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Abstract

The application of extracellular matrix (ECM) sheets without a scaffold is not extensively reported in bone
regenerative medicine. The aim of the present study was to demonstrate that an osteogenic ECM sheet
(OECMS) can retain ECM integrity and growth factors to enhance bone formation in a rat non-union
model. The OECMS was produced from osteogenic cell sheets (OCS). Collagen and growth factor [bone
morphogenetic protein 2 (BMP-2), vascular endothelial growth factors (VFGFs), basic fibroblast growth
factor (bFGF) and transforming growth factor 31 (TGF-31)] concentrations in the OECMS were quantified
by enzyme-linked immunosorbent assay (ELISA). Next, hydroxyapatite (HA) constructs combined with
OECMSs were implanted subcutaneously into the rats” backs to evaluate their osteoinductive capacity by
histological evaluation. In addition, OECMSs were implanted in a rat femoral non-union model. 18 male
Fischer 344 inbred rats were divided into OECMS and control groups. Fracture healing was evaluated by
radiological and histological analyses at 2, 5 and 8 weeks and biological analysis at 8 weeks. Collagen I and
growth factors were retained in the OECMSs. Osteoid formation was identified in the HA combined with
OECMS at 4 weeks. Enhanced bone regeneration at the non-union of the OECMS group was confirmed at 5
and 8 weeks. Biomechanical testing revealed a significantly higher maximum bending load in the OECMS
group as compared to the control group at 8 weeks. The results demonstrated that the OECMS retained
BMP-2 and TGF-{31 and high osteoinductive and osteoconductive capacity. As such, the OECMS represents
a potential new scaffold-free material for bone tissue engineering.
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Introduction

Bone regeneration requires a sequence of biological
events such as cellular recruitment, proliferation
and differentiation. At the molecular level, several
mediators and cellular elements facilitate the
initiation and evolution of the bone regeneration
process, with the interactions among osteoprogenitor
cells, growth factors and the extracellular matrix
(ECM) playing an important role in creating the

foundation for successful bone healing (Schindeler et
al., 2008). Various types of biomaterials are currently
used for bone regeneration, with optimal bone
regeneration requiring both an osteoconductive
matrix, as well as osteoinductive factors and
osteogenic cells (Giannoudis et al., 2007). Therefore,
the combination of osteoinductive growth factors
and/or stem/progenitor cells with osteoconductive
biomaterials is a promising approach to promote
bone regeneration.
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Although stem/progenitor cells are effective
in enhancing bone regeneration, their clinical
application is limited by the negative effects of aging
on the number, replication and osteogenesis of stem/
progenitor cells (Sun et al., 2011). Growth factors also
have the capacity to promote bone regeneration, with
several products containing recombinant growth
factors being used in orthopaedic applications, such
as for spinal fusions, non-unions and oral surgery
(Axelrad et al., 2009; Even ef al., 2012). However,
growth factors are not widely used in practice due
to issues of safety and costs. Therefore, there is a
need for the development of delivery systems that
can provide a safe and cost-effective way to deliver
a high dose of growth factors locally. The application
of cell-derived ECM in tissue engineering has gained
increasing interest in this matter.

The ECM s rich in collagen and proteoglycans and
provides a natural scaffold for all cellular events and
interactions involved in bone regeneration (Komatsu
et al., 2010; Zhang et al., 2016), as well as being a
repository for a variety of different growth factors
(Discher et al., 2009; Macri et al., 2007; Schultz et al.,
2009). Several studies show that composite 3D hybrid
scaffolds, composed of various types of inorganic
materials [collagen/hydroxyapatite (Col/HA),
poly(lactic-co-glycolic acid)/poly(lactic acid) (PLGA/
PLA) and Ti fibre], in combination with cell-derived
ECM promote osteogenesis and bone healing (Antebi
et al., 2015; Kim et al., 2015; Pham et al., 2008). Some
groups have attempted to develop cellular sheets
made of autologous ECM and living cells without
an artificial scaffold to overcome the complications
of cell-derived ECM hybrid artificial scaffolds,
including the production of harmful degradation
products, asynchronous scaffold absorption and bone
regeneration (Kittaka et al., 2015; Lau et al., 2012).

