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ABSTRACT

This study addresses the fabrication of an extracellular matrix material of acellular sheep
periosteum, and systematic evaluation of its biocompatibility to explore its potential application
in guided bone regeneration. Sheep periosteum was harvested and decellularized,by a combined
decellularization protocol. The effectiveness of cell removal was proved and residual o-Gal
antigen was also quantitively detected. Then, mouse MC3T3-E1 cells were seeded onto the

~

acellular periosteum. Scanning electron microscope (SEM) was used.totecord the whole process
of cell adhesion. CCK-8 assay suggested that the acellular periosteum not only had zero
toxic effect on pre-osteoblasts, but played a positive role'in cellproliferation. It was also tested
that whether the acellular periosteum possess favorable osteoge.nesis induction activity attributed
to ALP assay and quantitative real-time PCR (Col I, Runx2, OCN) assay. In vivo study of
subcutaneous implantation test using SD rats was performed to detect the changes of IL-2, IFN-
v, IL-4 in serum and elucidate the host’s local response to acellular periosteum through HE and
immunohistochemical staining. The results show that acellular sheep periosteum did not elicit a
severe immunogenic responsesvia, Thl pathway unlike fresh sheep periosteum. In conclusion,
acellular sheep periosteum possesses favorable biocompatibility to be employed for guided bone
regeneration.

Keywords: acellular periosteum; xenograft; guided bone regeneration; extracellular matrix;

biocompatibility; immunoinflammatory reaction
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1. Introduction

Alveolar bone and jaw bone defects, ascribed to inflammation, trauma, tumors, congenital
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factor and disuse-atrophy, are one of the most common clinical symptoms that exist in dental
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implantology, oral maxillofacial surgery and orthopedics. For patients of alveolar bone or
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jaw bone defects, the technique of guided bone regeneration (GBR) is often conducted for
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bone mass recovery. GBR is an extensively described alveolar ridge augmentation technique
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which has shown excellent reproducibility and high long-term suceessrates based on high-
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evidence-level publications [1]. The technical principle is that different.cellular components
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in the tissue have varying rates of migration into a wound areaduring healing period in
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which the rates of fibroblasts are much faster than those of bozle cells [2]. As a result, GBR
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barrier membranes are applied to prohibit soft tissue invasion and offer bone tissues in the
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bone defect area with adequate growing space [3]. Hence, the properties and biological
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responses of the membrane assuredly playia vital role in the technique of GBR.
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As an accessorial anatomy of the bone, periosteum has a very close relationship with bone
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formation and reconstructionaltis not/only a source for progenitor cells and local growth
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factors, but also a natural scaffold to recruit cells and biological factors [4]. Periosteal
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autografts have also'exhibited.promising results when used to promote bone repair [5]. Also,
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due to autologous source limitation, more and more researches focus on developing
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biomimetic ‘methods to synthesize artificial periosteum which better imitates native
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periosteum in structure and function [6-11].
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However, there is no tissue engineering approach that can fabricate the unique natural
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three-dimensional structure that contains the periosteum-specific extracellular matrix (ECM)
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components which are essential for bone regeneration and reconstruction [12]. Recently, the
application of tissue-derived ECM materials has become increasingly popular in" tissue
engineering and regenerative medicine[13]. The decellularization processes have been
conformed to efficiently remove cell components which are supposed to have immunogenicity
to the host, while retaining the naturally occurring three-dimensional structure and tissue-
specific bioactive components[14].
~

The source of allogeneic decellularized tissues is still far more limited compared to
xenogeneic ones. Given that both allogeneic and xenogeneic transplantation would lead to the
occurrence of immune rejection due to reaction between' those specific antigens in grafts and
the antibodies in the host, and as most antigens within the grafts exist on the cell surface, the
process of cell removal is required as thorough as possible/in both allogeneic and xenogeneic
materials. Then, xenogeneic tissues, compared to.allogeneic tissues, are supposed to have more
advantages such as highly wider tissue soutees, less acquisition costs and broader application
prospects. Although some studies argued that tissue antigenicity represents the principal barrier
towards use of unfixed xenogenei¢ ECM biomaterials in clinical practice due to its ability to
stimulate recipient graft-specific adaptive immune responses [15-17], Dalgliesh et al. [18]
established that recipient.graft=specific adaptive humoral immune response could be overcome
as long as the vast.majority/of lipid antigens, at least 92% of all, are sure to be removed while
implanting xenegenei¢ extracellular matrix scaffolds. In addition, large number of studies
suggest that no significant differences between xenogeneic and allogeneic materials were noted

according to the treatment effects and the immunological inflammatory response detection [19-

