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Abstract

Bone grafting is the second most common tissue transplantation procedure worldwide. One of the
alternative methods for bone repair under investigation is a tissue-engineered bone substitute. An
ideal property of tissue-engineered bone substitutes is osteoinductivity, defined as the ability to
stimulate primitive cells to differentiate into a bone-forming lineage. In the current study, we use a
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decellularization and oxidation protocol to produce a porcine bone scaffold and examine whether
it possesses osteoinductive potential and can be used to create a tissue-engineered bone
microenvironment. The decellularization protocol was patented by our lab and consists of
chemical decellularization and oxidation steps using combinations of deionized water, trypsin,
antimicrobials, peracetic acid (PAA), and triton-X100. To test if the bone scaffold was a viable
host, pre-osteoblasts were seeded and analyzed for markers of osteogenic differentiation. The
osteoinductive potential was observed /in vitro with similar osteogenic markers being expressed in
pre-osteoblasts seeded on the scaffolds and demineralized bone matrix. To assess these properties
in vivo, scaffolds with and without pre-osteoblasts pre-seeded were subcutaneously implanted in
mice for four weeks. MicroCT scanning revealed 1.6-fold increased bone volume to total volume
ratio and 1.4-fold increase in trabecular thickness in scaffolds after implantation. The histological
analysis demonstrates new bone formation and blood vessel formation with pentachrome staining
demonstrating osteogenesis and angiogenesis, respectively, within the scaffold. Furthermore,
CD31+ staining confirmed the endothelial lining of the blood vessels. These results demonstrate
that porcine bone maintains its osteoinductive properties after the application of a patented
decellularization and oxidation protocol developed in our laboratory. Future work must be
performed to definitively prove osteogenesis of human mesenchymal stem cells, biocompatibility
in large animal models, and osteoinduction/osseointegration in a relevant clinical model /n vivo.
The ability to create a functional bone microenvironment using decellularized xenografts will
impact regenerative medicine, orthopaedic reconstruction, and could be used in the research of
multiple diseases.

Keywords
bone scaffold; tissue engineering; osteoinductivity; bone microenvironment; angiogenesis

2. Introduction

Regeneration and healing of critical bone defects resulting from high energy trauma,
infection, necrosis, or tumor resection remain a major clinical challenge for orthopaedic
surgeons [Calori et al., 2011; Kolambkar et al., 2011; Fassbender et al., 2014; Oryan et al.,
2017]. The local biology in these defects is disrupted, rendering the self-regenerative healing
cascade insufficient, and thus, conventional reparative techniques lead to nonunions,
malunions, and osteomyelitis [Oryan et al., 2014; Oryan et al., 2017]. The gold standard
treatment for a traumatic bone defect is the use of autologous bone graft; however, due to the
associated morbidity and lack of adequate bone stock/donor sites, alternative grafts are
commonly used. Alternative bone grafts include allografts and tissue-engineered bone
substitutes [Calori et al., 2011; Roddy et al., 2018]. Allograft use risks disease transmission
and has limited availability from young, healthy donors [De Long et al., 2007; Campana et
al., 2014]. Consequently, there is increased interest in tissue-engineered bone substitutes
[Wanschitz et al., 2007; Pina et al., 2017; Shahi et al., 2018; laquinta et al., 2019].

The ideal tissue-engineered bone substitute will be osteoconductive, osteoinductive, and
osteogenic [Calori et al., 2011; Oryan et al., 2017]. Osteoconductivity is the ability for the
bone graft to allow osseous growth on the surface or within its pores [Khan et al., 2005].
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Osteogenic grafts retain living bone cells [Khan et al., 2005]. Osteoinductivity is the ability
to stimulate progenitor cells to differentiate into a bone-forming cell lineage [Albrektsson
and Johansson, 2001; Khan et al., 2005]. Tissue-engineered bone replacements can be
manufactured with customized structures for osteoconductivity and pre-seeded with
osteogenic cells to establish osteogenicity prior to implantation [Zimmermann and
Moghaddam, 2011]. Osteoinductivity, however, requires the construct to induce cell
differentiation and therefore is more difficult to recreate [Albrektsson and Johansson, 2001;
Fielding and Bose, 2013; Hsu et al., 2013; Oryan et al., 2017]. Xenograft derived tissue-
engineered constructs are one potential way to utilize the natural osteoinductive properties of
native bone. One ideal species for xenotransplantation is swine due to physiologic
compatibility with humans [Pierson et al., 2009; Wancket, 2015]. However; the presence of
the alpha-gal epitope in porcine tissue can induce a severe inflammatory response in human
hosts [Cooper et al., 2015; Vadori and Cozzi, 2015]. Our laboratory developed a
decellularization protocol that sterilizes porcine soft tissues and removes the porcine DNA,
including the alpha-gal epitope [Whitlock et al., 2007; Whitlock et al., 2012; Seyler et al.,
2017]. We have applied this process to porcine cancellous bones and demonstrated that the
construct was successfully decellularized and maintained native structural properties,
therefore preserving the construct’s osteoconductivity [Bracey et al., 2018; Bracey et al.,
2019]. This research project aimed to determine whether the osteoinductive potential of the
porcine-derived bone scaffold would be maintained following application of our patented
decellularization and oxidation technique in /n vitro and in vivo models.

