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ABSTRACT 

Introduction: In the United States, an estimated 5.2 million musculoskeletal surgeries 

are performed every year, and nearly half of these utilize bone grafts. The economic and 

clinical implications of bone grafting are enormous, and as a result, tissue-engineered 

bone graft substitutes have garnered considerable attention in recent years. We have 

developed a scaffold derived from porcine cancellous bone using a decellularization 

protocol previously developed in our laboratory. The goal of this work is to examine the 

healing potential of this porcine xenograft. We plan on carrying this out by assessing the 

osteoinductive capabilities of the xenograft. We hypothesize that the xenograft 

environment will induce enhanced osteogenic differentiation in vitro and in vivo. 

Furthermore we hypothesize that this decellularized porcine scaffold will be 

biocompatabile and have at least equivalent osseointegration when compared to 

demineralized bone matrix (DBM). 

 Research Problem: Does a porcine bone xenograft maintain its native osteoinductivity, 

osseointegrate, and become biocompatible after undergoing a patented decellularization 

and oxidation protocol? 

Methods: We performed in vitro studies evaluating osteogenic differentiation and cell 

viability on a porcine bone scaffold that had undergone our patented decullarization 

procedure. Following this we progressed to in vivo studies evaluating osteogenic 

differentiation assessed by qPCR and osteogenesis assessed by advanced radiographic 

imaging and histological evaluation. Finally in vivo experiments were performed in a 

critical defect model to identify osseointegration and biocompatibility in a small animal 

model.  These experiments were compared to DBM.  
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Conclusions: Our data suggest that porcine xenograft cancellous bone maintains its 

native osteoinductive properties after application of a patented decellularization and 

oxidation protocol. Furthermore, the xenograft is biocompatible and has superior 

osseointegration when compared to DBM, 

Future Directions: Further research is needed with this xenograft for continued 

translation. First this construct should be studied with the use of human mesenchymal 

stem cells. Second experiments should be done using an animal model with the alpha-gal 

circulating antibody. Finally, this construct should be applied to other pre-clinical 

models, such as spinal fusion and arthroplasty. 
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Abstract 

Background: One-half of all orthopedic surgeries require bone grafting for successful 

outcomes in fusions, reconstructive procedures, and the treatment of osseous defects 

resulting from trauma, tumor, infection, or congenital deformity. Autologous bone grafts 

are taken from the patient's own body and remain the “gold standard” graft choice but are 

limited in supply and impart significant patient morbidity. Xenograft bone is an attractive 

alternative from donors with controlled biology, in large supply and at a theoretically 

lower cost. Clinical results with xenograft bone for orthopedic applications have been 

mixed in the limited clinical trials published. 

Methods: In the current review, we introduce fundamental principles of bone grafting, 

systematically review all orthopedic clinical studies reporting outcomes on patients 

transplanted with xenograft bone, and we present our own clinical results from patients 

grafted with bovine bone in foot and ankle reconstructive procedures. 

Results: Thirty-one clinical studies were identified for review and the majority (47%) 

were from spine surgery literature. Favorable results were reported in 44% of studies 

while 47% of studies reported poor outcomes and discouraged use of xenograft bone 

products. In our own clinical series, xenograft failed to integrate with host bone in 58% 

of cases and persistent pain was reported in 83% of cases. 

Conclusions: This is the first systematic review of clinical results reported after bone 

xenotransplantation for orthopaedic surgery applications. Current literature does not 

support the use of xenograft bone products and our institution’s results are consistent 

with this conclusion. Our laboratory has reported promising pre-clinical results with a 
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xenograft product derived from porcine cancellous bone, but additional testing is required 

before considering clinical translation. 

Introduction to Bone Grafting Principles 

An estimated 5.2 million musculoskeletal surgeries are performed every year in 

the United States,
1
 and nearly half of these procedures utilize bone grafts.

2
 Bone is the 

second most frequently transplanted tissue, with only blood transfusions being more 

common.
3
 In 2005, the United States health care system spent over 1.2-2.5 billion US 

dollars on bone graft products,
4,5

 which are frequently used in procedures such as spine 

fusions, foot reconstruction, revision total joint arthroplasty and segmental bone defect 

grafting. Segmental bone defects may result from high-energy trauma with 

accompanying bone loss, tumor resection, fracture non-union, revision surgery, and 

infection.
2,6

 These large areas of bone loss cause significant patient morbidity and are 

difficult to manage as the body is incapable of regenerating such a large defect. 

Successful surgical management requires bone grafting, and as a result, the economic and 

clinical implications of this technique are substantial.  