An osteogenic cell sheet (OCS), fabricated from
bone marrow stromal cells (BMSCs), contains
enriched osteoblasts, ECM and growth factors,
including bone morphogenetic protein 2 (BMP-2) and
vascular endothelial growth factor (VFGF) (Shimizu et
al., 2015). These OCSs can form bone tissue without a
scaffold (Nakamura et al., 2010), as well as enhancing
bone regeneration in a critical fracture-healing model
(Shimizu et al., 2015). However, the application of
ECM sheets without an artificial scaffold is reported
in a few cases, particularly in the field of bone tissue
engineering (Kittaka et al., 2015; Lau et al., 2012). ECM
sheets without artificial scaffold and cell seeding have
the potential to enhance the bone healing response
(Zhang et al., 2016) and, as such, are important to
study as they could provide a novel biomaterial
for bone tissue engineering. Therefore, the aim of
the current study was to evaluate experimentally
the osteogenic capacity of osteogenic ECM sheets
(OECMSs) and to determine if they retain their ECM
and growth factor integrity after implantation for
enhanced bone regeneration.
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Materials and Methods

Study design

OECMSs were produced in vitro from OCSs using a
process involving cooling in liquid nitrogen. Next,
OECMSs were implanted together with the HA
constructs subcutaneously into the recipient rats’
backs to assess their osteoinductive capacity, by
biochemical and histological assessment, 4 weeks
after implantation. In a second in vivo study, two
OECMSs were implanted in a rat model of femoral
non-union. 18 male Fischer 344 inbred rats were
divided into two groups, OECMS and control (n =9
each). Fracture healing was evaluated by radiological
and histological analysis at 2, 5 and 8 weeks (n=1in
each group). Biological analysis was also performed
at 8 weeks (1 =6 in each group). The research protocol
was approved by the Institutional Animal Care and
Use Committee of Nara Medical University, Japan
following appropriate guidelines (Nr. 11199).

In vitro study

Preparation of the OECMS

BMSCs were prepared as previously described
(Akahane et al., 2008; Akahane ef al., 2010; Nakamura
et al., 2010). The standard culture medium consisted
of minimal essential medium (Nacalai Tesque Inc.,
Kyoto, Japan) containing 15 % foetal bovine serum
(172012; Sigma-Aldrich) and antibiotics (100 U/mL
penicillin and 100 mg/mL streptomycin, Nacalai
Tesque Inc.). Then, BMSCs were transferred into two
T-75 flasks (Falcon) containing 15 mL of standard
culture medium. After reaching confluence, cultured
cells were detached from the culture substratum
using trypsin/ethylenediamine tetra-acetic acid
(EDTA) (Nacalai Tesque Inc.). They were seeded
at a cell density of 1 x 10* cells/cm? in a 10 cm dish
(100 mm x 20 mm; Falcon) and cultured in a standard
medium with 10 nM dexamethasone (Dex, Sigma-
Aldrich) and 0.28 mM of ascorbic acid phosphate
(Wako Pure Chemical Industries, Ltd., Osaka, Japan).

Fabrication and cell viability in the OECMS

After 14 d, the ECMs were lifted as an OCS, using a
cell scraper. The OCS was soaked for 1 min in liquid
nitrogen (- 196 °C) using forceps, thawed in 37 °C
phosphate-buffered saline (PBS) and rinsed with
PBS until the OCS regained its original shape. After
two repetitions of this cycle, the OCS was used for
implantation as OECMS.

To investigate the viability of the OECMS, a
method based on tetrazolium reductase activity
(Cell Counting Kit-8%; WST-8, Dojindo, Kumamoto,
Japan) was employed (Kito et al., 2005). Briefly, OCSs
cultured in 6-, 12-, 24- and 48-well plates (BD Falcon;
n =6 per plate) were used to generate the standards.
The differently sized OCSs were harvested with a
scraper and incubated for 24 h at 37 °C in a 95 %
humidified atmosphere with 5 % CQO,. Then, the
samples were placed in WST-8 solution (100 uL in
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1 mL of culture medium) in culture wells. After 3 h
of incubation, the solution obtained from each culture
well was analysed by spectrophotometry (450 nm).
Based on the standardisation, a linear relationship
was obtained between the average optical density
and the seeded cell number per volume of culture
medium (cell/mL) (correlation R? = 0.975). Using
this standard, the cell viability of the OECMS was
analysed.

