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� The fabricated osteoinductive
bioscaffold provided mechanical
support and resisted physical stress
for bone tissue regeneration.

� The human bone marrow-derived
mesenchymal stem cell–derived
matrisome promoted osteogenesis.

� Human bone marrow-derived
mesenchymal stem cells adhered to
the collagen-fibrin matrix, which
promoted osteogenic differentiation.

� The polycaprolactone/collagen-fibrin/
human bone marrow-derived
mesenchymal stem cell–derived
matrisome scaffold accelerated a
vascularized new bone regeneration
in vivo.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 24 March 2022
Revised 27 May 2022
Accepted 28 May 2022
Available online 6 June 2022

Keywords:
Polycaprolactone
a b s t r a c t

Reconstruction of patient-specific scaffolds to repair uniquely shaped bone defects remains a major clin-
ical challenge in tissue engineering. Recently, three-dimensional (3D) printed scaffolds have received
considerable attention as a promising technology for the rapid generation of custom shapes. However,
synthetic polymers commonly used for 3D printing, such as polycaprolactone (PCL), lack the biological
capacity to mimic native extracellular matrix functions to support cell growth and differentiation into
desired tissues. We described the preparation and characterization of a 3D hybrid model for bone tissue
engineering that comprises an extracellular matrix (ECM)-enriched hydrogel embedded in a PCL scaffold.
The human bone marrow-derived mesenchymal stem cell–derived matrisome (BMTS) was utilized as a
public of
Choi).
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Biomacromolecules
3D printing
3D hybrid model
Bone tissue engineering
source of ECM-enriched biomacromolecules, and scaffold biocompatibility was evaluated in vitro using
human bone marrow-derived mesenchymal stem cells (BM-MSCs). The 3D hybrid model exhibited excel-
lent BM-MSC viability and osteogenic activity in vitro in both two-dimensional (2D) and 3D cultures.
Furthermore, bone remodeling was evaluated by in vivo through a rat calvarial defect model; notably,
the fabricated 3D hybrid model effectively enhanced vascularized bone regeneration. Therefore, this
promising BMTS-based 3D hybrid model might serve as an excellent bone tissue-engineered scaffold
for use in orthopedic applications.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Bone is composed of a hierarchically divided structure. It pri-
marily consists of hydroxyapatite embedded in numerous collagen
bundles. Due to combined rigid inorganic and flexible organic com-
ponents, this arrangement provides a distinctive combination of
outstanding mechanical and biological functionalities [1]. Accord-
ingly, bone remodeling is difficult owing to challenges in mimick-
ing the natural bone state during injury or tissue loss. Bone healing
is not readily achieved when the damaged region exceeds the crit-
ical defect area. This degree of damage requires scaffolds to sup-
port new growth and induce tissue regeneration [2].

The integration of three-dimensional (3D) structures and multi-
functional components allows the fabrication of engineered com-
ponents, which due to their proper mechanical properties and
interactions with the surrounding natural tissue for damaged bone
tissue repair [3]. However, most conventional 3D scaffolds are
composed of a non-functional biomaterials. Such systems may
not be able to actively interact with the surroundings or adapt to
the changes in healing tissue [4]. Therefore, bone tissue-
engineered composite scaffolds should be composed of a hard
structure and a soft with sophisticated biopolymer for balance.
Polycaprolactone (PCL) porous scaffold, a solid fundamental sub-
strate, has been widely used and fabricated using 3D printing tech-
nology, as it provides a solid structural framework that contains
soft scaffold components [5]. PCL has frequently been used as a
3D printing scaffold due to its substantial mechanical properties
and ability to imitate intricate anatomic features with excellent
formability [6]. Despite its robust structure as an implant in the
human body, PCL is inherently hydrophobic and has relatively poor
biocompatibility [7,8]. In addition, PCL must be sintered at a high
temperature during 3D fabrication process, which does not allow
to incorporate growth factors or living cells [9]. To compensate
for these shortcomings, a hydrogel filler is embedded in a 3D scaf-
fold post-fabrication [10]. As a supporting component, various
hydrogels have been used due to excellent biocompatibility and a
high loading efficiency of stem cells [11]. For example, 3D-printed
PCL scaffolds are filled with a natural polymer-based hydrogel
composed of collagen and fibrinogen [12]. Collagen accounts for
up to 90% of the organic matrix of bone and has a high water con-
tent [13]. Its high hydrophilicity offsets the disadvantages of PCL
and enhances cell affinity. Subsequently, fibrin, a natural biopoly-
mer derived from fibrinogen during blood coagulation, has been
added to the matrix, which provides improved mechanical
strength via rapid clotting and assists in tissue repair [14].
Although these scaffolds show significant advantages, collagen
and fibrinogen composition are still far from that of the natural
bone extracellular matrix (ECM). The BMTS is obtained from the
native ECM, which is derived from human bone marrow-derived
mesenchymal stem cells (BM-MSCs) and contains over 300 pro-
teins and related cytokines [15]. Thus, ECM-derived biomacro-
molecules, collectively termed the human bone marrow-derived
mesenchymal stem cell–derived ‘‘matrisome” (BMTS), loaded
hydrogel combined with bioscaffold system is required to directly
supply into damaged bone tissue as a differentiation factor [16].
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In this study, we fabricated a hybrid soft and hard tissue com-
posite system by incorporating ECM-enriched BMTS within a 3D-
printed PCL scaffold as a hybrid 3D model. The porous and rigid
3D-printed PCL scaffold forms a framework for the desired struc-
ture. Subsequently, the solid frame is coated with natural
polymer-based hydrogels, which are expected to provide biocom-
patibility and biomolecule loading capacity. Consequently, ECM-
enriched BMTS is expected to improve bone regeneration and
mimic structures to better match human body conditions. We
aimed to physicochemically evaluate the hybrid 3D scaffold and
confirm its biocompatibility and osteogenesis in vitro and in vivo.
2. Experimental section