3. Materials and Methods

Bone Scaffold Decellularization

Cell Culture

To generate the bone scaffolds, porcine tissues were processed by decellularization and
oxidation using methods previously described [Whitlock et al., 2012; Seyler et al., 2017;
Bracey et al., 2018; Bracey et al., 2019]. Porcine bones were obtained from City Packing
Company slaughterhouse (Burlington, NC, USA) as discarded tissue from female pigs (Sus
scrofa domesticus) aged between 3—4 years old. Briefly, the cancellous bone was harvested
from the distal metaphysis of porcine femurs and subjected to chemical decellularization and
oxidation using combinations of deionized water, trypsin, antimicrobials, peracetic acid
(PAA), and triton-X100. Scaffolds were lyophilized and frozen at —80°C until further use.
Scaffolds were cut to 1 cm diameter, and the thickness ranged between 0.2 to 0.5 cm. The
bone scaffolds were not decalcified at any point during this process.

C2C12 and MC3T3-E1 cell lines were chosen for indirect quantification of the bone
scaffold’s osteoinductive potential. C2C12 (CH3 genetic background, ATCC® CRL-1772™,
Rockville, MD) is a mouse myoblast cell line that differentiates into osteoblasts in the
presence of BMP-2 and is commonly used in osteoinduction studies [Katagiri et al., 1994;
Han et al., 2003; Yang et al., 2011; Shi et al., 2012; Ansari et al., 2013]. C2C12 cells were
grown in DMEM media supplemented with 10% FBS. MC3T3-E1 cells (ATCC®
CRL-2593™, Rockville, MD) were chosen as a second cell line to confirm the bone
scaffold’s osteoinductive potential. These cells are an osteoblast precursor derived from
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C57BL/6 mice and have previously been used to study osteoinductive potential as well
[Shuang et al., 2016; Araujo-Gomes et al., 2018]. MC3T3-E1 cells were grown in aMEM
media supplemented with 10% FBS and sodium pyruvate. The percentage of C2C12 and
MC3T3-EL1 cells attached to the bone scaffolds after 3 hours were 50% and 30%,
respectively. In our subsequent characterization experiments, cells were given at least 24
hours to attach prior to any manipulation or media change.

Osteogenic Differentiation of C2C12 Cells

Bone scaffolds or commercial grade cancellous demineralized bone matrix (DBM,
Musculoskeletal Transplant Foundation, Edison NJ) sheets (n=49 per group) were seeded
with 1x108 C2C12 cells suspended in 100 pl cell culture media. DBM is commonly used in
clinical applications because of its reported osteoconductive and osteoinductive potential.
Constructs were moved into large Petri dishes, covered with DMEM + 10% FBS media, and
returned to the incubator. As a negative control, cells were also seeded onto gelfoam sponges
(Cardinal Health) which are assumed to have no or very limited biologic activity.

Constructs were incubated for 24 hours to allow cells to attach to the matrix. Sub-samples
from each group (n=7) were taken for analysis while the remaining were separated for
continued incubation in 2 different media: 1) “Osteogenic Media (OM)” [Shui et al., 2013;
Sondag et al., 2013; Yu et al., 2013; Hupkes et al., 2014] consisting of DMEM with 10 mM
B-Glycerophosphate and 50 pg/mL ascorbic acid or 2) “BMP-2 Enriched Media” [Han et al.,
2003; Feichtinger et al., 2011; Yang et al., 2011; Ansari et al., 2013] consisting of the
osteogenic media supplemented with 100 ng/mL BMP-2 (recombinant human BMP-2, 355-
BM-050, R&D Systems) were added on Day 2. Media was replaced every three days. The
osteogenic media provided an environment supportive of osteogenic differentiation while the
BMP-2 enriched media served as a positive control to drive cells towards osteoblastic
lineage. Constructs (n=7) were harvested from each group at days 1, 3, 7, and 15 for analysis
of cell proliferation and osteogenic differentiation.

Cell Viability and Proliferation on Scaffolds

At each time point, constructs (n=2) from each group (n=7) were removed from their
respective dishes and individually rinsed with warm, sterile PBS. Constructs were then
transferred to chamber slides and incubated with the Live/Dead® Viability/Cytotoxicity Kit
(Molecular Probes, Eugene, OR) according to manufacturer’s instructions. Specimens were
immediately imaged on a fluorescence confocal microscope (Zeiss Axiovert 100 M) to
render cross-sectional 2D images as well as projected 3D images. Live cells are labeled with
the green calcein-AM fluorophore, and dead cells are labeled with the red ethidium
homodimer-1 fluorophore. Fluorescence was quantified using NIH Image J.

DNA content was quantified from separate constructs (n=3) in each group to estimate cell
number and proliferation. Samples were flash-frozen in liquid nitrogen, homogenized with a
sterilized tissue press, and lysed in 1 mL mammalian protein extraction reagent (M-PER®,
ThermoScientific, Waltham, MA). Samples were centrifuged 15 minutes at 13.2 kRPM, and
supernatants were collected for analysis. DNA content was measured with Quant-iT™
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PicoGreen® dsDNA Assay Kit (Thermo Scientific) according to the manufacturer’s
instructions.

Scanning Electron Microscopy and Scaffold Histology

Cell attachment, morphology, and surface distribution were characterized by electron
microscopy. Constructs that had been used for live/dead staining (n=2) were gently washed
with warmed sterile PBS and fixed in 2.5% SEM-grade glutaraldehyde for 3 hours. Fixed
constructs were rinsed in water for 30 minutes and dehydrated through ethanol (50%, 70%,
80%, 90%, 95%, and 100%) for 20 minutes each. Constructs were then transferred in 100%
ethanol to a CO, critical point dryer. Constructs were then mounted on aluminum stubs with
double-sided carbon tape and gold sputter-coated at 30 mTorr. Specimens were imaged on a
Hitachi S-2600 scanning electron microscope (SEM).