Collagen immunocytochemical staining

Histological and cytological immunostainings
were performed as previously described (Okuda
et al., 2017). In brief, cultured cells, plated on
poly-D-lysine-coated coverslips, were fixed with
4 % paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4) for 10 min. After permeabilisation with
0.3 % Triton X-100 in PBS (PBST), cells were
blocked with 5 % normal horse serum in PBST
and incubated with rabbit anti-collagen I (1 : 200;
Abcam). Cells were further incubated with species-
specific secondary antibodies conjugated with CF-
555 (1 : 1000; BiotiumaaA, Hayward, CA, USA). All
immunocytochemical images were captured using a
FluoView 1000 confocal microscope (Olympus) with
a 512 x 512 pixels array.

Collagen and growth factors quantification

Cell lysates were prepared using a mammalian
protein extraction reagent (m-PeR; Pierce, Rockford,
IL, USA) containing a protease inhibitor cocktail
(1 mm sodium orthovanadate and 25 mm sodium
fluoride). The protein concentration was measured
twice using a BCA Protein Assay Kit (Pierce),
with bovine serum albumin as the standard. Cell
lysate samples, containing 10 pg of protein, were
separated by sodium dodecyl sulphate (SDS)-
polyacrylamide gel electrophoresis and transferred to
a polyvinylidene difluoride membrane (Invitrogen).
The concentration of collagen I and growth factors,
including BMP-2, vascular endothelial growth factor
A (VEGF-A), basic fibroblast growth factor (bFGF)
and transforming growth factor 1 (TGF-p1), was
quantified in the samples using the ELISA method.
Aliquots of the samples (1 = 6 for each protein) were
analysed using Quantikine ELISA kits to determine
the specific concentration of collagen I (Mouse Pro-
Collagen I alpha 1 ELISA Kit, ab210579, Abcam),
BMP-2 (Rat BMP-2 Quantikine ELISA Kit, DBP200,
R&D Systems Inc.), VEGF-A (Rat VEGF Quantikine
ELISA Kit, RRV00, R&D Systems Inc.), bFGF (Rat
bFGF Quantikine ELISA Kit, MFB00, R&D Systems
Inc.) and TGF-B1 (Rat TGF-f31 Quantikine ELISA Kit,
MB100B, R&D Systems Inc.).

In vivo study
Implantation of hydroxyapatite (HA) ceramics combined
with OECMS
Porous HA ceramics (50 % average void volume,
5 mm diameter, 2 mm thickness; Cellyard HA
scaffold, Pentax Co, Tokyo, Japan) were used for
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implantation. Both solid and porous components
of the scaffold microstructure were interconnected.
HA ceramics combined with or without the OECMS
were implanted in the recipient rats” backs. Each
group included 6 constructs to assess the osteogenic
potential of the OECMS (n = 6 HA disks per rat).

Biochemical analysis of the HA constructs

Total RNA was extracted from harvested specimens
(HA ceramics without sheet: control group; HA
ceramics with OECMS: OECMS group) at 4 weeks after
implantation using ISOGEN (Nippon Gene, Tokyo,
Japan) and reverse-transcribed into complementary
DNA. Real-time quantitative polymerase chain
reaction (TagMan; Life Technologies) was conducted
to measure mRNA expression levels of alkaline
phosphatase (Rn00564931m1) and osteocalcin
(Rn01455285g1) using primers and specific
fluorogenic probes (n = 6 for each group at 4 weeks
after implantation). Thermal cycling conditions
were as follows: 20 s at 95 °C for activation (TagMan
Fast Universal PCR Master Mix, Thermo Fisher
Scientific), 40 cycles of 1 s at 95 °C for denaturation
and 20 s at 60 °C for annealing and extension. Target
mRNA levels were compared after correcting to
the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Rn99999916s1) mRNA levels as an internal
standard, which was used to adjust the differences in
the efficiency of reverse transcription among samples.

