-Aldrich), 2% 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate hydrate (Sigma-Aldrich), 4%
sodium dodecyl sulfate (Sigma-Aldrich) and 100 mM dithiothreitol
(Thermo Fisher Scientific) in deionized water for 10 min. Next, the
supernatants were collected and trypsin digestion was performed
according to the filter-aided sample preparation protocol described
byWi�sniewski et al. [37].

Liquid chromatography�mass spectrometry-based protein identification

Liquid chromatography analysis was performed using an Acquity
ultra-performance liquid chromatography system (Waters Corpora-
tion, Wilmslow, UK). Peptide separation was performed on an Acq-
uity ultra-performance liquid chromatography HSS T3 250-mm
analytical column. Data were acquired using a Synapt G2 mass
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spectrometer with MassLynx 4.1 software (Waters Corporation) in
positive ion mode using data-independent acquisition (ultra-defini-
tion MSE). Raw data were locked mass-corrected using the doubly
charged ion of [Glu1]-fibrinopeptide B (m/z 785.8426; [M+2H]2+).
Raw data files were processed and searched using ProteinLynx Global
SERVER 3.0.1 (Waters Corporation). Data were analyzed using trypsin
as the cleavage protease, and one missed cleavage was allowed. Fixed
modification was set to carbamidomethylation of cysteines, and vari-
able modification was set to oxidation of methionine. Minimum iden-
tification criteria included one fragment ion per peptide and three
fragment ions and one peptide per protein. The following parameters
were used to generate peak lists: (i) low energy threshold was set to
150 counts, (ii) elevated energy threshold was set to 50 counts and
(iii) intensity threshold was set to 750 counts. UniProtKB/Swiss-Prot
rat and bovine databases (September 24, 2020) were used for protein
identification. The UniProtKB database (December 6, 2020) was used
to classify proteins with respect to their cellular components. Extra-
cellular region proteins were grouped into six categories of ECM pro-
teins according to the Matrisome Project [38]. The Enrichr analysis
tool (December 29, 2020) was used for Gene Ontology (GO) mapping
and functional annotation of proteins.

Spontaneous osteogenic differentiation

DPSCs were grown on tested scaffolds for 1 day, 7 days and
10 days. The numbers of seeded cells are listed in supplementary
Table 1. Samples were maintained in GM at 37°C in a humidified
atmosphere containing 5% carbon dioxide, and half of the GM was
changed every 2�3 days.

Alkaline phosphatase assay

Alkaline phosphatase (ALP) activity was evaluated using the Phos-
phatase Substrate Kit (Thermo Fisher Scientific). Assay was per-
formed according to the manufacturer’s protocol. Results were
normalized according to cell numbers determined on each type of
scaffold (seeded identically) after each time point. Cell numbers on
scaffolds were determined by 40,6-diamidino-2-phenylindole assay
[39].

Determination of collagen amount

The amount of collagen was determined by the Sirius Red assay.
All procedures were performed as described by Alksne et al. [36].
Scaffolds without cells were used to assess background value.

ECM mineralization assay

ECM mineralization during spontaneous DPSC osteogenesis was
evaluated by Alizarin Red S assay. All procedures were performed as
described by Alksne et al. [40]. Scaffolds without cells were used to
evaluate the background value.

Quantitative polymerase chain reaction

Runx2 and osteopontin (OPN) protein messenger RNA (mRNA)
expression levels in differentiated DPSCs were evaluated by quantita-
tive polymerase chain reaction (qPCR). Cell lysis, RNA extraction,
complementary DNA synthesis and gene quantification procedures
were performed as described by Alksne et al. [40]. Obtained gene
expression levels were calculated using 2�DDCt method [41]. Results
were normalized according to the expression of glyceraldehyde 3-
phosphate dehydrogenase and standardized according to undifferen-
tiated cells seeded on a standard tissue culture plate surface at an ini-
tial time point. Primer pair sequences used for qPCR assay are listed
in supplementary Table 2.
Cytokine evaluation in DPSC secretome