Large defects in skeletal structures are commonly termed “critical defects,” 

defined as “the smallest osseous defect in a particular bone and species of animal that 

will not heal spontaneously during the lifetime of the animal.”
7-10

 Critical defect 

management requires bone augmentation/grafting to fill the void. The ideal bone graft is 

biocompatible, osteoconductive, osteoinductive, osteogenic, and readily available without 

risk of disease transmission.
2
 Osteoconduction

11
 refers to the graft’s ability to serve as a 

“scaffold” that facilitates ingrowth of adjacent host bone capillaries, perivascular tissue, 

osteoprogenitor cells, and this is dependent on the biomechanical support and micro-
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architecture provided by the graft.
12

 Osteoinduction refers to the graft’s ability to recruit 

host precursor cells to the graft site and stimulate cell differentiation into osteogenic 

lineage.
13

 This is dependent on the presence of viable growth factors from the insulin-like 

growth factor (IGF) family and transforming growth factor-β (TGF-β) family, which 

includes bone morphogenic proteins (BMPs).
6,13-15

 Osteogenic properties rely on the 

presence of living osteoprogenitor cells within the graft.  

Autograft bone is the “gold standard” because it possesses all ideal bone graft 

properties. Autografts are commonly taken from a patient’s pelvis where osteoconductive 

bone resides that possesses osteoinductive growth factors and osteogenic cells.
10

 

However, graft retrieval requires a separate surgical procedure with added risk. Persistent 

donor site pain is common one year after the procedure and often more severe than the 

index procedure itself.
8
 Autograft supply is limited in quantity and quality depending on 

patient age and health.  

Allograft is retrieved from a living or deceased human donor and imparts very 

little added morbidity to the patient.
16

 Allograft tissue banking grew rapidly in the 1980’s 

with tissue banks offering a variety of fresh frozen allografts for clinical use.
3
 Allografts 

are osteoconductive but have limited osteoinduction after sterilization processes 

inactivate surface proteins. Allografts have no osteogenic potential but still risk host 

rejection. Allograft use is limited by the risk of graft contamination during processing, 

donor disease transmission, the limited pool of healthy allograft donors and the high cost 

of tissue processing and banking.
17

 

Xenograft bone is available in large supply from healthy donors with controlled 

biology at lower cost.
18

 Xenograft-derived bone products have attracted considerable 
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attention in orthopaedics but their use has historically produced poor outcomes. Adverse 

host reactions to the xenograft have been described with failed integration and delayed 

graft rejection requiring revision surgery. To the authors’ knowledge, there is currently 

no commercial bone xenograft in routine use for orthopaedic applications.  

Xenograft Bone Science and Clinical Limitations  

Reports of xenotransplantation were documented as early as the 17
th

 century when 

animal blood was transfused into humans.
19

 The first bone xenotransplantation was 

reported in 1668 when bone from a canine skull was transplanted into a human patient in 

Russia.
20

 Bovine bone transplantation was reported in 1957 by Maatz and Bauermeister.
3
 

In 1964, a chimpanzee heart was transplanted into a patient with cardiogenic shock who 

ultimately died 90 minutes later.
20

 The first xenograft heart valve was used in 1965.
21

 In 

1984, a baboon heart was transplanted into a 12- day-old infant patient who survived 20 

days.
22

 The greatest clinical barrier to bone xenotransplantation has been the alpha-Gal 

epitope.
23-26

 The alpha-Gal epitope is expressed on millions on glycolipids and 

glycoproteins on the cell membranes of non-primate animals and new world monkeys. 

Humans and old-world monkeys do not express the alpha-Gal epitope but do produce a 

natural antibody against it. This antibody represents 1% of all circulating antibodies in 

humans.
27

 The interaction between the anti-alpha-Gal antibody and alpha-Gal epitopes on 

xenograft tissues leads to compliment activation, clotting and acute rejection of tissues 

with vascular beds. Without compliment activation, grafts are still rejected by 

mechanisms of antibody-dependent cell-mediated cytotoxicity, which is a slower process 

that can result in graft degradation and subsequent failure.
28
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To avoid alpha-Gal mediated host rejection, xenografts are decellularized to 

reduce epitope levels and create a scaffold of the biologic tissue. Decellularization 

protocols should aggressively remove donor tissue without compromising the graft’s 

structural properties important for osteoconduction or removing the osteoinductive 

growth factors embedded in the extracellular matrix.
11,29

 While a number of commercial 

xenograft-derived bone graft products have been approved for orthopaedic clinical use 

(table 1), inconsistent, and often unsatisfactory clinical results have limited their use.  

 

 

Table 1: Commercial xenograft bone products reported in orthopaedic peer reviewed literature.  