Histological analysis of the HA constructs

One HA construct in each group was harvested
for histological evaluation at 2 and 4 weeks after
implantation. The samples were fixed for 4 d in 10 %
normal buffered formaldehyde, decalcified in EDTA,
dehydrated with ethanol and embedded in a methyl
methacrylate (MMA) resin. 4 pm-thick cross-sections
were obtained using a wet slicing method performed
with an automatic rotary microtome (RM2255, Leica
Microsystems). The sections were deresined with
xylene and stained with a Villanueva-Goldner stain
for histological observation [# =1 for each time point
(2 and 4 weeks) in each group].

Implantation of the OECMS in a non-union rat femur
model

A ratnon-union model was created by modifying the
method described by Kokubu et al. (2003). 12-week-
old male Fischer 344 inbred rats (approximately
280 g) were anesthetised with 2 % isoflurane. A
30 mm-long lateral incision was made on the hind
limb and a fracture was created by transverse
osteotomy with an oscillating mini saw. The
periosteum was cauterised circumferentially with
a 2 mm margin on each side of the fracture. The
femur was fixed intradmedullary with a K-wire
(1.25 mm in diameter), according to the method
described by Kokubu et al. (2003) (Fig. 1a). Then, 18
rats were divided into two groups: untreated and
OECMS group. In the OECMS group, two OECMSs
were implanted at the fracture site of the femur
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(Fig. 1b). Unprotected weight bearing was allowed
immediately after the operation. Postoperative pain
was managed through subcutaneous administration
of buprenorphine hydrochloride. Postoperative
antibiotics were prophylactically administered by
intramuscular injection of penicillin. Radiological,
histological and biomechanical analyses were
performed.

Radiological analysis of rat femora

Radiographs of the rats in the two groups were taken
2, 5 and 8 weeks after surgery. Under anaesthesia,
animals were placed in a prone position with
both limbs fully abducted and externally rotated.
Radiographic fracture unions were evaluated at 2,
5 and 8 weeks and the union rates were tabulated.
Fracture union was determined by the presence of
bridging callus on two cortices [ =1 for each time
point (2, 5 and 8 weeks) in each group].

Histological analyses of rat femora

One rat in each group was utilised for histological
evaluation at 2, 5 and 8 weeks after surgery. The
harvested femurs were fixed for 4 d in 10 % normal
buffered formaldehyde, decalcified in EDTA,
dehydrated with ethanol and embedded in MMA
resin. 4 pum-thick cross-sections were obtained using
a wet slicing method with a fully automatic rotary
microtome [Micro cutting machine (BS-300CL), micro
grinding machine (MG-400CS); EXAKT; Oklahoma
City, OK, USA]. The sections were deresined with
xylene and stained with a Villanueva-Goldner stain
for histological observation [1n =1 for each time point
(2, 5 and 8 weeks) in each group].

Biomechanical analysis of rat femora

6 rat femora in each group were harvested 8
weeks after surgery. The femora were subjected to
standardised three-point bending tests, performed
using a universal testing machine (TRI/3D-BON-

RATOC System Engineering Co., Ltd., Tokyo, Japan).
The cross-head speed was 10 mm/min, with the
maximum bending load-to-rupture determined as
the ultimate load. The ultimate stress (N), extrinsic
stiffness (N/mm) and failure energy (N x mm) were
interpreted and calculated from the load deflection
curve (n = 6 for each group at 8 weeks).

Statistical analysis

All values are expressed as mean * standard
deviation. The Mann-Whitney U-test was used for
comparisons between two experimental groups. Data
analysis was conducted using the Statistical Package
for Social Science (SPSS) software package (version
17.0; SPSS Inc., Chicago, IL, USA). A probability value
of p <0.05 was considered statistically significant.

Results

In vitro study

Cell viability in the OECMS group

Cell viability in the OECMS group (0.2 %) was
significantly decreased as compared to the OCS
group (mean absorbance: OCS, 2.0 + 0.2; OECMS,
0.0055 = 0.0036; p < 0.001).