22].
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In our previous study, sheep periosteum was decellularized and physico-chemically
characterized for the application in GBR. We also performed animal experiments of GBR using
a rabbit cranial defect model. The results of micro-CT and histological detections indicated that
the acellular periosteum not only effectively prevented the dngrowth  of
fibrous connective tissues, but also potentially facilitated bone regeneration inside the bone
defect sites [23]. To further confirm the effect of acellular periosteum at the cellular level, in

~

the present study, we aim to detect the biocompatibility of an acellulat sheep periosteum for
further applications in GBR. Firstly, acellular sheep periostea were successfully fabricated with
a combined traditional decellularization protocol, and the decellularization effectiveness was
evaluated. Secondly, mouse MC3T3-El cells, which are oiteoblast precursor cells, were
cultivated with the acellular periosteum to study its influence on osteoblast proliferation and
osteogenesis differentiation in vitro. Finally, the acellular periostea were subcutaneously
implanted into the backs of rats ton explore whether it would elicit immuno-
inflammatory responses in vivo.
2. Materials and methods ~
2.1 Acellular sheep periosteum’ harvest

The holistic technical route of the present study is delineated in Fig.1. Fresh sheep tibiae
were harvested withinless than 2 h after sacrifice from one of the local halal slaughter houses.
Fresh periosteum(FP) was stripped from the bone surface carefully and intactly using a periosteal
detacher. Decellularization process was performed to fabricate acellular periosteum (AP) as

follows: First, freeze-thaw cycle was repeated for 3 times in a way that every time FP was frozen

at.-80 °C for no less than 6 h and then thawed in a 37 °C water bathe for about 30 min. Next, the

5
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Subcutaneous implantation

Decsllulari t@ Mouse MCSTB Elcells
F

Detection of decellularization CX'GE‘ Cell
[ effectiveness ] [ i ]{Residua\ SDS] [Call adhes\un prol\feraucﬂ

Cell
differentiation

Agarose gel electrophoresis

Fig. 1. Schematic flow chart of this study.

~

samples were treated with 1% (vol/vol) Triton X-100 (Sigma, USA)for 12 h and 0.2% (wt/vol)

SDS (Sigma, USA) for 6 h under agitation (100 rpm) in a plate shaker. Then, samples were treated
with DNase (100 U/ml, Sigma, USA) and RNase (75 pg/ml, Sigma, USA) for 6 h in 37 °C water.
Samples were rinsed with PBS thoroughly after each of these steps. Sterilization process was
performed according to a two-step protocol suggested bysFidalgo et al. [24]: briefly, the samples
were first treated with a mixed solution, of vancomycin hydrochloride (50 mg/l), gentamicin (8
mg/1), cefoxitin (240 mg/l) and amphotericin B.(25 mg/l) in PBS at 37 °C for 24 h under agitation
(100 rpm), then treated with 0.1%(vol/vel) peracetic acid (used within 1 h of preparation) for 3 h
with agitation (100 rpm) after’adjusted-to pH 7.3 with sodium hydroxide. Next, three washes (12
h for each) with PBS ¢€entaining penicillin and streptomycin were performed with agitation (100
rpm).
2.2 Histological analysis

FP and ‘AP were fixed in 4% paraformaldehyde solution for 24 h. After
dehydration with graded ethanol and vitrification with dimethylbenzene, they were embedded
in paraffin and were sectioned into 5 um slices. The sections were dried, deparaffinized,

rehydrated, and washed in distilled water. Hematoxylin and eosin (HE) staining was used to
6
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identify whether there were residual cell components in AP or not.
2.3 DNA detection

DNA contents in FP and AP were quantified using a Genomic DNA Extraction Kit
(Takara, China) according to the manufacturer’s instruction. Both FP (n=8) and AP (n=8) were
cut into chips as small as possible, homogenated by a tissue tearor, and digested with Lysis
Buffer, Proteinase K and RNase overnight in 56 °C water. The digested fluids were transferred

~

into centrifugal columns, and DNA components that were absorbed on.the silicon substrate
membranes were finally dissolved in the TE buffer. The extracted DNA concentration was
recorded using a P330 Ultramicrospectrophotometer (IMPLEN, Germany). The size of the
extracted DNA fragments was detected by 1% agarose gel elecirophoresis.
2.4 o-Gal epitopes quantification