2.1. Materials

PCL (MW 45,000), fibrinogen, thrombin, and acetic acid were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Collagen (ate-
locollagen) was purchased from Dalim Tissen Co., Ltd. (Seoul, South
Korea). HumaTein (BMTS) was purchased from ROKIT Healthcare
(Seoul, South Korea). Dulbecco’s phosphate buffered saline (DPBS)
and trypsin-ethylenediaminetetraacetic acid (EDTA) were pur-
chased from Gibco BRL (Invitrogen, Carlsbad, CA, USA). Cell Count-
ing Kit-8 (CCK-8) was purchased from Dojindo (Kumamoto, Japan).

2.2. Design and fabrication of 3D-printed PCL scaffolds

Briefly, 3D-printed PCL scaffolds were designed using
computer-aided design based on our previous study [10]. To sup-
ply mechanical hardness, 3D-printed PCL scaffolds were fabricated
using a fused deposition modeling 3D printer (Dr. INVIVO; ROCKIT
Healthcare).

2.3. Fabrication of collagen-fibrin (CF) hydrogel and CF/BMTS-
incorporated PCL scaffolds

The preparation of CF hydrogel is described in our previous
study [17]. Briefly, collagen solutions were prepared by mixing
acidic collagen solution (50%) with DPBS (10%), distilled water
(40%), and 0.2 N sodium hydroxide (10%), and the pH was adjusted
to 7.4. Subsequently, fibrin was prepared using thrombin (6 U/mL)
and fibrinogen (20 mg/mL in DPBS). The fibrin hydrogel was then
mixed with the collagen solution at a 1:1 vol ratio and coated onto
the 3D-printed PCL scaffold.

2.4. Rheological properties and morphological analysis of CF and CF/
BMTS scaffold

The elastic and viscous moduli were determined using a rotat-
ing rheometer (MCR 92; Anton-Paar, Graz, Austria) according to
our previous study [18]. All samples were prepared in the form
of a disk and measured using a rotating rheometer with a plate-
plate geometry with an 8 mm diameter and a 1 mm gap to inves-
tigate the frequency-dependent viscoelastic activity. Frequency
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sweeps were performed in the range of 0.1–4.0 Hz at a constant

strain of 1%. The formulas for calculating G
0
and G

0 0
are as follows:

G ¼ r0

e0
cos d;G ¼ r0

e0
sin d

PCL, PCL/CF, and PCL/CF/BMTS morphologies were observed
using field emission scanning electron microscopy (FE-SEM;
SU8010; Hitachi, Tokyo, Japan) at an acceleration voltage of 5 kV.
All freeze-dried samples were taken from cross-sectioned layers
across the PCL structure and then sputter-coated with platinum
(30 mA) using an MC1000 Ion Sputter Coater (Hitachi, Japan) for
150 s.

2.5. Antibody array analysis

The experimental procedure using the Human L2000 Array is
briefly described as follows: the array kit can simultaneously
detect 2,000 cytokines, chemokines, adipokines, growth factors,
angiogenic factors, proteases, soluble receptors, soluble adhesion
molecules, and other proteins. The experiments were conducted
in accordance with the manufacturer’s guidelines. Antibody array
slides (RayBiotech, Norcross, GA, USA) were dried and incubated
with a blocking solution for 30 min. Each slide was incubated with
400 lL of the diluted sample for 2 h at room temperature after
decanting the blocking buffer. Thereafter, each array slide was
washed thrice with 800 lL of wash buffer with shaking. The slides
were incubated with biotin-conjugated anti-cytokine antibodies
for 2 h at room temperature with gentle shaking. The slides were
washed and incubated with Cy3-conjugated streptavidin for 2 h
at room temperature. Finally, the slide was washed, rinsed with
deionized water, and centrifuged at 1000 rpm for 3 min to remove
the water. Signals were detected and visualized by adding a detec-
tion mixture and using a chemiluminescence imaging system (Bio-
Rad Laboratories, Hercules, CA, USA). Original signal intensities of
the proteins were determined using densitometry and standard-
ized using positive controls after correction. The relative protein
expression levels were determined by comparing the obtained val-
ues to the standardized values.