Collagen I immunocytochemical staining and quantification
of OCS and OECMS

The immunocytochemical staining for collagen I
showed that the collagen component was preserved
in both OCS and OECMS. The fibrous sheet structure
of the OECMS was not broken into small fragments
after the freeze-thaw procedure in liquid nitrogen
(Fig. 2a). Collagen I was retained in the OECMS
group, with the mean concentration being not
significantly different between the two groups (OCS,
959.9 + 69.7 ng/mL; OECMS, 889.3 + 62.0 ng/mL;
p=0.12; Fig. 2b).

Fig. 1. Implantation of osteogenic extracellular matrix sheet in a rat model of fracture non-union of
the femur. (a) The periosteum was cauterised circumferentially with a 2 mm margin on each side of the
fracture site. (b) Implantation of osteogenic extracellular matrix sheet (white arrow) at the fracture site

of the rat femur. Scale bar =5 mm.
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Fig. 2. Collagen I
immunocytochemical
staining and
quantification of
OCS and OECMS.
(a) Characterisation of
collagen I before and
after freeze-thaw cycling
in liquid nitrogen using
immunocytochemical
staining. Collagen I was
observed in both OCS
and OECMS. The fibrous
structure of the OECMS
was not broken to small
fragments after freeze-
thaw cycling. Scale bar
=100 pm. (b) Collagen I
quantification showing
preservation of collagen
content after the freeze-
thaw procedure (n = 6).

OECMS

OECMS

Fig. 3. Quantified content of growth factors, including BMP-2, VEGF-A, bFGF and TGF-f1. Growth
factors were preserved after freeze-thaw cycling in liquid nitrogen (* p <0.05, n = 6).
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Growth factors quantification of OCS and OECMS 448.4 + 43.7 pg/mL. TGF-1: OCS, 3400.2 + 381.7 pg/
Growth factor content was retained in the OCS mL; OECMS, 3037 + 186.2 pg/mL; Fig. 3). The mean
and OECMS groups (BMP-2: OCS, 86.1 + 3.6 pg/ concentration of VEGF-A and bFGF were significantly
mL; OECMS, 86.3 + 2.0 pg/mL. VFGF-A: OCS, decreased after the freeze-thaw procedure in liquid
6944.3 + 252.2 pg/mL; OECMS, 4055.9 + 362.9 pg/ nitrogen.

mL. bFGF: OCS, 720.4 + 67.4 pg/mL; OECMS,

2 weeks

4 weeks

Control

Fig. 4. Histological examination of the harvested HA constructs stained with Villanueva-Goldner
staining. (b,d) 2 weeks after implantation, in the OECMS group, HA was surrounded by osteoid (red
staining) and calcification (green staining), originating from the implanted OECMS; however, there was little
osteoid formation and calcification inside the HA. (¢,d) There was no difference in the amount of osteoid
and calcification inside the HA between the control and OECMS groups. (f,h) 4 weeks after implantation,
in the OECMS group, the amount of osteoid formation (red staining: black arrow) and calcification (green
staining: black arrow head) inside the HA increased. (a,c,e,g) In the control groups, little osteoid formation
and calcification was observed inside the HA pores both 2 and 4 weeks after implantation.

Cce www.ecmjournal.or
CELL& matszian 74 ] °



T Onishi et al.

Osteogenic extracellular matrix sheet

In vivo study

Biochemical evaluation of the HA constructs

The mRNA expression levels in the constructs 4
weeks after implantation were assessed by real-
time quantitative polymerase chain reaction. The
mRNA level of osteocalcin was significantly lower
in the OECMS and control groups than in the OCS
group (control group: 0.0001 pg/fg GAPDH; OECMS
group: 0.00028 pg/fg GAPDH). The mRNA level of
alkaline phosphatase was significantly lower in the
OECMS and control groups than in the OCS group
(control group: 0.0015 pg/fg GAPDH; OECMS group:
0.00047 pg/fg GAPDH).

Histological examination of the HA constructs

2 weeks after implantation, in the OECMS group,
the HA was surrounded by an osteoid (red staining)
and calcification (green staining) originating from
the implanted OECMS, but little osteoid formation
and calcification was present inside the HA (Fig.
4b,d). No difference in the amount of osteoid and
calcification inside the HA were observed between
the control and OECMS groups (Fig. 4c,d). On the
other hand, 4 weeks after implantation, the amount
of osteoid formation (red staining: black arrow) and
calcification (green staining: black arrow head) inside
the HA increased in the OECMS group (Fig. 4f/h).