Constructs (n=2) from each group were removed from dishes, fixed in 10% formalin for 48
hours, decalcified with Immunocal® (Decal Chemical Cort, Tallman, NY) for 3-5 days,
processed and embedded in paraffin. Sections were mounted and stained with hematoxylin
and eosin (H&E) or 4’,6-diamidino-2-phenylindole (DAPI) mounting media (ProLong®
Gold Antifade Mountant, Thermo Scientific). Representative light micrographs were
captured with the Olympus VVS-110 Virtual Imaging System and fluorescent micrographs
with a Zeiss Axioplan2 system. DAPI fluorescence was quantified with NIH Image J.

Alkaline Phosphatase Enzyme Assay

The alkaline phosphatase (ALP) enzyme activity was measured from individual constructs,
that were also used for DNA analysis (n=3) using methods previously described [Liu et al.,
2008; Stiehler et al., 2010; Thibault et al., 2010; Arca et al., 2011; Marcos-Campos et al.,
2012; Kerr et al., 2013; Shi et al., 2013]. Phosphatase enzyme-substrate, p-nitrophenyl
phosphate (pNPP, Thermo Scientific), was prepared by dissolving the pNPP tablet in dH,0
buffered with diethanolamine (DEA, Thermo Scientific) and 0.5 mM MgCj,. 150 pl of the
supernatant dilution from each sample was added to 325 pl enzyme-substrate and incubated
in a 37°C water bath for 30 minutes. The reaction was halted by the addition of 25 pl 2M
NaOH. Each reaction was read in triplicate by loading 150 ul from each tube into 96 well
plates and measuring absorbance at 405 nm on a microplate reader (Spectra Max 340 PC).
p-Nitrophenol (p-NP) standards were prepared in dH,O to generate a standard curve and
derive p-NP produced from each substrate reaction. Each reaction was read in triplicate by
loading 150 pl from each tube into 96 well plates and measuring absorbance at 405 nmon a
microplate reader (Spectra Max 340 PC) [Arca et al., 2011; Hashimoto et al., 2011;
Kouroupis et al., 2013].

Alkaline Phosphatase Immunohistochemistry

Immunohistochemistry (IHC) was performed on the constructs that were fixed for
histological evaluation (n=2) with an anti-Placental ALP (Abcam ab16695, Cambridge,
United Kingdom) primary antibody that reacts with cell membrane-bound enzyme.
Secondary biotin-conjugated anti-rabbit antibody (BioGenex, Freemont, CA) was linked to
HRP (horseradish peroxidase) and developed with DAB (diaminobenzidine) substrate
(\ector, Burlingame, CA). Slides were counterstained with Mayer’s Hematoxylin.
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Differentiation of MC3T3-E1 cells

MC3T3-E1 cells (1x108) suspended in 250 pL of cell culture media were seeded and
incubated on scaffolds (n=18) for 1 hour before being submerged in 750 uL of a-MEM and
incubated at 37° C for 7 days. Control monolayers (n=9) of 1 x 106 cells plated on 10 pg/mL
collagen type I (Sigma) were also incubated at 37° C for 7 days in a-MEM. Cell culture
media was changed every 3 days.

Subcutaneous Implantation of Scaffolds

To demonstrate cell viability and osteoinductivity /in vivo, the scaffolds were either pre-
seeded (n=25) with MC3T3-E1 cells (1 x 106 suspended in 50 pL a.-MEM) or not pre-
seeded with any cells (n=15). These scaffolds were then subcutaneously implanted in the
right flank of 7-week-old C57BL/6 male mice (Jackson Labs, Bar Harbor ME) for four
weeks under a Wake Forest School of Medicine IACUC Protocol #A16-197 (one scaffold
per mouse). During implantation, mice were anesthetized with ketamine/xylazine and given
buprenorphine as postsurgical analgesia. Incision sites were closed with staples which were
removed one week postoperatively. Mice were maintained on standard chow in standard
housing. Upon experimental termination, mice were euthanized by carbon dioxide inhalation
followed by cervical dislocation.

Micro-computed Tomography (microCT)

All scaffolds underwent micro-computed-tomography (microCT) scanning (TriFoil Imaging
Triumph 11 PET/CT) before cell seeding and implantation. Upon explantation, constructs
were either snap-frozen in liquid nitrogen and ground to extract RNA (see below) or placed
in 10% formalin to undergo microCT scanning to assess new bone formation (n=12 pre-
seeded, n=7 unseeded). After 24 hours of fixation at 40C on a shaker, scaffolds were placed
in PBS. For scaffolds that underwent microCT scanning (pre and post-implantation),
scaffolds were removed from the PBS, placed in a polystyrene mold, and scanned on a
TriFoil Triumph Il microPET/CT with X-O CT system in the Wake Forest SOM
Translational Imaging Program Shared Resource. Images were obtained at 80 peak
kilovoltage and 140 pA, and 1024 projections were acquired over 360° rotation over 3.96
minutes. The field of view was 84.57 mm (1.4X magnification). CT scans were
reconstructed on the TriFoil Triumph X-O CT software version 5.2.0.0 using a back-
projection image with a matrix of 512 and a voxel spacing of 170 um. Three-dimensional
data were processed and rendered (isosurface/maximum intensity projections) with a voxel
size of 0.17 mm in each dimension and analyzed using the MicroView 3D Image Viewer and
Analysis Tool (Parallax Innovations, Ilderton, ON, Canada). A standardized region of
interest (ROI) was used to encompass the entire scaffold area and the Bone Analysis tool run
to obtain the Stereology bone parameters including bone volume/total volume ratio (BV/
TV), trabecular spacing (Th.Sp), bone surface/bone volume (BS/BV), and trabecular
thickness (Th.Th). Thresholds were set at 1200 based on the Isosurface Tool and the bone
and water ADU set based on values generated by scanning a phantom. New bone formation
was assessed through the change in BV/TV and Th.Th between pre and post-implantation
scans.
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Implanted Scaffold Histology and Immunohistochemistry