2.6. Cell culture

Human BM-MSCs (PT-2501; Lonza, Basel, Switzerland) and
green fluorescent protein-labeled BM-MSCs (GFP-BM-MSC;
HUXMA-01101; Cyagen, Santa Clara, CA, USA) were used at pas-
sage six for all cell experiments. Both BM-MSCs and GFP-BM-
MSCs were cultured in growth medium (GM), which comprised
mesenchymal stem cell basal medium (PT-3238, Lonza) supple-
mented with fetal bovine serum, L-glutamine, and gentamicin
(supplement kit; PT-4105, Lonza). BM-MSCs were incubated in a
humidified 5% CO2 incubator (Heracell VIOS 250i, Thermo Fisher
Scientific). Fresh medium was replaced every two days during cell
cultivation.

2.7. BM-MSC behaviors in two different dimensions

BM-MSCs were cultured in GM and encapsulated within CF
hydrogel at a density of cells/mL. After 1, 4, and 7 days, the samples
were washed twice with DPBS and treated with CCK-8 solution
according to the manufacturer’s instructions. Briefly, the solution
was diluted with serum-free GM (without supplementation). After
incubation for 2 h, the absorbance was measured using a micro-
plate reader (Bio-Rad Laboratories) at a wavelength of 450 nm.

To visualize cell proliferation in two different dimensions dur-
ing cultivation, GFP-BM-MSCs were cultured in GM for 7 days.
GFP-BM-MSCs were cultured on PCL, PCL/CF, or PCL/CF/BMTS with
cells seeded on the scaffold surface or encapsulated in the scaf-
3

folds. Growing cells were observed and characterized using the
EVOS FL Auto Cell Imaging System (EVOS-M7000; Thermo Fisher
Scientific).

2.8. Quantitative real-time polymerase chain reaction (qRT-PCR)

To evaluate osteogenic gene expression of the PCL/CF/BMTS
scaffold, BM-MSCs at a density of cells/mL were encapsulated in
CF or CF/BMTS hydrogels and cultured using a BM-MSC Osteogenic
Differentiation Medium BulletKit (PT-3002; Lonza) for 2 and
4 weeks, respectively. Whole samples were washed with DPBS
and treated with TRIzol� reagent (Invitrogen, 15596018) for total
RNA isolation. Subsequently, the isolated total RNA was tran-
scribed into cDNA using AccuPower� RT PreMix and Master Mix
(Bioneer, Daejeon, Korea). Quantispeed SYBR mix (PhileKorea,
Seoul, Korea) and primers were added to the synthesized cDNA
for analysis (Table 1). All results were normalized to those for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

2.9. In vivo implantation of PCL/CF/BMTS-incorporated scaffolds

All animal experiments were performed in compliance with
protocols approved by the Institutional Animal Care and Use Com-
mittee of Daegu-Gyeongbuk Medical Innovation Foundation
(DGMIF, DGMIF-20030404–01). Eleven-week-old male Sprague–
Dawley rats (Koatech, Gyeonggi-do, Korea) were divided into four
groups: the control (no treatment), PCL, PCL/CF, and PCL/CF/BMTS
groups. Animal care and treatment were conducted in accordance
with the guidelines established by the Institutional Animal Care
and Use Committee (IACUC; DGMIF-20030404–01). A midline inci-
sion was made over the calvarium, and a full-thickness flap was
elevated. A critical size calvarial defect (5 mm) was created using
a trephine bur under sterile saline irrigation. After the lesion was
formed, the respective scaffold compositions were applied to fill
the area. The incisions were sutured in layers with 5–0 chromic
gut and 4–0 silk sutures. All animals received a single intramuscu-
lar injection of cefazolin (30 mg/kg) 2 d after the surgery. The ani-
mals were sacrificed 4 and 8 weeks after the surgery.

2.10. Microscopic and histological evaluations

At 4 or 8 weeks post-implantation, the rats in each group were
sacrificed, and their surgical sites were harvested and fixed in 10%
neutral buffered formalin. These sections were imaged by micro-
computed tomography (lCT) using a SkyScan 1172 (Bruker, Biller-
ica, MA, USA) scanner in accordance with our previous study [18].
According to lCT, the degree of bone was quantified using the
average gray value and standard deviation of the region of interest.
For lCT analysis, new bone volume (mm3), percent bone volume
ratio (bone volume/tissue volume, %), and bone mineral density
(mg/cc) were quantified.