2 weeks

5 weeks

8 weeks

Control

In the control group, little osteoid formation and
calcification was observed inside the HA pores 2 and
4 weeks after implantation (Fig. 4a,c,e,g).

Radiological findings of rat femora

Radiographs taken just after surgery showed a
transverse mid-shaft femoral osteotomy in both
groups (Fig. 5a,d). The OECMS group displayed
abundant callus formation (black arrow) around
the fracture site 5 weeks after implantation. The
posterior callus bridged both ends of the fractured
bone and the cortical gap on both sides of the defect
site disappeared (Fig. 5e). This was followed by callus
consolidation (black arrowhead) by week 8 (Fig. 5f).
In comparison, the control group showed a lack of
vigorous callus formation around the fracture site at 5
weeks (Fig. 5b). By 8 weeks, the ends of the fractured
bone had become rounded and were resorbed, giving
the appearance of typical established non-union
(Fig. 5¢).

Table 1 shows the numbers of radiographic
fracture unions during each period. Union was
achieved in almost all the rat femora (86 %) in the
OECMS group at week 8 after implantation, a rate
that was significantly higher than in the control group
(0 %).

OECMS

Fig.5. Representative radiographs of fracture sites at 2, 5 and 8 weeks in OECMS and control groups. (e)
The OECMS group displayed abundant callus formation (black arrow) around the fractures site 5 weeks
after implantation. (f) This was later followed by callus consolidation (black arrow head) by 8 weeks. (b)
By comparison, the control group showed a small amount of callus formation along the periosteum, away
from the fracture site at 5 weeks. (c) By 8 weeks, the ends of the fractured bone had become rounded and
were resorbed (white arrow), giving the appearance of typical established non-union. Scale bar = 5 mm.
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Table 1. Radiographic fracture unions during each period. Fracture union was determined
by the presence of bridging callus on two cortices. Union was achieved in almost all the rat
femurs (86 %) in the OECMS group 8 weeks after implantation, a rate that was significantly

higher than in the control group (0 %).

Time after surgery Control OECMS
2 weeks 0/9 (0 %) 0/9 (0 %)
5 weeks 0/8 (0 %) 3/8 (38 %)
8 weeks 0/7 (0 %) 6/7 (86 %)

Histological findings of rat femora

2 weeks after surgery, the OECMS group presented
large soft tissue covering the fracture site and a small
amount of calcification (green staining: black arrow)
in the outer layer of the covering tissue (Fig. 6b). In
contrast, the control group showed a fibrous tissue
(%) interposition between the ends of the fractured
bone (Fig. 6a). At 5 weeks, the obvious calcification
(green staining: black arrowhead) was expanded
onto the periosteum in the OECMS group (Fig.
6d). However, the bridging calcification was not
confirmed over the fracture site in the control group
(Fig. 6¢). 8 weeks after surgery, bridging callus over
the fracture site was observed in the OECMS group
(Fig. 6f). However, the control group showed fibrous
granulation tissue (%) at the fracture site, the ends
of cortical bone had become rounded and there was
evidence of bony resorption (Fig. 6e).

Biomechanical results of rat femora

The maximum bending load in the experimental
femora was determined across the course of the
study, as reported by Shimizu et al. (2010). In cases
where the experimental femurs did not rupture
in the three-point bending tests, the provisional
maximum bending load was determined to be the
load required to rupture the intact contralateral femur
(deflection of 1.2 mm). The maximum bending load
in the OECMS group was significantly higher than
in the control group [OECMS: 45.2 + 24 N (range:
9.52-75.0N); control: 10.3+9.6 N (range: 0.85-22.4 N);
p < 0.05]. The stiffness in the OECMS group was
higher than in the control group [OECMS: 116 + 99 N/
mm (range: 35-271 N/mm); control: 25.7 + 21 N/mm
(range: 0-55 N/mm); p = 0.07]. The failure energy in
the OECMS group was significantly higher than in
the control group [OECMS: 12.2+5.3 N x mm (range:
2-18 N x mm); control: 3.1+ 3.5 N x mm (range: 0.24-
8.5 N x mm); p <0.05; Fig. 7].