To evaluate cytokines that were secreted by DPSCs cultivated on
tested scaffolds, cells (1 £ 103 cells/cm2) were grown on scaffolds for
7 days. Scaffolds were then rinsed twice with PBS and transferred to
new plate wells containing GM without fetal bovine serum. After 48
h, GM was collected and centrifuged for 4 min at 1000 g (HERMLE
Labortechnik GmbH, Wehingen, Germany). Supernatants were trans-
ferred to new tubes and stored at �20°C until use. Dot blot analysis
of cytokines presented in collected secretomes was performed using
the Rat Cytokine Array Kit (R&D Systems, Minneapolis, MN, USA). All
procedures were performed according to the manufacturer protocol.

Bone regeneration evaluation in critical-size Wistar rat calvarial defect
model

Two groups of scaffolds, PLA and PLA+ECM, were evaluated for
bone regeneration in the critical-size Wistar rat calvarial defect
model. Procedures were performed at the Department of Biological
Models, Institute of Biochemistry, Life Sciences Center, Vilnius Uni-
versity (Vilnius, Lithuania). The sample size was determined with
G*Power 3.1.9.7 software [42] using the difference between two
independent means test with a priori analysis (a = 0.05, power = 0.8,
f effect size = 1.7). Four female and four male 4-month-old Wistar
rats (approximate weight 300 g) were used for scaffold implantation.

The animals were anesthetized with an intraperitoneal injection
of 2% Xylazine 5 mg/kg (Alfasan International B.V., Woerden, the
Netherlands) and 100 mg/mL ketamine hydrochloride at 2.4 mL/kg
(Rotexmedica GmbH, Trittau, Germany). Surgical procedures were
performed as described by Gendviliene et al. [43]. Afterward, the rats
were transferred to individual enriched cages and observed for 8
weeks. The first dose (0.01 mg/kg) of 0.3 mg/mL buprenorphine
hydrochloride (Richter Pharma AG, Wels, Austria) was given subcuta-
neously 3 h after the surgery and then according to need up to two
times per day for 3 days. The rats were kept in a controlled environ-
ment at 22 § 1°C with humidity of 55 § 3% and a 12/12-h light�dark
cycle and received a standardized diet and water ad lib. After 8
weeks, rats were euthanized using carbon dioxide overdose, and
specimens were harvested and fixed in 10% (v/v) neutral buffered for-
malin.

Micro-computed tomography

The specimens were scanned with an x-ray 3D computed tomog-
raphy (CT) device (250E; RayScan Technologies GmbH, Meersburg,
Germany). Scanning and bone volume (mm3) calculation procedures
were performed as described in a previous study [43].

Histology

Sample histology evaluation was done to count the newly formed
bone area (mm2). Specimen decalcification, staining and qualitative
and quantitative procedures were performed as described in a previ-
ous study [43]. Additional details regarding the methods used in this
study are provided in the supplementary material.

Statistical analysis

Statistical analysis was conducted using RStudio v1.1.442. The
qPCR results were additionally analyzed with Rotor-Gene 6000 Series
Software 1.7. The data are presented as median § interquartile range
of three independent experiments (n �3 samples per group). Focal
adhesion results are presented with a distribution density function.
Shapiro�Wilk test was used to evaluate data normality (when n �5).
Kruskal�Wallis one-way analysis of variance and post-hoc Tukey
tests were used to determine the significant differences of not
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normally distributed data between three or more groups. One-way
analysis of variance and post-hoc Tukey tests were used to evaluate
normally distributed results (when n � 5) between three or more
groups. Statistical significance was determined to be P�0.05.
Results

Cell characterization

DPSCs were isolated from the dental pulp of rat incisors. Flow
cytometry analysis of surface markers showed that these cells were
positive for mesenchymal stromal cells (MSC)-specific surface anti-
gens CD44, CD54 and CD90 and negative for hematopoietic and
endothelial markers CD13, CD14 and CD31 (see supplementary
Figure 1).