Residual amounts of a-Gal epitopes in AP were quantified by enzyme-
linked immunosorbent assay (ELISA) usingia sheep a-Gal ELISA kit (MEIMIAN, China) in
comparison with the amount in FP.FP samples (n=16) of the same weight (100 mg) were
collected and half (n=8) were fabricated to AP. Tissue proteins in FP and AP were extracted by
a One Step Animal Tissue Active Protein Extraction Kit (Sangon Biotech, China) according to
the manufacturer’s inStructions:An brief, FP and AP were cut into chips as small as possible and
homogenated with.the help of ultrasound in the provided extraction, and then the supernatants
were collected after centrifuged (13201 xg, 10 min) at 4 °C. a-Gal ELISA assay was then strictly
conducted.according to the manufacturer’s instructions using aforementioned supernatants.

2.5 Residual SDS detection

Residual SDS was tested and calculated to make sure that no toxic substance was left in
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AP. Standard SDS solutions with gradient concentrations were prepared and tested to draw a
standard curve. AP (n=6) was incubated in PBS for 72 h at 37 °C and the supernatant was
collected to prepare the extract liquor, which was tested using a Multiskan FC
Spectrophotometer (Thermo, USA) at 499 nm.
2.6 Cell adhesion assay

AP were cut into a certain size which fits to the bottom area of one ‘well in the 24-well plate

~

and put into the 24-well plates with bone surface side up. Then, the24-well plates were
repackaged and irradiated by Cobalt 60 with an exposure dose of 15 kGy. for the following use.
Mouse MC3T3-E1 (Purchased from Cell center of basic medicine, Institute of Basic Medical
Sciences of the Chinese Academy of Medical Sciencés) were sEeded onto the sterile AP (n=6) at
a density of 2x10*cells/cm?. After 6, 24, 48 hycell culture supernatant was discarded and the
cells were fixed for 24 h in 2.5% glutaraldehyde (Sigma, USA) solution. After rinsed three times
with PBS (5 min each), the samples were dehydrated with graded ethanol (30%, 50%,
60%,70%, 80%, 90%,100% ethanol-for.15 min each), and dried in hexamethyldisilazane
(Sigma, USA). A thin layer of platinum alloy film was coated onto the surface of the samples
for electrical conduction..The tissue samples were then viewed under a VEGA3 tungsten
scanning electron microscope (FESCAN, Czech).
2.7 Cell proliferation assay

24-well plate equipped with AP was prepared as described in section 2.6. Mouse MC3T3-
E1 cells were seeded onto the sterile AP at a density of 2x10* cells/cm? (n=9). Cells cultured in

standard a-MEM culture medium (with 10% FBS) served as control. The cell proliferation assay

of AP was determined by Cell Counting Kit-8 (CCK-8) at day 1, 3, 5 and 7. The absorbance was

8
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measured at 450 nm.

2.8 Alkaline phosphatase (ALP) activity
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24-well plate equipped with AP was prepared as described in section 2.6. Mouse¢ MC3T3-
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E1 cells were seeded onto the sterile AP at a density of 2x10* cells/cm? (n=9). Cells cultured
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without AP served as the control group. ALP activity in cell culture supernatant was determined
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via an ALP testing kit (NJJCbio, China) by reading optical density (OD) at 520 nm, and the
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results were expressed as King unit/100 ml. The time points subjected to analyses were day 3, 5,
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7, 10, 14.
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2.9 Quantitative real-time PCR
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Total RNA was extracted from the recellularized AP (n=92 and the control group (n=9)
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using trizol according to the instructions of the. manufacturer. Total RNA was reversely
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transcribed into cDNA using PrimeScript™RT reagent Kit with gDNA Eraser (RR047, Takara,
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Japan). Real-time PCR was performed in the LightCycler™ Real-Time PCR Detection System
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Roche, Switzerland) using TB Green™ Premix Ex TaqTM II (T1li RNaseH Plus) (RR820A,
g q
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Takara, Japan). CT values wererautomatically obtained. Relative expression of mRNA amount
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was calculated using AACT method [25]. The time points subjected to analyses were day 7, 14,
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21. The primers usedfor real-time PCR are listed in Table 1.
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Table 1. Primers for real-time PCR analysis
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Product
Genes Sense primers (5°-3°) Antisense primers (5’-3’) Length
(bp)

(SR, IV, BNV, |
A WN =

(9]
[0, ]