Fixed scaffolds that underwent microCT scanning were subsequently decalcified in 14%
neutral, saturated EDTA for 7-14 days. Samples were processed and embedded in paraffin.
Sections were stained with Russel-Movat Pentachrome (American MasterTech Scientific
Inc; St. Lodi, CA). Tartrate resistant acid phosphatase (TRAP) staining was performed as
previously described [McCabe et al., 2011]. IHC was performed using a primary antibody
against CD31 (Abcam ab28364) to identify angiogenesis. Slides were scanned using a
Hamamatsu NanoZoomer by the Virtual Microscopy Core.

gPCR Analysis

RNA was isolated from the scaffolds (n = 13 preseeded, n = 8 unseeded) by grinding in
liquid nitrogen followed by lysis in Qiazol Reagent (RNeasy Microarray Tissue Mini Kit,
QIAGEN, Hilden, Germany), and then RNA purified following the manufacturer
instructions. RNA from monolayers was also isolated following manufacturer instructions
using the RNeasy Mini Kit. cDNA was produced through reverse transcription using High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems) and then analyzed for gene
expression of different osteoblast markers using quantitative PCR. Target gene expression
was normalized to the [McCabe et al., 2011]housekeeping gene 18S ribosomal RNA
(rRNA). Primer sequences are available in Table 1. Relative gene expression was quantified
by using the 2-22Ct methodology originally described by Livak and Schmittgen [Livak and
Schmittgen, 2001].

Statistical Analysis

Multiple group comparisons were performed using two-way ANOVA with Tukey’s multiple
comparison tests for experiments comparing treatments and construct, one-way ANOVA
with Tukey’s post-test were used for experiments over time, t-tests were performed on
independent means when comparing two groups, and paired t-tests were used when
comparing paired groups using GraphPad Prism 7. Statistical significance was determined
when a-error<0.05.

4. Results

Scaffolds Support C2C12 Pre-Osteoblast Survival

Bone scaffolds were generated from the femur of female pigs and decellularized through a
patented process as described in prior publications [Seyler et al., 2017; Bracey et al., 2018;
Bracey et al., 2019]. The resulting scaffolds are free of DNA and the alpha-gal epitope but
retain the native bone structure. Scaffolds used in our experiments had an average porosity
of 75.8% (range: 58.7% - 90.3%) and an average scaffold surface are to total volume ratio of
3.1 mm-1 (range: 1.1 — 8.5). To assess whether the scaffold could support osteoblast growth,
C2C12 pre-osteoblasts were seeded on bone scaffolds, demineralized bone matrix, or gel
foam constructs. C2C12 pre-osteoblasts proliferated on scaffolds and deposited extracellular
matrix (ECM) components. Three-dimensional images of Live/Dead staining demonstrated
circumferential cell attachment evenly around the pores. In all constructs, the live (green)
signal increased during incubation (Figure 1). Dead (red) signal was high on day 1, likely
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due to early contact inhibition after seeding constructs at a high cell density. Additionally, all
constructs displayed autofluorescence in the red channel as shown in the Blank images
(Figure 1), which was subtracted from the red signal in the later graphs. For all constructs,
BMP-2 treatment resulted in the highest ratio of live/dead cells on day 15 (DBM: 1.2-fold;
gelfoam: 6.0-fold; scaffold: 6.2-fold) compared with day 1 (Figure 1). To assess proliferation
on the constructs, DNA content was measured on the three constructs over 15 days in the
presence or absence of 100 ng/mL BMP-2 treatment starting on day 2 to induce osteoblast
differentiation. DNA content on DBM was greater than scaffolds at every time point,
indicating higher cell density (Figure 2). BMP-2 treatment had no consistent effect on cell
proliferation. Cells seeded on the scaffold proliferated, as demonstrated by increased DNA
at each time point with a 6.5-fold increase between days 1 and 15. The differences were
significant between day 1 and 15 (p<0.01) and day 3 and 15 (p=0.01). Similarly, DNA mass
on DBM increased at each time point as well (Figure 2), while the gelfoam constructs
demonstrated increased DNA content at day 7 with a decrease at day 15. To confirm cell
numbers and adhesion to the constructs, C2C12 seeded DBM and decellularized bone
scaffolds were examined. DAPI and H&E staining (Figure 3) confirmed higher cell density
on DBM relative to scaffolds indicating that the increased cell proliferation is occurring in
cells attached to the constructs. DAPI fluorescence was 1.4-fold higher in the DBM
constructs compared with the scaffolds. Finally, scanning electron microscopy confirmed
C2C12 adhesion to and spreading on the constructs. Interestingly, similar densities of cell
distribution were noted on DBM samples and scaffolds at day 7 and 15 (Figure 4). ECM was
deposited uniformly at later time points, and BMP-2 did not change cell morphology,
density, or distribution on matrices. Thus, the decellularized bone scaffolds were equally
capable of supporting pre-osteoblast adhesion and survival underscoring the osteogenic
nature of the scaffolds.