PESCs were isolated from rat vascular trunks. Surface antigen
analysis by flow cytometry demonstrated that these cells were posi-
tive for CD54 and CD90 and negative for markers CD13, CD14, CD44
and CD45 (see supplementary Figure 2A). Additionally, by using
immunocytochemistry assay, the authors showed that isolated PESCs
expressed another endothelial cell marker—CD31—on their surface
(see supplementary Figure 2B). Finally, two other endothelial cell
properties were confirmed: isolated PESCs were capable of forming
vessel-like structures on Matrigel (Sigma-Aldrich) (see supplemen-
tary Figure 2C) and were able to uptake modified acetylated low-den-
sity lipoprotein (see supplementary Figure 2D).
DPSC-secreted ECM characterization

First, the authors evaluated the efficiency of the scaffold decellula-
rization process. This was assessed qualitatively by visualizing cell
cytoskeletal protein actin and ECM protein fibronectin retention on
scaffolds and quantitatively by measuring the amount of DNA traces
remaining after the cell removal procedure (Figure 1B,C). Cell-free
PLA scaffolds were used as a control.

The qualitative assessment showed that the cell removal tech-
nique used by the authors was effective (Figure 1B). Intact DPSC-
formed ECM was maintained during the procedure, as evidenced by
the fibronectin network remaining on the scaffolds. Moreover, cellu-
lar cytoskeletal proteins were removed, and no actin network
remained on the scaffolds after the procedure. These results were
also confirmed by quantitative evaluation of the amount of DNA on
the samples (Figure 1C). It should be noted that the amount of DNA
on the PLA+ECM scaffolds corresponded to that found on the control
surface.

The detailed composition of proteins retained on PLA scaffolds
was characterized by proteomic analysis. A total of 403 proteins were
detected. These proteins were found in membrane (47), cytoplasm
(142), organelle (42), nucleus (53), cytoskeleton (67) and extracellu-
lar region (52) (Figure 1D). Thus, the authors observed that it was not
only ECM proteins that remained on the scaffolds after the decellula-
rization procedure. Although the number of extracellular region pro-
teins was less than 20%, more than 70% of these were assigned as
core matrisome (16) or matrisome-associated (22) proteins. In addi-
tion to matrisome proteins, DPSC-formed ECM contained regulators,
secreted factors and other ECM-affiliated proteins (14) (Figure 1E).
The complete list of detected proteins is presented in supplementary
Table 3. GO analysis of proteins belonging to the extracellular region
suggested that DPSC-formed ECM contributes to biological processes
associated with bone/cartilage formation, angiogenesis, ECM forma-
tion, immune response, protein processing and membrane transport
(Figure 1F). A detailed list of determined biological processes is laid
out in supplementary Table 4.
ECM effect on DPSC behavior

The authors evaluated the impact of DPSC-formed ECM on cell
adhesion, motility and proliferation efficiency. For the evaluation of
cell adhesion, DPSCs were seeded on PLA or PLA+ECM scaffolds, and
cell surface area was analyzed 0.5 h, 2 h and 24 h post-seeding by
visualizing the F-actin filaments. Fluorescence microscopy images of
F-actin filaments (see supplementary Figure 3) and cell surface area
measurements (Figure 2B) showed that after all analyzed time inter-
vals, cells attached better to ECM-coated scaffolds. Correspondingly
larger DPSC surface area was also demonstrated compared with pure
PLA scaffolds (P < 0.001).

To better understand the influence of DPSC-formed ECM on the
cell attachment process, focal adhesions formed within DPSCs 24 h
post-seeding were qualitatively and quantitatively evaluated
(Figure 2A,C). The results indicated that compared with pure PLA
samples, the PLA+ECM surface demonstrated a higher number of
focal adhesions within the cells (i.e., ECM-coated scaffolds were more
attractive for DPSC attachment) (P < 0.001).