After sacrifice, calvarial samples were fixed in neutral formalin
and decalcified using EDTA. Each sample was embedded in paraffin
and sectioned. The sections were stained with hematoxylin and
eosin (H&E) and Masson’s trichrome for microscopic histological
evaluation.

2.11. Statistical analysis

All data are presented as mean � standard deviation. Statistical
analysis of the significance of differences between groups was per-
formed by two-way analysis with Bonferroni’s multiple compar-
ison test using GraphPad Prism version 7 (GraphPad Software,
San Diego, CA, USA). Statistical significance was set at *p < 0.05,
**p < 0.01, and ***p < 0.001.



Table 1
Primer sequences of osteogenic differentiation related for real-time polymerase chain
reaction (qRT-PCR).

Gene Forward 50–30 Reverse 50–30

COL1 ATCACCTGCGTACAGAACGG CGTCATCGCACAACACCTTG
OCN CCAGGCGCTACCTGTATCAA TCAGCCAACTCGTCACAGTC
OPN CTGAACGCGCCTTCTGATTG ATCTGGACTGCTTGTGGCTG
BSP GGGCACCTCGAAGACAACAA GCCCGTGTATTCGTACTCCC
BMP2 CGAAATTCCCCGTGACCAGA GAATCCATGGTTGGCGTGTC
GAPDH ATTCCATGGCACCGTCAAGG TGGACTCCACGACGTACTCA
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3. Results and discussion

3.1. Characterization of PCL, PCL/CF, and PCL/CF/BMTS

A schematic representation of the fabrication process of 3D-
printed PCL scaffolds filled with CF hydrogel and BMTS is shown
in Fig. 1A. First, 3D-printed PCL scaffolds were used as mechanical
supports for the composite scaffolds. Furthermore, the PCL scaffold
provides an external frame and an internal porous structure that
corresponds with bone tissue structure. However, PCL has a low
cell affinity and cannot be loaded with cells or biomolecules due
to the high-temperature sintering process [19]. Additionally, natu-
ral bone is complex and contains both hard and soft tissues [20].
Hence, we used CF hydrogel with a natural-based polymer to fill
the frame and better mimic the human bone. In summary, the
PCL scaffold was fabricated using an extrusion 3D printing system
to maintain the frame of the entire scaffold. Subsequently, insuffi-
cient biocompatibility of PCL was corrected by filling the porous
structure of the scaffold with CF hydrogel and BMTS to create a
composite scaffold.

Dynamic rheological properties were measured to confirm the
rheological differences between CF hydrogel and the PCL/CF and
PCL/CF/BMTS scaffolds (Fig. 1B). The scaffolds were gelled to equi-
librium and studied at room temperature. The CF hydrogel showed
rheological properties at < 500 Pa, which correspond to those of a
soft hydrogel [21]. Furthermore, the PCL/CF scaffold showed
increased G and G00 values relative to those of the CF hydrogel, rep-
resenting the stiffness imparted by the PCL scaffold reinforcing the
CF hydrogel. However, integrating BMTS into the PCL/CF scaffold
did not cause any differences in physical properties; the stiffness
was unaffected owing to the small molecular size of BMTS [22].
As shown in Fig. 1C, similar cross-section SEM images of the inner
microporous structure of the PCL/CF and PCL/CF/BMTS scaffolds
supported this result. Regarding the PCL group, the scaffold con-
sisted only of the support frame without inner components. In con-
trast, in the PCL/CF and PCL/CF/BMTS groups, the gels were
embedded within the entire PCL structure, forming an integrated
body. Imaging at a higher magnification indicated that the pores
inside the structures were well interconnected, which allows for
the transportation of water and nutrients [23]. Additionally, CF
can encapsulate other biomolecules and cells. We observed no dif-
ferences in the inner structures of the PCL/CF/BMTS scaffold com-
pared to those of the PCL/CF scaffold, indicating that the pore
size of the PCL structure was not affected by BMTS owing to its
small molecular size.

Also, proteomic analysis was performed to determine the effect
of BMTS on cellular behavior. BMTS can be extracted from various
tissues, such as bone, fat, and skin. Despite different protein ori-
gins, a common protein appears, and the number of matrix pro-
teins exists within the same range. However, relatively high
collagen levels are expressed in BM-MSCs compared to those in
other tissues. Notably, the fibrillar collagen family is involved in
tissue stiffness or strength, directly affecting mechanical strength.
It also upregulates genes involved in cell adhesion at an early stage
4