Decellularized Bone Scaffolds Enhance Pre-Osteoblast Differentiation

To examine the osteoinductive capacity of the decellularized bone scaffolds, C2C12 pre-
osteoblast differentiation on the constructs was compared. C2C12 cells were seeded onto
either DBM, bone scaffolds, or Gelfoam and grown for up to fifteen days in the presence or
absence of BMP-2 starting on day 2. Molecular assays demonstrated that cells seeded on
decellularized bone scaffolds had greater ALP enzyme activity at day 7 (~5 and 7-fold) and
day 15 (~4 and 14-fold) (p<0.0001) compared to cells seeded on DBM or gelfoam
constructs, respectively (Figure 5). BMP-2 increased ALP activity significantly on scaffolds
(day 7: ~40fold (p<0.0001) and day 15: ~64-fold (p<0.0001)), suggesting an additive effect
on this matrix. ALP IHC staining increased at day 15 in C2C12 cells seeded on bone
scaffolds and supported the above cell-specific enzyme activity findings (Figure 6). ALP
staining demonstrates darker staining on the scaffolds compared with DBM in the presence
or absence of BMP-2. Thus, the bone scaffolds support osteoblast differentiation of C2C12
cells.

To confirm the osteoinductive potential of the decellularized bone scaffolds, MC3T3-EL1 pre-
osteoblast cells were grown on the scaffolds. Compared to cells grown in a monolayer on
collagen type I, MC3T3-E1 cells on the bone scaffolds expressed 2.5-fold higher RANKL
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(7nfsf11) and 2-fold higher BmpZ (Figure 7). Taken together, these results indicate that the
bone scaffold possesses osteoinductive potential /n vitro.

Implantation of Scaffolds in Syngeneic Mice Induces the Formation of a Bone
Microenvironment

Based on the osteogenic and osteoinductive capabilities of the decellularized bone scaffold,
we hypothesized that the seeded scaffold might be osteoconductive /7 vivo. MC3T3-EL1 pre-
osteoblasts were seeded on bone scaffolds and implanted subcutaneously in syngeneic mice.
Unseeded scaffolds were implanted as controls. Upon removal, scaffolds were examined for
changes in osteoblast differentiation gene expression. /n vivo expression of A/p/ (3.3-fold),
BmpZ2(10.3-fold), and Bmp7 (3.9-fold) increased within the pre-seeded scaffolds relative to
the unseeded scaffolds (Figure 8). RANKL ( 7nsfs11) gene expression was equal between
groups (data not shown). To assess changes in the bone structure and measure possible bone
formation, microCT analysis was performed on seeded (n=9) and un-seeded (n=4) scaffolds
(Figure 9). Representative microCT images of unseeded and pre-seeded scaffolds
preimplantation and post-explantation are shown in Figure 9. Evaluation of new bone
formation was performed by comparing the pre-implantation microCT scan to the post-
explantation microCT scan. The average change in bone volume to total volume ratio
(BVITV) and trabecular thickness (Th.Th) were then compared between the pre-seeded and
unseeded groups. Increase in Th.Th was seen in the pre-seeded scaffolds (p=0.04); however,
no significant difference was identified in BV/TV ratio (p=0.08). Paired t-tests showed
significantly increased BV/TV (1.6-fold, p=0.0013) and Th.Th (1.4-fold, p=0.0002) after
explantation when both groups are combined (n=13) indicating new bone formation,
regardless of cell seeding prior to implantation (Figure 9). After removal, scaffolds were
sectioned and analyzed for osteogenesis and angiogenesis. Pentachrome staining of the
scaffolds displayed new bone formation within the pores of the scaffold in both groups
(Figure 10A and 10C). To assess whether osteoclasts could be recruited to the scaffolds,
staining for tartrate-resistant acid phosphatase (TRAP) was performed. Small TRAP-positive
cells were seen within the pores and rare cells along the bone surface (Figure 10B and 10D).
These cells likely represent osteoclast progenitor cells, although no mature osteoclasts were
seen within the four-week time frame. Of note, pentachrome staining revealed apparent
vascular-like structures (Figure 11A and 11C) within the scaffold. IHC analysis
demonstrated positive CD31 staining of endothelial cells organized around a lumen and
indicating angiogenesis within the decellularized bone scaffold (Figure 11B and 11D). These
results demonstrated that the scaffold maintains osteoinductive potential following
decellularization, due to its ability to recruit and stimulate cells down a bone-forming
lineage /n vivo. Further, implantation of the scaffold in a syngeneic host, even without pre-
osteoblast seeding, can generate a bone microenvironment.

5. Discussion/Conclusion

Previously, our laboratory established a decellularization and oxidation technique using PAA
that removes 98% of DNA when applied to porcine bone [Bracey et al., 2018; Bracey et al.,
2019]. In this study, we demonstrate that this protocol preserves the native bone’s
osteoinductive potential in a decellularized scaffold. The decellularized bone scaffold
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supported pre-osteoblast survival and differentiation comparable to DBM, a commercial
product currently in clinical use with proven osteoinductive potential. Further, the bone
scaffold supported the development of a bone microenvironment, including osteogenesis and
angiogenesis. Furthermore, our scaffolds demonstrated an average porosity of about 75%,
which is in line with the average porosity of natural cancellous bone (75-90%), and ideal for
bone regeneration [Polo-Corrales et al., 2014; Chocholata et al., 2019]. Thus, the
decellularized bone scaffold is osteoconductive and osteoinductive.