To evaluate the influence of DPSC-formed ECM on cell motility,
scaffolds were incubated on a monolayer of DPSCs for 72 h and the
number of cells that migrated onto these specimens was then deter-
mined (Figure 2D). The results showed that the ECM-coated surface
was more attractive for DPSC migration, with a higher cell count
being demonstrated on PLA+ECM scaffolds compared with pure PLA
samples (P < 0.05).

Assessment of cell proliferation activity indicated that cell num-
bers registered at 24 h, 48 h and 72 h post-seeding were almost the
same on both scaffolds (PLA and PLA+ECM), with DPSCs proliferating
equally well on both groups of specimens (Figure 2E). However, dif-
ferences between the PLA and PLA+ECM groups appeared later, at 96
h and 120 h post-seeding. During these time intervals, DPSCs showed
significantly better proliferative activity on PLA+ECM scaffolds com-
pared with PLA scaffolds.

ECM impact on DPSC osteogenic differentiation in vitro

To determine the cell-derived ECM effect on the induction of oste-
ogenic differentiation in DPSCs, ALP activity, osteogenic-related gene
expression and bone tissue-specific ECM were analyzed. Runx2 and
OPN protein mRNA expression analysis showed that both tested scaf-
folds stimulated DPSC differentiation toward an osteogenic lineage
via upregulation of protein Runx2 and OPN mRNA expression
(Figure 3A�E). Moreover, the highest protein Runx2 mRNA expres-
sion was determined in cells maintained on both tested scaffolds at
the 10th day of differentiation (Figure 3A). However, after the first
day of differentiation, protein-coding gene expression level in DPSCs
grown on PLA+ECM already showed a greater increase compared
with that observed in cells grown on pure PLA (P< 0.05). OPN protein
mRNA levels remained almost unchanged on evaluation at the first
and seventh days of differentiation (Figure 3B), with the highest level
of expression being observed at only the 10th day of differentiation
in cells grown on both investigated scaffolds. However, the authors
did not detect a statistically significant difference in OPN protein
mRNA expression induction in DPSCs cultivated on PLA and PLA
+ECM scaffolds.

The authors found that after the first and seventh days of differen-
tiation, PLA and PLA+ECM scaffolds did not cause differences in ALP
activity within the cells (Figure 3C). The highest ALP activity in cells
maintained on PLA and PLA+ECM scaffolds was detected after
10 days of differentiation. However, stronger ALP activity was regis-
tered in DPSCs grown on ECM-coated scaffolds compared with pure
PLA samples (P < 0.05).

Bone tissue-specific ECM formation results showed that DPSCs
grown on both surfaces tended to accumulate collagen in their ECM;
however, the authors did not observe significant differences in the



Figure 1. PLA scaffold characteristics, decellularization process effectiveness and detailed DPSC-produced ECM analysis. (A) SEM images of the 3D-printed porous PLA scaffolds. (B)
Visualized fibronectin or actin filaments (red = Alexa Fluor 594) and DNA residues (blue = DAPI). (C) DNA residue quantification after cell removal procedure by DAPI assay. Results
are presented as median § IQR. (D) Proteins grouped by their cellular localization. Results are presented as a pie chart. (E) Matrisome signature of DPSC-secreted ECM. Results are
presented as a pie chart. (F) Biological processes evaluated by GO analysis. DAPI, 40 ,6-diamidino-2-phenylindole; IQR, interquartile range; SEM, scanning electron microscope. (Color
version of figure is available online.)
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impact of PLA versus PLA+ECM scaffolds on collagen accumulation
(Figure 3D). By contrast, ECM mineralization results indicated that
after 7 days and 10 days of DPSC cultivation on scaffolds, the greatest
and most statistically significant increase in ECM mineralization was
registered in cell cultures maintained on PLA+ECM specimens com-
pared with pure PLA samples (P < 0.001 and P < 0.05, respectively)
(Figure 3E).