and is more sensitive to ECM signals [10]. Thus, BM-MSC–based
BMTS was selected to construct new bone in this study. BMTS pro-
teins are organized into two categories: core and BMTS-associated
proteins (Fig. 2A). Core proteins are mainly composed of collagen
and glycoproteins, which account for approximately 75% of the
total mass. These proteins perform various functions that reinforce
cell adhesion and provide signaling via integrin binding [24–26].
Collagens are important as they provide the structural support of
the ECM (Fig. 2B). Several collagens that contribute to the molecu-
lar structure and mechanical properties of many tissues due to
their high energy storage capacity and minimal elasticity have
been identified [27]. In particular, collagen type IV is the most
abundant collagen and enhances beaded filament formation [28].
Moreover, fibrillar collagen accounts for the second largest propor-
tion and is abundant in bones as it resists stretching [29]. Further-
more, glycoproteins (fibulin 4 and fibrinogen c) are highly stable
due to their multidomain structures and bind to adhesion mole-
cules that mediate ECM protein assembly [27,30]. The rest of the
ECM comprises secreted factors and BMTS-associated proteins.
Numerous BMTS-associated proteins include those that regulate
the ECM; for example, HtrA serine peptidase 1, matrix metallopep-
tidase 2, and lysyl oxidase-like 1/2 control the fine balance
between stability and remodeling and form cross-links between
fibrils, resulting in structural mechanical strength. These secreted
factors are also responsible for regulating stem cell homeostasis
through various cellular processes, such as cell proliferation and
differentiation control [16]. Further information regarding the core
matrix and matrix-associated proteins is provided in Table 2. Our
results suggested that BMTS provided a favorable environment
for cell proliferation and differentiation in response to the respec-
tive secreted factors.

3.2. Comparison of cell viability and osteogenic gene expression in PCL/
CF/BMTS scaffolds between different cell culture dimensions in vitro

To confirm the biocompatibility of the developed hybrid 3D
scaffolds, we incubated the cells in both two (cells seeded on the
surface) and three (cell encapsulation) dimensions relative to the
scaffold. Considering both dimensions for the evaluation of
implantable biomaterials used in tissue engineering is biologically
important, as scaffolds are implanted in the 3D ECM environment
in the body, which is in contact with the scaffold surface [31,32].
We assayed 2D cellular behavior to evaluate cell-surface interac-
tions (Fig. 3). BM-MSCs were seeded on the PCL, PCL/CF, or PCL/
CF/BMTS scaffold surfaces. On the first day of measurements, the
PCL/CF and PCL/CF/BMTS groups showed significantly higher pro-
liferation rates than did the PCL group, with 135% and 159%
increases, respectively (Fig. 3A). This upregulation of cell prolifera-
tion was also observed on days 4 and 7. On day 7, the proliferation
rates of the PCL, PCL/CF, and PCL/CF/BMTS groups were 141%, 259%,
and 323%, respectively, compared to that of the PCL group on day 1.

The low rate of increase in cell proliferation on PCL is due to the
smaller surface area of the PCL scaffold to which cells can attach
than that of the CF hydrogel-embedded PCL. The 3D-printed PCL
by itself provided a relatively hydrophobic surface, the porosity
of which is insufficient for good cell affinity to induce cell attach-
ment [33,34]. Additionally, the open PCL scaffold structure (in
the absence of filling hydrogel) provides a large space inside the
support, which limits its ability to hold cell clusters for tissue
regeneration. Gupta et al. previously described that the 3D-
printed PCL surface treated with NaOH etching could provide suit-
able roughness and porosity for enhanced cellular attachment [35].
For our purposes, we decided to improve BM-MSC adhesion and
proliferation by employing a hydrogel that mimics the natural
ECM structure in which cells survive, rather than chemically mod-
ifying the PCL surface to overcome its limitations. Moreover, PCL/



Fig. 1. Illustration and characterization of fabricated 3D hybrid scaffolds: (A) Schematic illustration of 3D-printed polycaprolactone (PCL) scaffolds filled with collagen/fibrin
(CF) hydrogel and the CF/human bone marrow-derived mesenchymal stem cell–derived matrisome (CF/BMTS); (B) rheological properties; and (C) cross-section views of the
PCL, PCL/CF, and PCL/CF/BMTS scaffolds obtained using field emission scanning electron microscopy (FE-SEM). Scale bars, 1 mm and 100 lm.

Fig. 2. Proteomic analysis: (A) Pie chart of protein distribution in the human bone marrow-derived mesenchymal stem cell (BM-MSC)-derived matrisome (BMTS). (B)
Distribution of quantified proteins. COL6A2, collagen type VI alpha 2 chain; FGG, fibrinogen gamma chain; EFEMP2, EGF containing fibulin extracellular matrix protein 2;
EMILIN1, elastin microfibril interfacer 1; S100A10, S100 calcium binding protein A10; CXCL12, C-X-C motif chemokine ligand 12.
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CF and PCL/CF/BMTS cells showed large differences in the degree of
proliferation. PCL/CF cells had a proliferation rate of 27% between
days 1 and 4, whereas PCL/CF/BMTS cells had a proliferation rate
of 71% over the same time period. The cell growth rates in the
PCL/CF and PCL/CF/BMTS groups increased to 77% and 93%, respec-
5

tively, between days 4 and 7. BM-MSCs displayed good adhesion
and proliferation in all groups; however, the proliferation was par-
ticularly high in the PCL/CF/BMTS group (Fig. 3). These results were
closely related to the characteristics of the scaffold surrounding the
BM-MSCs. The surface area spatially increased via the surrounding



Table 2
Core matrix and matrix-associated proteins expressed by human bone marrow-
derived mesenchymal stem cells (BM-MSC)-derived matrisome (BMTS).