Discussion

The cell viability of the OECMS was 0.2 % when
compared with the OCS. OECMSs were almost
completely devitalised and maintained their original
shape and autogenous proteins after the freeze-
thaw cycling in liquid nitrogen. ECM sheets are
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produced by various decellularisation protocols and
contain several growth factors (Farag et al., 2014;
Junka et al., 2015; Kim et al., 2012; Xing et al., 2015).
Xing et al. (2015) report that the freeze-thaw cycling
procedure applied to fibroblast-cell-derived ECM
sheets preserves the ECM molecules and maintains
the ECM structure, as well as its mechanical
strength, compared with chemical treatment using
high and low concentrations of SDS. As previously
reported, the freeze-thaw cycling procedure does not
negatively affect the sheet shape and the amount of
retained collagen I (Xing et al., 2015).

A considerable number of growth factors,
including BMP-2, VEGF-A, bFGF and TGF-f1,
were also retained in the OECMS. Pro-angiogenic
factors, including VEGFs, bFGF and BMPs, promote
angiogenesis within the soft callus (Fei et al., 2013;
Hankenson et al., 2011). Tsuchiya et al. (2005) report
that frozen autografts treated in liquid nitrogen
contain autogenous proteins, growth factors and
cytokines and do not elicit an immune reaction.
Takata et al. (2011) report the amount and activity
of BMP-7 extracted from human femoral bone after
treatment with hyper- and hypothermia — including
the temperature groups — 196, - 73, 60, 321, 100 and
4 °C (as control) — with the maximum percentage of
BMP-7 being 114 % (where the value of the control
group is set at 100 %) in the — 196 °C group, as
measured by ELISA assay. Xing et al. (2015) show
that freeze-thaw treatments can preserve much more
growth factors, including VEGF-A and FGF-2, than
chemical treatment using high concentrations of SDS.
Osteoinductive growth factors can be maintained
after freeze-thaw cycling in liquid nitrogen, which
has advantages in producing OECMS.

In the OECMS group, 2 weeks after implantation,
the HA constructs were surrounded by osteoid and
calcification originated from the implanted OECMS.
However, there was little osteoid formation and
calcification inside the HA, which was comparable
to the control group. These results indicated that
osteoid formation, deposited in previous stages of
the in vitro culture by the BMSCs, could not progress
inside the HA in the early stage after implantation.
On the other hand, in the OECMS group, the amount
of osteoid formation and calcification inside the HA
increased 4 weeks after implantation, differently
from the control group. The osteoid and calcification
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2 weeks

8 weeks

Control

OECMS

Fig. 6. Histological findings at the fracture sites at 2, 5 and 8 weeks in the OECMS and control groups.
(d) At 2 weeks, large soft tissue covered the fracture site and the calcification (green staining: black arrow)
on its outer layer in the OECMS group; (a) however, fibrous tissue (¥) was interposed between the
ends of the fractured bone in the control group. (e) At 5 weeks, the obvious calcification (green staining:
black arrowhead) was expanded onto the periosteum in the OECMS group; (b) however, bridging
calcification was not confirmed over the fracture site in the control group. (f) At 8 weeks, bridging callus
over the fracture site was observed in the OECMS group; (c) however, fibrous granulation tissue () was
interposed at the fracture site and the ends of cortical bone had become rounded in the control group.

Scale bars = 500 pm.

inside the HA were induced by the OECMS, which
contained various osteogenic growth factors, such
as BMP-2, VEGF-A, bFGF and TGF-f31. These results
indicated that the OECMS had osteoinductive
capacity. The combination of VEGF-A and BMP-
2 enhances BMP-2-induced bone formation in a
rat model of a critical size bone defect (Patel ef al.,
2008). Moreover, VEGF-A could also act additively
or synergistically with several other growth factors,
including TGF-31 and bFGEF. Therefore, the delivery
of VEGF-A with osteoinductive factors is an attractive
approach to promote bone regeneration (Martino et
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al., 2015). The OECMS had an osteoinductive but not
osteogenic capacity as it was acellularised following
the freeze-thaw cycling in liquid nitrogen. The lack
of osteocalcin and alkaline phosphatase mRNA
expression at 4 weeks after implantation suggested
that the HA constructs with OECMS did not contain
substantial living osteogenic cells, with no osteocyte
and bone tissue formation observed early after
implantation.