ECM influence on the osteointegration process in vitro

The impact of DPSC-formed ECM on successful scaffold integra-
tion into tissue was investigated by imitating the scaffold implanta-
tion process in vitro and thus evaluating its angiogenic properties as
well as the possible response of the organism (Figure 3F,G). DPSCs,
which mimic the adult stem cells that migrate to the site of injury
after scaffold implantation, were grown on PLA and PLA+ECM sam-
ples for 7 days. After a predetermined time, secretomes were col-
lected from the specimens and the presence of 29 molecules was
analyzed by dot blot (see supplementary Figure 4). In the secretomes
from both samples, the authors observed expression of the same 11
cytokines, chemokines and growth factors: cytokine-induced neutro-
phil chemoattractant (CINC) 1, CINC-2a/b and CINC-3; chemokine
(C-X-C motif) ligand 1; IL-1ra; IL-6; soluble intercellular adhesion
molecule 1; chemokine (C-X-C motif) ligand 10; chemokine (C-C
motif) ligand 5; TIMP metallopeptidase inhibitor 1; and VEGF
(Figure 3G). However, the authors did not observe significant differ-
ences between scaffold impacts on the levels of detected signaling
molecules.



Figure 2. DPSC behavior on ECM-coated scaffolds. (A) Representative images of visualized nucleus (blue = DAPI) and FA (green = vinculin) in DPSCs. (B) Cell surface area measure-
ment. (C) Quantification of FA spots within the cells. (D) DPSC migration onto the PLA and PLA+ECM scaffolds. (E) Cell proliferation rate. Results are standardized according to the
number of cells maintained on appropriate scaffolds for 24 h. *P< 0.05 and ***P< 0.001 (indicate significant differences between tested groups). ###P< 0.001 (indicates significant
differences compared with 0.5 h within the same scaffold group). DDDP < 0.001 (indicates significant differences in data compared with 2 h within the same group). DAPI, 40 ,6-dia-
midino-2-phenylindole; FA, focal adhesion. (Color version of figure is available online.)
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In addition, it was noted that DPSCs, which grew on both tested
scaffolds (PLA and PLA+ECM), most actively synthesized the growth
factor VEGF (Figure 3G). The angiogenic properties of DPSC-formed
ECM were also assessed by vertical migration test of PESCs. PLA and
PLA+ECM specimens were incubated on a monolayer of PESCs for 72
h, and the number of cells that migrated onto these specimens was
then determined (Figure 3F). Results showed that the most attractive
samples for PESC migration were PLA+ECM scaffolds, on which the
highest number of cells was registered (P < 0.001).

ECM impact on new bone formation in vivo

The impact of DPSC-formed ECM on critical bone defect regenera-
tion in vivo was assessed by micro-CT and histological evaluation.



Figure 3. Impact of ECM-coated scaffold on the osteogenesis and osteointegration of DPSCs in vitro. (A) Runx2 protein mRNA expression level in DPSCs. (B) OPN protein mRNA
expression level in DPSCs. (C) ALP activity evaluation. (D) DPSC collagen production quantification. (E) ECM mineralization analysis. (F) PESC migration onto the PLA and PLA+ECM
scaffolds. (G) Dot blot analysis data of bioactive molecules detected in secretomes of DPSCs grown on tested samples. *P < 0.05 and ***P < 0.001 (indicate significant differences
between tested groups). ##P < 0.01 and ###P < 0.001 (indicate significant differences compared with day 1 within the same scaffold group). DP < 0.05, DDP < 0.01 and DDDP <

0.001 (indicate significant differences compared with day 7 within the same group). (Color version of figure is available online.)
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The increase in new bone volume after analysis with the algorithm is
shown in Figure 4.

Micro-CT evaluation of new bone formation showed no significant
sex-specific differences in the PLA and PLA+ECM groups (males,
P = 0.09, females, P = 0.18) (see supplementary Figure 5A). However,
micro-CT results revealed a statistically significant difference
between the PLA (1.9 § 0.44 mm3) and PLA+ECM (3 § 0.4 mm3)
groups (P < 0.05) when males and females were counted together
(Figure 4B).