Collagens
Gene Symbol Protein

Fibril forming COL1A1 Collagen I a1
COL3A1 Collagen III a1
COL5 Collagen V

Network forming COL4 Collagen IV
Beaded filament forming COL6 Collagen VI
Glycoproteins

Gene Symbol Protein

Major known EFEMP2 Fibulin 4
EMILIN1 Emilin 1

Vascular ECM proteins FGG Fibrinogen c

Matrisome associated proteins
Gene Symbol Protein

Regulators Proteases HTRA1 HtrA serin peptidase 1
MMP2 Matrix metallopeptidase 2

Crosslinkers LOXL1/2 Lysyl oxidase-like 1/2

Secreted factors
Gene Symbol Protein

S100A10 S100 calcium binding protein A10
CXCL12 Chemoxin C-X-C motif ligand 12
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CF hydrogel, thus increasing the space for cell proliferation. BMTS-
associated proteins regulated the ECM, which yielded a proper
mechanically strong structure by forming cross-links between
the fibrils. Furthermore, BM-MSCs maintained their spindle-like
morphologies on the PCL/CF and PCL/CF/BMTS scaffolds. As a result
of 2D culture on the scaffolds, the PCL/CF/BMTS group had a signif-
icantly higher cell proliferation. These results indicated that cell
proliferation increased upon loading BMTS.

Additionally, we focused on the cell encapsulation strategy in
the 3D culture. As mentioned above, because the 2D cell culture
does not sufficiently mimic the native ECM, we used CF hydrogels
as an artificial 3D ECM matrix to provide a native environment for
BM-MSCs [31,32,36]. In this experiment, we compared the PCL/CF
and PCL/CF/BMTS groups, as PCL alone could not be loaded with
Fig. 3. Evaluation of a two-dimensional (2D) model: (A) proliferation rate and (B) fluor
mesenchymal stem cells (GFP-BM-MSCs) cultured on the surface of polycaprolactone
derived mesenchymal stem cell–derived matrisome (BMTS, PCL/CF/BMTS) scaffolds (n =
the references to colour in this figure legend, the reader is referred to the web version o
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cells. As shown in Fig. 4A, the BMTS-treated group had an approx-
imately 22% higher proliferation than the PCL/CF group did from
day 1 of cell loading. This pattern continued until day 7, the end
of the experiment. On day 7, the growth rate was increased by
76% and 140% in the PCL/CF and PCL/CF/BMTS groups, respectively,
compared to that in the PCL/CF group on day 1. Daily variations in
the growth rates were the same as those observed in the 2D cul-
ture. The PCL/CF group showed a growth rate of 29% from days 1
to 4, whereas the PCL/CF/BMTS group showed a higher growth rate
of 59%. Moreover, the growth rates from days 4 to 7 were 50% and
59% for the PCL/CF and PCL/CF/BMTS groups, respectively. This
demonstrated that the PCL/CF/BMTS group had a higher growth
rate. Interestingly, the increase in proliferation rate was more pro-
nounced in the fluorescence images on day 7 (Fig. 4B); the BMTS-
incorporated group demonstrated an BM-MSC-specific fibroblast–
like morphology that significantly affects the degree of cellular
adhesion [37]. This phenomenon may be involved in glycoproteins,
including fibulin-4 and fibrinogen c, which are associated with
adhesion. This indicated that our BMTS-incorporated hydrogel pro-
vided a favorable environment for BM-MSC adherence; therefore,
our PCL/CF/BMTS scaffolds could have sufficient potential to pro-
mote BM-MSC differentiation into mature osteoblasts. Notewor-
thy, secreted factors in the BMTS might regulate cellular
processes. The environmental conditions for cell survival and dif-
ferentiation are highly important and rely not only on the dynamic
mechanical load but also on the mechanical properties of the ECM
[38]. Additionally, initial cell attachment is important for tissue
regeneration, as both the surface characteristics and biochemical
properties of scaffolds can affect cell attachment [39]. The stiffness
and porosity characteristics of PCL/CF and PCL/CF/BMTS (Fig. 1B, C)
allowed good cell affinity and BM-MSC differentiation. In addition,
these in vitro results were related to the corresponding proteomic
analysis results (Fig. 2 and Table 2). The main components of BMTS,
collagen, and glycoprotein play critical roles in mammalian cellular
adhesion and binding with the ECM, which directly affected the
results of 2D and 3D culture experiments.