Collal GACATGTTCAGCTTTGTGGACCTC GGGACCCTTAGGCCATTGTGTA 119

U n
N O

Runx2 AGGGAATAGAGGGGATGCATTAG AAGGGAGGACAGAGGGAAACA 104

[9)]
o]

59 Bglap2(OCN) CGCCTACAAACGCATCTACG CAGAGAGAGAGGACAGGGAGGA 118

(o))
o
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B-actin GTATCCTCGGATGTTGCTGCCTTG CGCTGAGCATTGGTCCTCTTGG 101

Page 10 of 29

2.10 Subcutaneous implantation tests

Animal experiment was performed according to protocols approved by the Institutional
Animal Care and Use Committee at the China Medical University (No.2018035) and Local
Ethical Committee for Laboratory Animals. Different membrane samples, including FP (positive
control), AP and Bio-Gide (GEISTLICH, Switzerland) (one of clinical.application products as
negative control), were randomly implanted subcutaneously into the backs of a total of 60 six-
month-old male SD rats (each rat with one sample of 1X17em?). The rats were under general
anesthesia using 3% sodium pentobarbital (30 mg/kg,kV). The back incision was located at the
right side about 1.5-2 cm away from the central line, then the s;bmucosa was separated from the
right to the left, and the materials were implanted sub-mucously in the middle of the back. The
distance between incision and right side of the material samples was set more than 1 cm long.
After operation, the rats were housed.individually in cages at a room temperature of 25 °C. Four
rats of each group were sacriﬁcecg)y CO; at 3, 7, 14, 28 and 56 days after surgery. Blood was
sampled from rat eyes to collect'serum for ELISA using Quantikine IL-2 Elisa Kit (R&D, USA),
Quantikine IL-4 Elisa Kit (R&D, USA) and I[FN-y Elisa Kit (NOVUS, USA). Grafts with adjacent
tissues were cut off and fixed in 4% paraformaldehyde. Paraffin sections were made and dyed
with HE staining which was used to mainly evaluate the host response to FP, AP and Bio-Gide.
Immunohistochemical staining was performed to observe the change of density and distribution
of macrophages around and within the three membranes. Briefly, sections were incubated with
primary antibody against CD 11b (rabbit anti-CD 11b antibody, Abcam, Cambridge, MA) at 4 °C

10
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overnight after antigen retrieval, endogenous peroxidases inactivation and serum blocking. Then,
the secondary antibody (goat anti-rabbit IgG1, Abcam, Cambridge, MA) was applied for 30 min
after three times wash in PBS. After diaminobenzidine (DAB) chromogenic reaction and
hematoxylin counterstaining, the slides were dehydrated, mounted, and imaged with OLYMPUS
BX53 SYSTEM MICROSCOPE (OLYMPUS, Japan). Quantification of
immunohistochemical staining was performed by using Image-Pro plus software. The number of
~

CD 11b-positive cells were counted at 400 x and averaged over 5 areasjper sample [26].
2.11 Statistical analysis

All quantitative data were expressed as means + standard. errors of the mean (SD). All
collected data were analyzed using unpaired t-tests Or one-waz analyses of variance (ANOVA)
with Tukey’s post hoc test using SPSS 17.0(€hicago, IL, USA) software. A confidence level of
95% (p < 0.05) was considered statistically significant.
3. Results
3.1 Confirmation of decellularization effectiveness and residual SDS amount

Fig. 2A-B shows the beforesand after decellularization macroscopic images of the same
sheep periosteum. It turned from semitransparent to white and looked thicker and smaller after
decellularization processes. HE staining image of Fig. 2C shows a two-layer structure of the fresh
sheep periosteums-The inner thin layer, next to the bone tissue, was called cambium layer with a
larger amount of cells distributing in the less tight structure; the outer thicker layer was called
fibrous layer with less cells but well-organized collagen fibers aligned in the direction of bone

growth. It was proved that no cell nucleus debris was observed after decellularization (Fig. 2D),

while the arrangement of collagen fibers in AP remained as orderly as those in FP. The DNA

11
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quantitative assay suggested that the DNA amount in FP was 579.12 + 35.87 ng/mg, while the

amount of residual DNA after decellularization was 34.14 + 6.86 ng/mg (Fig. 2E).
bands of DNA were observed after agarose gel electrophoresis in AP as compared

genome bands in FP (Fig. 2F). a-Gal ELISA assay showed that the a-Gal co%t in

1.64 ng/mg) was significantly lower than that in FP (35.80 = 5.07 ng/mg) %) ig. 2G),

which indicated that most of a-Gal epitopes were effectively removed during the decellularization

process. Additionally, after thorough rinsing processes, residual SD nt of AP was 0.0025%.