The histological section images of different tested groups are pre-
sented in Figure 4C. These results showed that the connective tissue
thickness varied from 1.0 mm to 2.0 mm in both groups, and the new
bone formed a layer ranging from 0.3 mm to 1.0 mm, growing from
the defect sides toward the center. Some sections of PLA+ECM scaf-
folds showed that new bone islands formed separately from the
newly formed bone at the defect edges. Quantitative histological
evaluation showed no significant sex-specific differences in new
bone formation in both groups (P > 0.05) (see supplementary Figure
5B). However, a statistically significant difference was found between
the PLA and PLA+ECM groups in males (P < 0.005) and females (P <

0.05) both separately (see supplementary Figure 5B) and together (P
< 0.0005) (Figure 4D). Moreover, cell infiltrates were observed in
both groups, indicating ongoing scaffold degradation and bone
regeneration.

Discussion

It is well known that each tissue has a specific ECM composition
that is required for specialized tissue homeostasis [22]. ECM is com-
posed of two major constituents: structural components (core matri-
some) and the proteins interacting with them (matrisome-associated
proteins). ECM contains all instructions regarding the structure,
mechanical properties and function of a tissue [44]. In case of various
injuries, stem cells from adjacent tissues use this information to
restore damaged sites. Various studies have shown that decellular-
ized, tissue-specific bioinks promote cell differentiation commitment,
demonstrating the possibility of adapting this technique for tissue
regeneration applications [45�47]. Nevertheless, harsh



Figure 4. Bone regeneration in vivo. (A) Representative processed micro-CT images of volume of newly formed bone (mm3) in PLA (purple) and PLA+ECM (blue) scaffolds. (B) Box
plot representing volume of newly formed bone (mm3) according to sample groups. (C) Histological section images (hematoxylin and eosin staining). Images on left represent typi-
cal findings of samples for both sexes. (D) Box plot representing histology results of the area (mm2) of newly formed bone according to sample groups. *P < 0.05 and ***P < 0.001
(indicate significant differences between tested groups). C, connective tissue; NB, new bone; S, scaffold. (Color version of figure is available online.)
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decellularization conditions impact ECM structure, and there is also,
most importantly, substantial loss of matrisome-associated proteins.
Furthermore, these types of bioinks are in limited supply and have
huge batch-to-batch variations [48,49].

A promising alternative for decellularized tissues is cell-synthe-
sized ECM [50]. Although different cell types express similar core
matrisome components, their produced ECMs trigger distinct biologi-
cal responses. This phenomenon is determined by both different
quantities of the same core components and unique, cell type-specific
ECM constituents [27,51,52]. Studies have elucidated the proteomic
composition of ECMs derived from BMSCs, ASCs, neonatal dermal
fibroblasts and osteoblast/fibroblast co-cultures for bone tissue engi-
neering research [27,28,51,52]. Results have shown that ECM pro-
duced by different cell types displays significantly different
osteoinductive properties. Although no major differences have been
observed between BMSC- and ASC-secreted ECM with regard to cell
fate decision [27,52], in Baronceli study [51], BMSCs differentiated to
an osteogenic lineage produced more osteoinductive ECM compared
with non-differentiated cells. This shows the importance of ECM
forming cells to be committed to osteogenic direction.

DPSCs are MSCs with great osteogenic potential [35]. In previous
research, the authors showed that DPSCs are capable of differentiat-
ing to an osteogenic lineage even without the additional supplements
that are usually used in other studies [36,40]. Principally, in the
authors’ previous in vivo research, the scaffolds decorated with DPSC-
derived ECM demonstrated the same osteoinductivity potential as
the leading bone substitute for regenerative dentistry, Bio-Oss (Geist-
lisch Pharmaceutical, Wolhusen, Switzerland) [43]. For this reason,
in the present study, the same DPSC-formed ECM was characterized
and its osteogenic regeneration potential analyzed both in vitro and
in vivo.