Prior to implanting the PCL/CF/BMTS scaffold in a rat calvarial
model, we performed an qRT-PCR analysis to confirmed in vitro
osteogenic ability (Fig. 5). BM-MSCs were well-encapsulated in
escence images of green fluorescent protein-labeled human bone marrow-derived
(PCL), PCL with collagen/fibrin (CF, PCL/CF), or PCL with CF/human bone marrow-
6). Scale bars, 1,000 and 300 lm. **p < 0.01, and ***p < 0.001. (For interpretation of
f this article.)



Fig. 4. Evaluation of a three-dimensional (3D) model: (A) proliferation rate and (B) fluorescence images of green fluorescent protein human-labeled bone marrow-derived
mesenchymal stem cells (GFP-BM-MSCs) encapsulated in the polycaprolactone (PCL)/collagen-fibrin (CF) or PCL/CF/human bone marrow-derived mesenchymal stem cell–
derived matrisome (BMTS) scaffolds (n = 6). Scale bars, 1,000 and 300 lm. ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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PCL/CF/BMTS at 2 and 4 weeks after cultivation. Subsequently, we
explored whether PCL/CF/BMTS could induce the osteogenic differ-
entiation of BM-MSCs. Notably, qRT-PCR revealed higher expres-
sion levels of osteogenic markers such as collagen type 1 (COL1),
osteocalcin (OCN), osteopontin (OPN), bone sialoprotein (BSP),
and bone morphogenetic protein 2 (BMP2) [18,40,41]. The expres-
sion of these time-dependent osteogenic gene markers—particu-
larly BSP expression at 4 weeks after cultivation—was markedly
high (Fig. 5C). COL1 is the main component of the ECM of osteo-
blasts, and BSP levels are the highest among the non-collagenous
proteins [42]. Importantly, higher BSP expression levels in the
PCL/CF/BMTS group compared to those in the PCL/CF group indi-
cated the osteogenic differentiation of BM-MSCs in the CF hydrogel
upon BMTS loading. These results strongly suggested that the main
components of BMTS triggered BM-MSC adhesion to the CF matrix
and provided sufficient conditions for proliferation and osteogenic
differentiation.

3.3. In vivo characterization of new bone tissue formation after PCL/
CF/BMTS scaffold implantation in a rat calvarial defect model

To evaluate the bone-remodeling effects of PCL/CF/BMTS, we
implanted the scaffolds in calvarial defect-containing rats
(Fig. S1), which were sacrificed at 4 and 8 weeks post-
implantation. As shown in lCT images, a small amount of bone for-
mation was observed in the PCL group, whereas prominent bone
formation was observed around the lesion in the CF and CF/BMTS
groups (Fig. 6A). We quantified the amount of new bone using
BV (mm3), BV/TV (%), and BMD (mg/cc; Fig. 6B, C, and D). None
of the three groups showed statistically significant differences dur-
ing the 4-week BV, BV/TV, and BMD evaluation. However, the PCL/
CF/BMTS group exhibited the highest rate of new bone formation.
Prominent regenerative effects in the PCL/CF/BMTS group were
observed after 8 weeks. The BV yield in the PCL/CF/BMTS group
was 14.82 � 0.99 mm3, which was significantly higher than that
in the PCL group (10.78 � 1.6 mm3). The results of the BV/TV
derived from lCT images indicated a similar trend in BV values;
particularly, the PCL/CF/BMTS group (7.55 � 1.12%) showed more
bone growth than the PCL (7.55 � 1.12%) and PCL/CF (8.86 �
0.89%) groups did (Fig. 6C). Furthermore, the BMD values at the
implantation site of the PCL, PCL/CF, and PCL/CF/BMTS groups were
7

56.8 � 8.96, 76.53 � 2.67, and 85.49 � 9.85 mg/cc, respectively.
This indicated a significantly improved regeneration of the PCL/
CF/BMTS group compared to that of the PCL group (Fig. 6D).

Furthermore, we performed H&E staining to histologically eval-
uate new bone formation in the host tissues (Fig. 7A). In the PCL
group, the implanted defect site was filled with a small amount
of bone and fibrous tissue. However, the PCL/CF and PCL/CF/BMTS
groups showed better new bone formation in direct contact with
the host tissue, which was surrounded by fibrous connective tis-
sue. New bone formation appeared as a few bony islands formed
in the middle of the fibrous tissues in the PCL/CF/BMTS group
[43]. The implanted scaffolds integrated with the newly formed
bone and bone matrix and showed excellent osseointegration.
Interestingly, new vasculature containing red blood cells appeared
with the new bone in the PCL/CF and PCL/CF/BMTS groups (red
arrows). In contrast, the PCL group only showed connective tissue
in the border area. We hypothesized that the integration of
osteoinductive hydrogel induced vasculature and bone formation
[44]. Currently, in the bone tissue engineering field, vasculature
formation is being considered highly important for healthy new
bone formation [45,46]. The healing process, which is divided into
several steps, occurs in response to bone damage. First, damaged
blood vessels form a hematoma around the defect site, forming a
soft callus. Thereafter, the blood vessels grow into the center of
the scaffold, keeping the bone alive. New blood vessels are then
formed on the outside and inside of the callus and are mineralized
into hydroxyapatite to form a hard callus. Eventually, blood is sup-
plied via new vessels, and long-term vascularization and nomo-
topic rhythm are achieved. Taken together, our results suggested
that vascularized bone recruited MSCs to provide a microenviron-
ment for bone growth and reconstruction [47].