3.2 Effect of AP on cell adhesion

&
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The SEM images clearly showed that at 6 h, mouse MC3T3-El cells had already adhered

onto the surface of AP with a lot of thin filamentous protein formation on the outer edge of the
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cells (Fig. 3A1-A3). At 24 h, mouse MC3T3-E1 cells gradually extended pseudopodia and turned
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from sphere into fusiform or polygon (Fig. 3B1-B3). At 48 h, they ultimately spreaded all over
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the membrane, and formed a new cell layer immediately on the surface of the, membrane (Fig.
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3C1-C3). These observations indicated that AP had a good biocompatibility by promoting cell
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adhesion.
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Fig. 3 SEM images of MC3T3-El cells adhesion on the surface of AP at 6 h (A1-A3), 24 h (B1-B3), 48 h (C1-C3) under
different magnifications of X 1000 (A1, B1, C1), x 2000 (A2, B2, C2) and x 5000 (A3, B3, C3) (Scale bars = 10 um).
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3.3 Effect of AP on cell proliferation
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The CCK-8 assay suggested that AP not only had zero toxic effect on mouse MC3T3-El
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cells.but played a positive role in cell proliferation. Especially at day 5 and 7, the OD values of
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the experiment group (1.786+0.045 & 2.404+0.218) were significantly higher than the values of
the control group (1.786+0.045 & 2.404+0.218) (p < 0.05) (Fig. 4A).
3.4 Effect of AP on cell osteogenic differentiation

The ALP activity in both groups showed an increasing trend along with thedeell culture time
and at each point-in-time, the ALP activity of cells seeded on AP was detected higher than each
value in the control group, the superiority was quite obvious especially at day 3, 7 and 10 (p <
0.05) (Fig. 4B). Furthermore, the mRNA relative expression levels of €ol I,\Runx2 and OCN in
the AP group were significantly higher than those in the control group te different degrees (Fig.
4C-E). At day 7, mRNA expression of Col I, Runx2, OCN in the:AP group was 2.62-folder, 2.57-
folder, 1.64-folder higher than the control group, respectively Qy < 0.05). By day 14, the relative

multiples respectively turned into 2.43-foldety3.51-folder and 3.50-folder (p < 0.05). By day 21,

there were still different degrees of improvement in the mRNA expression of Col I and OCN in
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the AP group (3.23-folder and 4.54-folder, p < 0.05) compared to the control group, while the
relative expression of Runx2 in the AP group decreased to 2.25-folder (p < 0.05), but it was still

significantly higher than the control group.

Fig. 4 Levels of osteoblast proliferation and osteogenesis differentiation. OD values achieved from the CCK-8 assay reflected
the mouse MC3T3-E1 cell proliferation on the surface of AP (A) (* p < 0.05). ALP activities were detected to determine the
cell early differentiation capacity (B) (* p <0.05). The mRNA relative expression levels of Coll (C), Runx2 (D) and OCN (E)
in the AP group were all significantly higher than those in the control group at day 7, 14 and 21 (* p < 0.05).
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3.5 Subcutaneous implantation tests o, S
g_j 5l O AP
All sixty rats survived until the point of § R 7
£ 100
scheduled time without complications. The ELISA § 1
: o 3 T 14 28 56
assay of rat serum suggested that FP caused rise of = Time (Day)
= 800+ * L - e
IL-2 and IFN-y in serum (Fig. 5A-B), which was EE’ : = AP
g oo I Bio-Gide
significantly higher than the AP group and the Bio- g
5 2004
]
Gide group at day 7, 14 and 28 (p < 0.05), while B
3 T 14 28 56
c Time (Day)
there was no significant difference between AP and _ ™ _——
‘% - 1 AP
Bio-Gide membrane. IL-4 content of the Bio-Gide g = Blo-Gde
= 10
group was a bit higher than the value of the FP § %
] y 3 7 14 28 56
group and the AP group at day 3, 7 and 14, but the Time (Day)

. o ) Fig. 5 IL-2, IFN-y, IL-4 concentrations in serum of the SD
difference was not of significance (p > 0.05) (Fig.
rats subcutaneously implanted with FP, AP and Bio-Gide