After the DPSC-derived ECM proteomic analysis, a total of 403
proteins were detected; however, the majority were not associated
with the extracellular region (351). These proteins were intracellu-
lar—left over after the decellularization process. The authors chose to
ignore them in subsequent analysis since they had no direct impact
on cell fate. Although some researchers choose to include all proteins
in their analysis [51], this is not the correct procedure, as intracellular
proteins (e.g., ribosomal ligands, histones) have no impact outside
the cell. In addition, the authors determined 52 extracellular region
proteins. Of these, more than 70% were assigned as core matrisome
(16) and matrisome-associated (22) proteins. Despite the fact that
DPSCs were grown for 7 days on PLA scaffolds without any chemical
differentiation inductors, according to the Enrichr database, their
secreted ECMs were directly related to biological processes associ-
ated with bone/cartilage formation. This again implies the DPSC oste-
ogenic commitment compared with other MSC sources (e.g., BMSCs,
ASCs).

Moreover, both GO analysis of protein biological function and the
authors’ in vitro and in vivo data confirmed that DPSC-derived ECM
improves the osteoinductivity of PLA scaffolds. Cells grown on ECM-
decorated samples had higher ALP activity and showed osteogenic
differentiation-related gene expression and significantly upregulated
ECM mineralization compared with cells on pure PLA samples. Pivot-
ally, scaffolds coated with DPSC-derived ECM greatly improved
regeneration of critical-size bone defects: new bone islands separated
from the defect edges were observed in only the PLA+ECM group.
DPSC-produced ECM composition was rich in proteins, which could
have contributed to the observed in vitro and in vivo results. For
example, the expression of GREM1 is required for healthy skeletal
development and homeostasis [53]. LOX is an extracellular amine
oxidase whose function is to catalyze the cross-linking reaction of
collagen and elastin in the ECM. In this way, LOX facilitates osteo-
genic ECM stabilization, development, maturation and remodeling
[54,55].

Although matrisome components (e.g., ANAXA1, GREM1, SULF1,
LOXL2) are the main factors orchestrating cellular response, other
chemical/mechanical/topographical effectors are also important [56].
For example, decellularized scaffolds are rich in calcium deposits,
which serve as nucleation sites for new hydroxyapatite crystal forma-
tion [25] and lead to enhanced ALP expression and activity in cells
[69�71]. Therefore, these factors could have influenced the higher
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ECM mineralization and ALP activity in DPSCs grown on PLA+ECM
scaffolds since the authors have previously shown the formation of
mineralized ECM after 7 days of culturing DPSCs on PLA scaffolds
[36,40].

Cell adhesion and migration into the scaffold, followed by prolif-
eration, are crucial processes for successful bone regeneration [57].
ECM formed by various cell types (e.g., BMSCs, osteoblasts, osteo-
blast/fibroblast co-cultures) significantly improves cell�scaffold
interaction [22,26,28]. Here the authors also demonstrated that
DPSC-derived ECM increases cell adhesion, migration and prolifera-
tion. DPSCs were more widespread and had higher proliferation
potential on PLA+ECM surfaces. Moreover, DPSC-formed ECM
enhanced not only MSC migration but also primary PTEC migration.
Furthermore, DPSC-derived ECM improved endogenous cell migra-
tion into PLA+ECM scaffolds implanted in rat skull critical-size
defects, as evidenced by hematoxylin and eosin staining and micro-
CT analysis showing new bone islands that were separate from the
defect edges. According to the authors’ proteomic data, DPSC-pro-
duced ECM contained proteins, including COL1A1, FN1, ANAXA1,
LOXL2 and GREM1, whose signal sequences can be recognized by the
cell. During cell�ECM protein interaction, various signaling pathways
are initiated, which controls cell survival, migration, proliferation
and even differentiation [58�65].