We also performed Masson’s trichrome staining to evaluate and
visualize new bone formation in a rat calvarial defect model
(Fig. 7B). The PCL scaffold alone had low biodegradability in the
defect area and low compatibility with the host tissue at the
implant site. However, the CF and CF/BMTS composite groups
exhibited better new bone formation and fibrous tissue surround-
ing the PCL scaffold. Particularly, specific new bone formation area
was larger in the PCL/CF group, but dense fibrous tissues around
the new bone formation area were wider in the PCL/CF/BMTS
group, which was consistent with the proteomic data (Fig. 2 and



Fig. 5. Evaluation of osteogenic gene expression: (A) collagen type 1 (COL1), (B) osteocalcin (OCN), (C) osteopontin (OPN), (D) bone sialoprotein (BSP), and (E) bone
morphogenetic protein 2 (BMP2) (n = 6). *p < 0.05, **p < 0.01, and ***p < 0.001.

Fig. 6. Bone regeneration in critical-sized calvarial defects: (A) lCT images of calvarial defects implanted with the polycaprolactone (PCL)/collagen/fibrin (CF) or PCL/CF/
human bone marrow-derived mesenchymal stem cell–derived matrisome (BMTS) scaffolds. (B) Bone volume (BV), (C) bone volume per total tissue volume (BV/TV), and (D)
relative bone mineral density (BMD) obtained from the quantitative analysis of lCT images. *p < 0.05 and **p < 0.01.
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Table 1). BMTS contains collagen-like molecules, and collagen is a
major component of the native ECM. These results indicated that
the PCL/CF/BMTS group formed more new fibrous tissue than the
other groups did. In addition, new bony areas in the middle of
the fibrous tissues were observed in the PCL/CF/BMTS group. How-
ever, the durations of our in vivo experiments were relatively short,
and longer observations (e.g., 16 weeks or more) will likely provide
more conclusive data [48]. Nevertheless, PCL/CF/BMTS allowed for
the formation of dense fibrous tissue around the implanted scaf-
8

fold, leading to more new bone formation. These results demon-
strated that the BMTS composite bio-scaffold provided a
favorable ECM environment for the formation of more bone tissue,
which is also supported by newly generated vasculature visualized
using Masson’s trichrome staining (red arrows). Therefore, our
hybrid 3D scaffold system might not only promote bone formation
but also use micro-vessels from the surrounding tissues to remodel
vascularized bone tissue. However, further in vitro and in vivo
experiments are required to elucidate the mechanism of vascula-



Fig. 7. Histological evaluation of bone regeneration at 8 weeks post-implantation: (A) hematoxylin and eosin (H&E) and (B) Masson’s trichrome staining images of the cross-
sections of polycaprolactone (PCL)/collagen/fibrin (CF) and the PCL/CF/bone marrow-derived mesenchymal stem cell–derived matrisome (BMTS). Scale bars, 500 lm. Blue,
black, and red arrows indicate connective tissue, border line, and red blood cells in vasculature, respectively. PCL, PCL scaffold; OB, old bone; NB, new bone; FT, fibrous tissue;
MT, muscle tissue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ture formation and its relationship with CF and the BMTS. Never-
theless, the lCT and histology results correlated with the in vitro
results, which indicated that the BMTS-incorporated bio-scaffold
accelerated bone regeneration.
4. Conclusion

In this study, we fabricated a composite scaffold consisting of a
3D-printed PCL filled with the BMTS and CF hydrogel, which
9

enhanced both cellular behavior and bone healing at defect sites
by delivering bone tissue-targeting biomacromolecules necessary
for regeneration. The 3D-printed PCL scaffold provided mechanical
support and resisted physical stress in the bone tissue. Notably, the
BMTS induced osteogenic functionality and did not interfere with
the original mechanical properties of the scaffold, even after its
incorporation into CF hydrogel. Furthermore, the BMTS-
incorporated scaffold enhanced BM-MSC proliferation in 2D and
3D cultures and induced the upregulation of osteogenic gene
markers. Consequently, the composite scaffold enhanced osteoin-
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duction and tissue repair in a critical size defect rat calvarial model.
Our study indicated that the BMTS-incorporated 3D-printed scaf-
fold enhanced bone growth and that it might be promising for tis-
sue engineering applications.
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