5 C) membranes (Compared with AP, * p <0.05).

HE staining was conducted to.demonstrate changes of inflammatory cell type, number and
distribution after the membranenamplantation. At day 3, a big quantity of inflammatory cells was
infiltrating around the implanted FP with a large area of hemangiectasis and hyperemia, while the
AP group and the Bio-Gide group presented only a few inflammatory cells around the contact
areas and no obvious difference can be found between the two groups (Fig. 6A1-A3, 6al-a3). At
day 7, an increased infiltration of neutrophil cells and lymphocytes was observed aggregating
towards the implanted FP region (Fig. 6B1 and 6b1), and in the AP group and the Bio-Gide group,
the number of inflammatory cells also increased with lymphocytes as the primary cells (Fig. 6B2-
B3.and 6b2-b3). By day 14, monocytes and mononuclear macrophages progressively increased in

Fig. 6 Histological observation of the subcutaneous implantation tests by HE staining. It shows the changing processes of
inflammatory cell type and number as well as the integration of the grafts with the surrounding tissues at day 3, 7, 14, 28, 56
after implantation in the FP group, the AP group and the Bio-Gide group. Images with higher magnification (x 400) (Scale

bar =20 um) represent the area within the black box in lower magnification images (x 100) (Scale bar = 100 pm).
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the FP group, and the number of other types of inflammatory cells was still increasing as seen in

Fig. 6C1 and 6¢c1. At the same time, the counts of lymphocytes in the AP group and the Bio-Gide

of inflammatory cells in the FP group remained higher and most of them tu
(Fig. 6D1 and 6d1), while inflammatory cells around AP and the Bio-Gide membrane obviously
decreased (Fig. 6D2-D3 and 6d2-d3). Till day 56, there were almos ammatory cells left in
or around AP and the Bio-Gide membrane, and the memb@two groups were well
integrated with the surrounding tissues (Fig. 6E2-E3 and 6¢2-¢ ever, there were still a lot

more inflammatory cells flocking together in or aro ; g. 6E1 and 6el).

Fresh periosteum
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distinguishable after the immunohistochemical staining that were characterized by light brown-
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Fig. 7 Histological observati subcutaneous implantation tests by immunohistochemical staining. It shows the number
and distribution of CD 14b ophages in the three groups during the healing process. Images with higher magnification
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stained zones, and cells of brown or pale brown stained in cytoplasm were regarded as CD 11b
(+). In the FP group, CD 11b (+) cells began to sparsely appear in the adjacent tissues at day 3,
and increased obviously at day 7 and 14, until day 28, CD 11b (+) cells presented less than before,
and by day 56, the region where the membrane located remained rather darkiwith some still
existing macrophages. While in the AP group and the Bio-Gide group, CD L1b (+) cells also

followed the trend from increasing to decreasing, but CD 11b (+) cell counting was much lower

250+ |* N FP
= I AP

. Bio-Gide

~

N

o

o
1

150

=Y

o

o
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Positive Cells Number/ HPF
o
2

14
Time (Day)

Fig.8 Quantification of immunohistochemical staining by positive cell counting at x 400 (* p < 0.05).

than that in the FP group, and after day 28, the color of the membrane-located areas was much
lighter than before, and no obvious diffefence was found between the AP group and the Bio-Gide
group. Quantitative analysis of thedimmunohistochemical images is shown in Fig. 8, significant
differences could bé found at each time point between FP and the other two groups.
4. Discussion

Native tissue=derived ECM, especially those site-specific homologous tissues [27], have
been found.more adaptable to the complexity of cell microenvironment than the synthetic
materials [28]. As previous studies referring to physical and chemical characterization of ECM

showedyit could also influence cell mitogenesis and chemotaxis, direct cell differentiation, and
18
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induce constructive host tissue remodeling responses [12, 23, 29, 30]. Therefore, ECM materials
made from periosteum tissues were selected in the present study for conducting GBR résearch.
Compared to the excessive thickness of the periostea of bovine or pig, the sheep periosteum is
much thinner and its thickness is much closer to the current commercial GBR membranes.
Additionally, it is also much easier to be dissected and harvested “due to its simple
anatomical structure.
~