Over recent years, non-union models in mice
or rats have been established (Garcia et al., 2013).
Because mice are a species on the lower phylogenetic

www.ecmjournal.org
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Fig.7. Biomechanical evaluation using the three-point bending test of rat femoral non-union model at
8 weeks in the OECMS and control groups. Maximum bending load and failure energy in the OECMS
group were significantly higher than in the control group (* p <0.05, n = 6).

scale, they have a great potential for bone repair and
even unstabilised fractures can heal without delay
(Colnot et al., 2003). Therefore, rats were used as
non-union model in this study. OECMS implantation
in the rat non-union model showed enhanced
bone regeneration on radiography, histology and
biomechanical analysis. On the histological analysis,
the amount of the covering tissue on the fracture site
of the OECMS group, which included calcification,
was much larger than that of the control group
2 weeks after implantation, confirming that the
OECMS was still present over the fracture site. The
calcification expanded in the OECMS group until the
unremoved periosteum 5 weeks after surgery. BMSCs
accumulated from the unremoved periosteum, bone
marrow and external surrounding soft tissue and
migrated into the collagen network of the OECMS,
driven by osteogenic growth factors. Thus, the
OECMS would be a suitable natural scaffold for bone
formation, having demonstrated osteoconductive
capacity.

The current study presented some limitations.
First, the dead cells included in the OECMS might
affect macrophage activation and exacerbate local
inflammation during bone regeneration. No allogenic
implantation, but preliminary isogenic implantation
was analysed to eliminate rejection by the immune
system. In future studies, decellularisation will
be needed for the clinical application of allogenic
implantation. Second, there are several devitalisation
methods available to prepare ECM scaffolds (Crapo
et al., 2001; Gilbert et al., 2012). The conventional
devitalisation methods include the combination of
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thermal shock, freeze-thaw cycling (Elder et al., 2010;
Patel et al., 2008), chemical treatment (Du et al., 2011),
osmotic shock and mechanical disruption (Xu et al.,
2007). Osmotic shock can readily cause cell lysis
with minimal change to the matrix molecules and
architecture (Xu et al., 2007). Freeze-thaw cycling does
not significantly reduce the ECM proteins nor the
mechanical strength of the tissues (Elder et al., 2010;
Patel et al., 2008). In the current study, only freeze-
thaw cycling was used. For clinical applications, the
most suitable method for preparing OECMS will need
to be assessed.

Conclusion

The OECMS maintained its sheet structure and
contained osteoinductive growth factors, including
BMP-2, VEGEF-A, bFGF and TGF-{31, after the freeze-
thaw cycling in liquid nitrogen. The OECMS resulted
to be a sheet-shaped material with rich osteoinductive
and osteoconductive capacity and might have a
potential as novel scaffold-free material without cell
seeding in bone regeneration medicine.
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Discussion with Reviewers

Ana Ferreira: The authors proposed the OECMS
as a potential new scaffold-free material for bone
tissue engineering. Please explain the motivation of
implanting HA constructs (a synthetic bone-mineral-
like material) combined with the OECMS?
Authors: In a clinical scenario, it is difficult to
obtain complete bone regeneration using a large
artificial bone. The OECMS could contribute with
its osteoinductive capacity to the artificial bone
regeneration, making it possible to treat large bone
defects. Therefore, the aim of the current study was
to test the bone regeneration capacity of the HA
constructs combined with OECMS in a rat model.

Sven Otto: What about the transmission of viral,
prionic or other diseases? And the human leukocyte
antigen (HLA) sensibilisation potential?

Authors: The freeze-thaw cycling method in liquid
nitrogen cannot deactivate the proteins completely.
Therefore, viral, prionic or other diseases will still
be partially present in the sample. HLA will not
be deactivated after freeze-thaw cycling. However,
remaining HLA of dead cells will not negatively affect
the bone healing in the isogenic implantation.

Editor’s note: The Scientific Editor responsible for
this paper was Chris Evans.
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