Control of osteogenesis /n vitroand in vivois integral to regenerative medicine applications
in orthopaedic research. BMP-2 is one of the strongest stimulants of osteogenic
differentiation in the pre-osteoblast cell lines used in our experiments [Katagiri et al., 1994;
Han et al., 2003; Bormann et al., 2010; Miron et al., 2013; Qadir et al., 2015; Fu et al., 2017;
Heo et al., 2018]. Concentrations as low as 100 ng/mL and 50 ng/mL were sufficient to
promote osteogenic differentiation with increased ALP activity in MC3T3-E1 [Fu et al.,
2017] and C2C12 [Han et al., 2003], respectively. However, few reports studied osteogenic
differentiation of cells seeded onto xenograft-derived bone scaffolds [Arca et al., 2011,
Hashimoto et al., 2011; Marcos-Campos et al., 2012; Kouroupis et al., 2013; Lu et al.,
2013]. Hashimoto et al. demonstrated porcine hydroxyapatite contains osteoinductive
properties and that these properties are maintained after processing [Hashimoto et al., 2011].
Similarly, Smith et al. found the osteoinductive properties were maintained in allografts
following a decellularization and washing procedure [Smith et al., 2015]. However,
Bormann et al. used a similar decellularization and oxidation protocol to ours with the
addition of PAA on allografts and found the osteoinductive potential was not maintained
[Bormann et al., 2010]. In the present study, we applied a decellularization and oxidation
technique using PAA that removed 98% of the porcine DNA from the bone scaffolds
[Bracey et al., 2018; Bracey et al., 2019]. Contrary to the findings by Borman et al. with
human bone, our results demonstrate that the xenograft does indeed maintain osteoinductive
potential after processing. C2C12 and MC3T3-E1 cells attached to the scaffold matrix,
proliferated, and underwent osteogenic differentiation during the incubation period. The
discrepancy between these studies outlines the variability between decellularization
techniques as well as donor species. Bormann et al. reported that the donors ranged in both
age (13-67 years) and gender, and ultimately concluded this could be a source of variability
between the human-derived samples. These discrepancies may affect osteoinductive
potential [Smith et al., 2017] and outline the importance of controlling environmental factors
that may influence the quality of the donor bone, which is possible with the use of a
xenograft.

Our /n vivo microCT results demonstrated that there was equal osteogenesis identified in the
pre-seeded and unseeded scaffolds. This finding suggests that the scaffold alone recruits the
necessary cells for osteogenesis. Combining the microCT analysis and histologic assessment
of the porcine bone scaffold /in vivo demonstrated spontaneous new bone formation and
angiogenesis. The identification of angiogenesis represents a critical finding due to the lack
of vascularization being one of the major limitations associated with the use of tissue-
engineered constructs during early bone regeneration [Muschler et al., 2004; Giannoni et al.,
2010; Saran et al., 2014].
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To create a humanized bone microenvironment, Hesami et al. utilized electrospun
polycaprolactone scaffolds coated with calcium phosphate and seeded with human
osteoblasts in the presence of BMP-7 [Hesami et al., 2014]. After 12 weeks, scaffolds
contained hematopoietic and adipose cells resembling marrow. In a separate study, the
electrospun scaffolds were coated in PRP and BMP-7 prior to implantation in a critical
defect model for 12 weeks and were also able to form bone [Berner et al., 2012]. Another
study of BMP-7 coated beta-tricalcium phosphate demonstrated new bone formation,
differentiated osteoclast recruitment, and angiogenesis; however, it required twelve months
of implantation in a critical defect within an existing bone [Reichert et al., 2012]. Our
scaffold demonstrates the recruitment of osteogenic cells and extended implantation would
be required to determine whether a more functional marrow similar to that described by the
two groups would develop. BMP-2 coating of lyophilized type | collagen scaffolds also
induced angiogenesis and osteogenesis in a critical defect model through a paracrine model
in which osteoblasts secreted factors stimulating endothelial cell migration [Pearson et al.,
2019]. In this model bone formation and angiogenesis was seen at 3 weeks in the bone
defect, similar to our findings at 4 weeks of subcutaneous growth. Thus, BMP-2 secretion by
osteoblasts may account for the angiogenesis into the subcutaneously implanted bone
scaffold. In our model, we did not add exogenous BMP-7 or BMP-2 to the implanted
scaffolds but we do demonstrate that the osteoblast cells culture on the bone scaffold express
endogenous BMP-7 and BMP-2 which may drive osteoblast differentiation and bone
formation.

BMP-7 or BMP-2 in combination with vascular endothelial growth factor increases
angiogenesis in various constructs designed to function as bone grafts [Liu et al., 2014;
Sharma et al., 2018]. Although we did not directly examine vascular endothelial growth
factor secretion by MC3T3-E1 cells seeded on scaffolds, prior studies have demonstrated
that multiple growth factors and mechanical stress induce vascular endothelial cell secretion
by MC3T3-E1 [Tokuda et al., 2008; Nakai et al., 2009; Tokuda et al., 2011]. Interestingly, a
BMP-2/7 heterodimer induces bone formation at a great rate than either isoform alone and is
also able to induce osteoclastogenesis [Zhu et al., 2004; Sun et al., 2012; Zheng et al., 2012].
Thus, the expression of both BMPs by the preosteoblasts on the bone scaffold in our study
may lead to the recruitment of both endothelial cells and TRAP-positive osteoclast
progenitors.

The presence of angiogenesis signifies graft-host integration by the induction of
inflammatory cytokines as part of the normal healing process [Stegen et al., 2015]. The
recruitment of inflammatory cytokines promotes chondrogenesis, formation of hypertrophic
cartilage, and then replacement by bone [Grosso et al., 2017]. It is reasonable to conclude
that the presence of angiogenesis allowed for new bone formation due to the known
importance angiogenesis has in bone repair and regeneration [Saran et al., 2014; Stegen et
al., 2015]. Accordingly, Hirata et al. found that a BMP-2 soaked absorbable collagen sponge
implanted in humans led to new bone formation lined by endothelial cells [Hirata et al.,
2017]. Furthermore, Bhumiratana et al. implanted a clinically approved decellularized
bovine trabecular bone seeded with adipose-derived stem cells into Yucatan minipig skull
defects and concluded that angiogenesis and new bone formation occurred in parallel
[Bhumiratana et al., 2016]. Thus, our decellularized bone scaffold represents a potential
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tissue-engineered bone microenvironment capable of both angiogenesis and osteogenesis.
The angiogenesis demonstrated in these experiments may be due to the complex
inflammatory response between the decellularized scaffold and M1 and M2 macrophages,
and IL-4. This has been previously demonstrated within decellularized bone scaffold
implants [Zheng et al., 2018], but is beyond the scope of this investigation.