Oxygen and nutrient supply is essential for the vitality and func-
tion of all tissues. Indeed, ensuring this is one of the main challenges
in tissue engineering hindering implementation of larger tissue con-
structs [66�68]. Thus, the promotion of angiogenesis, which is over-
looked in the majority of tissue engineering studies [69�71], is
crucial for regeneration of every tissue. Therefore, the authors evalu-
ated DPSC-derived ECM angioinductivity by following primary PTEC
migration into the scaffolds and by determining VEGF production by
DPSCs grown on ECM-decorated and pure PLA samples. The results
showed that ECM drastically improved angioinductive scaffold prop-
erties. Proteomic data also confirmed that DPSC-synthesized ECM is
rich in proteins (e.g., LTBP2, SULF1, GREM1, epidermal growth factor-
like protein 7), which stimulates angiogenesis. For example, the cyto-
kine GREM1 can activate the VEGFR2-Akt-mTORC2 signaling path-
way, which is relevant to angiogenesis [72,73]. Epidermal growth
factor-like protein 7 can act as a chemoattractant for endothelial cells
[74] or, by interfering with the Notch pathway, can regulate sprout-
ing angiogenesis [75]. Therefore, DPSC-secreted ECM increased the
angiogenic potential of tested PLA scaffolds and is a promising tech-
nique for improving scaffold integration into tissue.

Transplant rejection is a major problem in implantation surgeries.
Rejection is caused by an organism’s immune response to the trans-
planted graft [76]. For this reason, after such medical procedures,
patients should use immunosuppressive drugs; however, these medi-
cations cause many side effects [77]. Tissue engineering solves this
problem because it uses autologous cells to regenerate the tissues
[28,78]. Nevertheless, degradation byproducts of the natural or syn-
thetic polymers used for scaffold production can lead to acute or
chronic inflammation [79�81]. This has often been ignored in other
studies and requires more research [71,82,83].

Here the immunomodulation of PLA scaffolds with DPSC-pro-
duced ECM was assessed. According to proteomic results, five pro-
teins (ANXA1, ANXA2, C1QB, TIMP2 and PPIA) were associated with
biological processes of the immune system. However, as demon-
strated by the literature, all five proteins mediate the inflammatory
events required for new bone formation. ANXA1, ANXA2 and C1QB
regulate neutrophil recruitment to the sites of inflammation
[84�86]. The appropriate number of neutrophils is essential for suc-
cessful bone fracture healing. Neutrophils migrate to the damage site,
where they secrete the biologically active molecules (e.g., IL-6, che-
mokine ligand 2) that are essential for the attraction of progenitor
stem cells from adjacent tissues [87,88]. TIMP2 and PPIA are required
for bone remodeling and bone tissue homeostasis; however, their
exact mechanism of function is entirely unknown [89,90]. DPSC-
formed ECM immunoinductivity was further investigated by analyz-
ing DPSC secretomes grown on PLA+ECM scaffolds. The results
revealed that most of the molecules in the secretome are associated
with activation (e.g., IL-6, CINC family proteins, soluble intercellular
adhesion molecule 1, chemokine [C-X-C motif] ligand family proteins,
chemokine [C-C motif] ligand 5) or inhibition (IL-1ra) of inflamma-
tory processes [91�96]. They regulate the migration of neutrophils
and macrophages [87,88,91,95,96]. Although PLA+ECM constructs
can induce pro-inflammatory cytokine expression, they are essential
for coordination of damaged tissue regeneration. In vivo histology
results confirmed these findings. Cell infiltrates were observed in sur-
rounding newly forming bone tissue. Cell infiltrates are usually com-
posed of lymphocytes, macrophages and multi-nucleated giant cells,
which are responsible for the degradation of foreign objects and new
tissue formation.

Conclusions

DPSC-secreted ECM was investigated for use in applications for
artificial bone tissue construction. Results showed that surface deco-
ration with DPSC-formed ECM improved the properties required for
successful bone regeneration. The authors identified a unique ECM
protein network ornamenting the surface, with a suitable micro-
environment that enhanced cell attachment, migration, proliferation,
immunomodulation, osteogenesis and angiogenesis. This protein net-
work recruited endogenous stem cells, stimulating the self-healing
process in bone defects. Therefore, DPSC-secreted ECM may be a
promising tool for decorating various biomaterials for use in bone tis-
sue engineering. Nevertheless, additional studies in which the syner-
gistic effects of ECM with different scaffold formulations are
evaluated are needed.
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