There are variety of strategies to decellularize a particular tissue,dncluding physical agents
(freezing and thawing, agitation, ultrasound, pressure gradient, supeteritical fluid), chemical
agents (acids, bases, organic solvents, hypertonic solutions, 1oni¢.detergents, nonionic detergents)
and enzymatic agents (trypsin, DNase and RNase, dispase, pilospholipase A2). In most cases,
these strategies are often applied in combinatien to enhance the effectiveness of decellularization
process [31]. Taking into consideration that most of ionic detergents may be cytotoxic, besides
the identical application of multigelation and DNase and RNase, we first tried hypertonic saline
solution [32], octyl-glucopyranoside [33], which is a new kind of green detergent, and Triton X-
100 alone. However, the results:of our preliminary experiments showed that hypertonic saline
solution, octyl-glucopyranoside surfactant and Triton X-100 alone all could not sufficiently
disrupt or remove cells. Thus, taking the traditional chemical ionic detergent, a mild concentration
of SDS was selected to,use in combination with Triton X-100 in this study. As a result, we finally
worked on removing the chemical agents by repeated washing with PBS, and the ultimate residual
concentration of SDS in the 72-hour extract was 0.0025%, which was less than the absolute safe

dose of the residual SDS amount (50mg/L, i.e., 0.005%) [34].

The widely-recognized standard for tissue decellularization was described by Crapo et al.

19
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[12] as below: @ less than 50 ng dsDNA per mg ECM dry weight; @ less than 200 bp DNA
fragment length; ® lack of visible nuclear material in tissue sections stained with DAPI or HE.
The results of our study entirely met the standard of the objective criteria: first, the residual DNA
content in AP (32.52 + 5.31 ng/mg dry weight) was less than 50 ng per mg ECM dry weight;
Second, no visible DNA bands were observed after separation in 1% agarose gel, thus the longest
DNA fragment length was surely less than 200 bp; Third, HE staining tevealed the absence of
~

visible nuclear components. These results proved that the decellularization protocol used in this
study was efficient in removing cells from the periosteum tissue. Another important feature of
decellularization is the reduction of antigenicity in the allogeneic and xenogeneic tissues.
Alpha-gal, expressed in all mammalian tissues except humans .and higher primates, is the major
xenogeneic antigen epitope that induces /€omplement-mediated cell lysis and hyper-acute
rejection via human antibodies [35]. To the best of our knowledge, a quantitative standard has not
been established for the safe range of residual a-Gal in the decellularized tissues. Wu et al. [36]
detected residual amount of a-Gal inithe acellular porcine annulus fibrosus scaffold by ELISA
and found that a-Gal was remeved by 67.24% mainly with SDS. The present study showed that
the amount of a-Gal epitopesidecreased 80.23% after decellularization, and the in vitro and in
vivo tests confirmed«that:this residual amount was not enough to induce severe immunological
rejection.

The biocompatibility of biological materials is an important consideration for their potential
future applications. In the present study, it was systematically evaluated with respect to the
capabilities of cell adhesion, proliferation, differentiation and osteogenesis. Cell adhesion was

evaluated by visual inspection using fluorescence microscope and SEM. The whole process of

20
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cell adhesion was clearly observed from the SEM images with the morphological changes of
mouse MC3T3-El cells, which gradually turned from sphere to fusiform and polygon, and linked
with each other to form a new cell layer. To test the cytotoxicity and cell viability of AP, the CCK-
8 test was performed and the results were interesting stating that the extracts not only had no toxic
effect to the cells, but benefited the cell proliferation to some degree.

Similar results were obtained in the ALP activity test. ALP, which is an enzymatic protein

~

expressed in the membrane of active osteoblasts, is essential for theirdability to mineralize the
extracellular matrix, especially in the early stage of osteogenesis 'differentiation [37]. In
comparison with control group, the ALP activities of the experimental group were significantly
higher at each time point from day 3 to 10, which indica.ted an increased ability of cell
differentiation affected by AP. Subsequently, the mRNA expression of osteoblast-related genes
was further detected from the mouse MC3T3-El cells cultured on AP. It was found that AP
upregulated the mRNA expression levels of Col I, Runx2, OCN at 7, 14, 21 days. As a close-
related osteogenesis gene expressed-inithe early stage of osteoblasts differentiation, Runx2 plays
an important role in regulating.the downstream genes for osteoblast differentiation and maturation,
such as ALP and OCN [38]. In‘our study, Runx2 was expressed obvious high at day 14 in the AP
group, and it declined at'day 21, but its expression remained a little higher than the control group.
The mRNA expressions of Col I and OCN in the AP group increased faster and higher than the
control group frem day 7, and by day 21, the expressions of Col I and OCN, respectively reached
3.23-folder and 4.54-folder higher values than the control group. One of the limited similar study

was conducted by Li et al. [39], who demonstrated significantly higher mRNA expression of

collagen type I, Runx2, ALP and OCN by using an 8-layer amnion-based scaffolds. According to
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all the results of in vitro studies obtained in our study, we strongly suggest that AP material could
benefit pre-osteoblasts with good capacity of proliferation and osteogenic differentiation.