There are limitations to our study. First, clinical translation of /7 vitro and animal
experiments is limited. However, we believe these experiments are a necessary step to
determine the properties of this bone scaffold after undergoing the decellularization and
oxidation procedure. Second, our /n vivo experiments involve an ectopic subcutaneous
implantation model, rather than an orthotopic bone void filling model. However, the purpose
of these experiments was solely to determine the osteoinductive potential of this scaffold in
an /n vitroand in vivo environment. Thus, we used subcutaneous implantation as it is a
common method for assessing intrinsic vascularization in mice [Chan et al., 2016; Chen et
al., 2018; Wang et al., 2019], and has been used in our lab previously. It allows an easily
accessible implant for explantation and allows a minimally invasive surgical procedure.
Finally, a major limitation is using murine rather than human cell lines for these
experiments, which limits immediate clinical translation. These cell lines, however, have
been validated for the study of biomaterial osteoinductive potential previously [Qadir et al.,
2015; Kanayama et al., 2017]. Despite these limitations, the decellularized porcine bone
scaffold can be used in future experiments to assess its clinical and therapeutic utility.

Overall, our data demonstrate that a decellularization and oxidation technique applied to
porcine metaphyseal bone preserves the osteoinductive potential of the bone. Previous
literature identified that these properties are the most difficult to artificially create in tissue-
engineered scaffolds and to maintain when processing bone scaffolds, therefore outlining the
potential clinical impact of this construct. Future studies involving this xenograft will focus
on placing the construct within a bone defect, identifying osseointegration, and comparing it
to current standard treatments. These experiments will look at the effect of supplementing
the scaffold with human mesenchymal stem cells as a step towards clinical translation.
Furthermore, an /n vivo analysis of inflammatory markers to confirm that the bone scaffold
has no increased reactivity when compared to currently used clinical implants for large bone
defects should be performed. Further research will determine whether this decellularized
bone scaffold capable of osteoinductivity and osteogenesis is fully osteoconductive and able
to function as a substitute bone microenvironment.
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Figure 1. C2C12 cells are viable on the decellularized bone scaffold.
Demineralized Bone Matrix (DBM), scaffold, and gelfoam matrices were seeded with 1

million C2C12 pre-osteablast cells, incubated for 1, 3, 7, or 15 days. On day 1, matrices
were switched into osteogenic media (OM) enriched with 100 ng/mL BMP-2.
Representative micrographs show green fluorophore (calcein AM) staining of live cells and
red fluorophore (ethidium) staining of dead cells. Constructs had notable autofluorescence
with ethidium staining as shown in the “blank” images. Cross-sectional images were
captured at 10X magnification and overlaid to create the shown 3D projections. Cell density
increased with time on all three matrices, consistent with DNA quantification results.
Fluorescence in each channel was quantified and represented as fold change in fluorescence
intensity from Day 1 £ SD.
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Figure 2. C2C12 cells praliferate slowly on the decellularized bone constructs.
DBM (red bars), bone scaffold (blue bars), or gelfoam (green bars) constructs were treated

with control media, osteogenic media (OM), or OM with 100 ng/mL BMP-2 starting on day
2. Constructs were harvested at days 1, 3, 7, and 15, DNA content was measured with the
PicoGreen® assay, and represented as mean DNA mass = SD. * represents p<0.05, **
represents <0.01, and *** represents p<0.001 by two-way ANOVA for construct and
treatment and one-way ANOVA for time within each construct and treatment. Comparisons
are annotated as below:

(a) scaffold vs DBM; (b) scaffold vs gelfoam; (c) DBM vs gelfoam

(d) DBM OM vs OM + BMP-2; (e) scaffold OM vs OM + BMP-2 (f) gelfoam OM vs OM +
BMP-2;

(g) DBM day 1 vs 3; (h) scaffold day 1 vs 3; (i) gelfoam day 1 vs 3;

(i) DBM day 1 vs 7; (k) scaffold day 1 vs 7; () gelfoam day 1 vs 7;

(m) DBM day 1 vs 15; (n) scaffold day 1 vs 15; (0) gelfoam day 1 vs 15;

(p) DBM day 3 vs 7; (q) scaffold day 3 vs 7; (r) gelfoam day 3 vs 7

(s) DBM day 3 vs 15; (t) scaffold day 3 vs 15; (u) gelfoam day 3 vs 15

(v) DBM day 7 vs 15; (w) scaffold day 7 vs 15; (x) gelfoam day 7 vs 15
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Figure 3. C2C12 cell density isincreased on DBM compared with scaffolds.
C2C12 cells were seeded on DBM (left panels) or decellularized bone scaffold (right

panels). Seeded scaffolds were sectioned and stained for DAPI (top panels) or H&E (bottom
panels). Representative images are shown taken at 10X.
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Figure 4. C2C12 attachment and spreading is equivalent on bone scaffolds and DBM
C2C12-seeded DBM and hone scaffolds were analyzed by scanning electron microscopy at

days 1, 7, or 15 and compared to unseeded scaffolds. Comparison with 100 ng/mL BMP-2
treated scaffolds are shown. Representative images at 30X (scale bar represents 1 mm),
100X (scale bar represents 500 um), and 1000X (scale bar represents 50 um) are shown.
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Figure 5. Scaffoldsinduce AL P activity in C2C12 cells.
C2C12-seeded constructs: DBM (red bars), bone scaffolds (blue bars), or Gelfoam (green

bars), were incubated in osteogenic media (A) or in the presence of 100 ng/mL BMP-2 (B)
with treatments starting on day 2 and analyzed for enzymatic ALP activity represented as
mean total p-nitrophenyl phosphate (pNPP) content = SD. * represents p<0.05, ** represents
<0.01, and *** represents p<0.001 by two-way ANOVA for construct and treatment and
one-way ANOVA for time within each construct and treatment. Comparisons are annotated
as described below:
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(@) scaffold vs DBM; (b) scaffold vs gelfoam; (c) DBM vs gelfoam