The existence of xenogeneic cell components left in the biomaterials has been suggested to
potentially elicit an “inflammatory response” [40]. Hence, it is necessary toninvestigate the
potential host immunoreaction to the AP material that we fabricated in this study prior to further
in vivo studies. The effect of Thl and Th2 lymphocytes in cell mediated immune response on

~
xenografts has been reported as the fact that activation of Th1 pathway produces IL-2, IFN-y and
TNF-B which will result in macrophage activation, while Th2 lymphocyte response produces I1L-4,
IL-5, IL-6 and IL-10 and these cytokines will not activate maerophages. The Thl pathway is
associated with both allogeneic and xenogeneic transplant rejsction, while the Th2 pathway is
related to transplant acceptance [41]. The above research findings provide a potent support to our
present study by stating that the SD rats implanted with FP presented a distinct increase in the
values of the serum IL-2 (especially at day 7.and 14) and IFN-y (especially before day 14), while
the values in the AP group and the-Bio-Gide group kept at a relatively low level, however, no
significant difference was found in terms of IL-4 between the three groups. AP did not elicit
immunological rejection yvia'the Thl/pathway as FP did. Keane et al. [42] evaluated the effect of
cell remnants withinthebiological scaffolds in vivo and discovered that the highest density of cell
infiltration of the.ineffective acellular group emerged at day 14, with swelling and seroma
formation which/was mot observed in the effective acellular group and the concentration of
macrophages reached to the peak at that time By day 28, the total numbers of infiltrating cells

decreased but the proportion of macrophages remained similar to that at day 14. Our results

are similar to those findings and we have further added three more time points of day 3, 7 and 56

22
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for more comprehensive study. It was found in the FP group that infiltration of various
inflammatory cells including the macrophages appeared earlier and was denser than those in the
AP and Bio-Gide group, and those inflammatory cells even did not obviously decrease within the
periosteum until 56 days post-surgery. Conversely, AP, which acted more like, the Bio-Gide,
presented a rather low-grade inflammation, which suggested that AP could not.elicit an obvious
immunogenic response. Besides, general observation of inserted AP and Bio-Gide was taken after
~
8 weeks when removed for histological analysis. AP was found to.preserve relatively intact
contour while Bio-Gide was barely noticeable at that time, which suggested that the degradation
time of AP was much longer than the Bio-Gide. Taken togetherall above results, it is confirmed
that AP possessed all properties of a favorable biological materi.al and it could be tested in further
in vivo osteogenesis experiments in future.

There were several limitations in the present study. Firstly, protein compositions in the AP
material, including the category, and the amount of collagen, fibronectin, laminin and a variety of
growth factors such as bone morphegenetic protein (BMP), vascular endothelial cell growth factor
(VEGF), platelet derived growth:factor (PDGF), etc. [41] were not systematically investigated in
comparison with the native periosteum. Further studies for identifying the components of the AP-
derived ECM are necessaty to investigate the osteogenesis mechanism using liquid
chromatography..combined with mass spectroscopy method [43]. Secondly, in vivo effect
detection of residual a-Gal was not included in the present study. As rats also wear a-Gal epitopes
on all somatic cells and thus do not produce anti-a-Gal antibodies, further preclinical tests are

considered by using models of a-Gal gene knockout rats or other experimental non-human

primates. Thirdly, numerous studies have determined the macrophage polarization (M1/M2)
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while evaluating the inflammatory reactions of the subcutaneous implantation [42-44], which was

not involved in the present study. More indexes are needed to be detected to uncover the possible
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mechanism in the transplant procedures of xenogeneic ECM. Although there are limitations, this
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study represents a systematic effort to determine the great application potentialsiof sheep AP in
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bone tissue engineering in terms of its biocompatibility.
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5. Conclusion
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The present study was the first to systematically investigate the biological performances of
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sheep AP in vitro and in vivo. The cellular compositions of AP, were effeetively removed. The AP
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material has different promoting effects on the adhesion, proliferation and osteogenesis
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differentiation of mouse MC3T3-E1 cells in vitro. No obvious immuno-inflammatory response
@
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occurred when AP was subcutaneously implanted into the/backs of SD rats. In summary, with
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wider sources, less costs, more convenient fabrication process, acellular xenogeneic periostea
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would have great potential in the clinical application of GBR.
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