(d) DBM OM vs OM + BMP-2; (€) scaffold OM vs OM + BMP-2 (f) gelfoam OM vs OM +
BMP-2;

(g) DBM day 1 vs 3; (h) scaffold day 1 vs 3; (i) gelfoam day 1 vs 3;

() DBM day 1 vs 7; (k) scaffold day 1 vs 7; (I) gelfoam day 1 vs 7;

(m) DBM day 1 vs 15; (n) scaffold day 1 vs 15; (0) gelfoam day 1 vs 15;

(p) DBM day 3 vs 7; (q) scaffold day 3 vs 7; (r) gelfoam day 3 vs 7

(s) DBM day 3 vs 15; (t) scaffold day 3 vs 15; (u) gelfoam day 3 vs 15

(v) DBM day 7 vs 15; (w) scaffold day 7 vs 15; (x) gelfoam day 7 vs 15
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Figure 6. ALP expression increases over timein both DBM and scaffolds.
DBM (top panels) or decellularized bone (bottom panels) scaffolds were sectioned

unseeded, after 1-day culture of C2C12 cells or after 15 days in OM or OM with 100 ng/mL
BMP-2. Sections were stained for ALP expression by immunohistochemistry, and
representative images are shown at 10X, 20X, and 40X. Images were taken at different
locations and did not represent subsets of each other.
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Figure 7. Scaffoldsinduce M C3T 3-E1 osteogenic differentiation.
MC3T3-E1 cells were seeded on 10 pg/mL collagen | (black bars) or decellularized bone

scaffolds (blue bars) for one week. Gene expression of BmpZ2 (A) and RANKL ( 7nsfs11)
(B) were measured and represented as mean fold change normalized to 785+ SD. *
represents p<0.05 by t-test.
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Figure 8. Implantation of scaffoldsin vivo induces osteogenic gene expression.
Bone scaffolds were seeded with MC3T3-E1 pre-osteoblast cells (light blue bars) or left

unseeded (dark blue bars) and implanted subcutaneously in syngeneic mice. After four
weeks scaffolds were removed, processed, and analyzed for gene expression of ALP (A/p/)
(A), Bmp2(B), and Bmp7 (C) represented as mean fold change normalized to 785+ SD. *
represents p<0.05 by t-test.
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Figure 9. New bone formation occursin implanted bone constructs.
Bone scaffold structure was analyzed by microCT (pre-implantation) and then implanted

subcutaneously in mice either unseeded (open squares) or pre-seeded with MC3T3-E1 pre-
osteoblast cells (closed circles). Representative microCT 3D projections of the bone
scaffolds prior to implantation (left) and after explantation (right) from unseeded (top row)
and seeded (bottom row), grossly demonstrating an appearance of bone formation are shown
in A. Implants were removed after four weeks and scanned again by microCT (post-
explantation). Bone volume ratio (BV/TV, B) and trabecular thickness (Th.Th, C) were
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calculated, and the change between individual scaffolds is shown. Fold change in BV/TV
(D) and Th.Th (E) are shown for unseeded (light blue bars) and preseeded (dark blue bars)
as mean + SD. * represents p<0.05 by paired t-test.
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Figure 10. Implantation of bone scaffolds induces a functional bone microenvironment.
MC3T3-E1 seeded and unseeded scaffolds were removed from mice after four weeks and

processed for histology. Sections were stained with Movat’s pentachrome (A and C) to
visualize the extracellular matrix deposition in the scaffolds. Arrows show the area of new
bone formation in scaffold which stains green in representative photos captured at 10X. (B
and D) Sections were also stained for osteoclasts using TRAP enzyme activity. Arrows point
to purple staining demonstrating small TRAP-positive cells in the pores and along the bone
surface in representative photos taken at 20X.
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Figure 11. Angiogenesis occursin the implanted bone scaffolds
MC3T3-E1 seeded and unseeded scaffolds were removed from mice after four weeks and

processed for immunohistochemistry (IHC) for the endothelial marker CD31. In the
representative micrographs at 20X, Movat’s pentachrome (A and C) demonstrate small
vessels indicated with arrows, and corresponding IHC for CD31 confirms that these are
endothelial cells (B and D).
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Table 1.

Primer

Sequence

Alkaline Phosphatase (forward)

GGCAGCGTCAGATGTTAATTG

Alkaline Phosphatase (rever se) ACTGCGCTCCTTAGGGCT
Bone Morphogenetic Protein-7 (forward) CTTGGAAAGATCAAACCGGA
Bone Morphogenetic Protein-7 (rever se) GGACAGCCACTTCCTCACTG
Bone Morphogenetic Protein-2 (forward) GAAGTTCCTCCACGGCTTCT
Bone M orphogenetic Protein-2 (rever se) AGATCTGTACCGCAGGCACT
Receptor activator of nuclear factor x B ligand (forward) AGGCTGGGCCAAGATCTCTA
Receptor activator of nuclear factor x B ligand (reverse) GTCTGTAGGTACGCTTCCCG

18s (forward)

GCGGTTCTATTTTGTTGGTTT

18s (reverse)

CTCCGACTTTCGTTCTTGATT
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