 

Systematic Review of Orthopaedic Bone Transplantation Clinical Literature 

A systematic review of the literature according to PRISMA (Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses) guidelines was performed to capture 

all studies reporting clinical outcomes after xenograft bone transplantation for 

orthopaedic surgery applications. All available PubMed/Medline indexed sources were 

searched using terms “xenograft bone” and/or “transplantation” and/or “bone 

xenotransplantation” and/or “bovine bone.” Inclusion criteria were original articles 

Product Vendor Species Graft Form Status 

CANCELLO-

PURE® 

Wright Medical Bovine Bone wedge Discontinued 

Kiel - 

Surgibone® 

Unilab Bovine Bone dowel, chips Recalled 

Tutoplast® Tutogen Medical Bovine Bone block, granules Merged with RTI Biologics, 

process adapted 

 to allograft tissue 

Tutobone® Tutogen Medical Bovine Bone chips, dowels, 

wedges 

Merged with RTI Biologics 

Lubboc® OST 

Developpement 

Bovine Cancellous bone, granules unknown 

BIO-GEN® BiOTECK® Equine Bone block, wedge, 

granules, paste 

unknown 
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reporting clinical results after bone xenotransplantation. Exclusion criteria included: 1) 

non-English language publications, 2) animal-model studies, 3) periodontal/dental 

studies, 4) review articles, 5) absence of clinical outcomes and 6) basic science and/or 

pre-clinical studies. All references from included studies were reviewed to ensure that 

additional relevant studies were captured. Thirty-eight studies were identified and after 

exclusion criteria were applied, 32 studies were included for review (table 2).  
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Table 2: Peer Reviewed, MEDLINE-indexed studies reporting orthopedic clinical results after bone 

xenotransplantation 

 

Study Design Surgery Performed Xenograft Product 

Number of 

Xenograft 

Patients Outcomes Assessed 

Hallen (1966)35 Clinical Trial Hip bone grafting Kiel bone - bovine  4 Histology for creeping 

substitution, inflammation, 

callus formation 

Taheri et al. 

(1972)40 

Retrospective 

case series 

ACDF Kiel Bone (Unilab, Inc., 

30 Church Street, New 

York, New York) - 

bovine 

200 Radiographic evidence of 

graft union, clinical 

outcome at <1yr to >2yrs 

Wilppula et al. 

(1972)58 

Retrospective 

cohort study 

Tibia fracture ORIF 

with bone graft 

Kiel bone - bovine  37 Radiographic evidence of 

fracture healing, graft 

incorporation, clinical 
recovery 

Ramani et al. 

(1975)38 

Case series ACDF Kiel bone - bovine  65 Radiographic assessment 

of fusion, spine alignment, 
clinical outcomes 

Goran et al. 

(1978)39 

Prospective 

cohort study 

ACDF Kiel bone - bovine  10 Radiographic assessment 

of fusion, spine alignment, 

clinical outcomes 

McMurray 

(1982)34 

Case series Spine fusion Kiel bone - bovine  4 Radiographic evidence of 

graft union, explant 

histology 

Siqueira et al. 
(1982)41 

Case series ACDF Kiel bone - bovine  221 Radiographic assessment 
of fusion, spine alignment, 

clinical outcomes 

Salama (1983)59 Case series Tibial plateau ORIF, 

fusions, 

reconstruction 

Kiel bone - bovine  98 Graft integration 

Mosdal et al. 
(1984)60 

Retrospective 
case series 

ACDF Kiel bone - bovine  614 Clinical outcomes 

Saveland et al. 

(1994)32 

Retrospective 

case series 

Occipito-cervical 

spinal fusion 

Surgibone® bovine bone 

chips  

9 Xray and CT evaluation of 

graft preservation, 

incorporation 12-15 
months post-operative 

Savolainen et al. 

(1994)42 

Retrospective 

cohort study, 6 
surgeons 

ACDF Bovine Unilab 

Surgibone® (Unilab Inc. 
USA) 

101 Radiographic evidence of 

fusion, alignment, clinical 
outcomes. Average 

followup 6 months 

Rawlinson 

(1994)31 

Prospective 

randomized 
study 

ACDF Bovine Unilab 

Surgibone® (Unilab Inc. 
USA) 

49 Radiographic evidence of 

union, fusion, graft 
migration, clinical 

outcomes, explanted bone 

pathology 

Sutter et al. 

(1995)61 

Retrospective 

case series 

ACDF Unilab Surgibone® 

(Mississanga, Canada) 

cancellous bovine dowel 

66 Radiographic evidence of 

union, graft incorporation 

at 1-4 years post-operative 

Seite et al. 
(1998)62 

Case report ACDF Kiel bone - bovine  1 Radiographic assessment 
of fusion 

Werber et al. 

(2000)63 

Prospective case 

series 

Distal radius open 

reduction, grafting 
with internal vs 

external fixation 

Bovine spongiosa 

hydroxyapatite ceramic 
blocks (Merck 

Darmstadt, Germany). 

14 Radiographic (XR, MRI) 

evidence of graft union and 
incorporation. Graft site 

biopsy at time of plate 

removal.  

Hartl et al. 

(2004)64 

Retrospective 

cohort study 

Bone tumor curettage 

and bone grafting  

Lubboc, bovine 

xenograft (Ost 

Developpement, 
Clermont-Ferrand, 

France) 

7 Radiographic evidence of 

graft union, integration out 

to 12 months post-
operative 

Christodoulou et 

al. (2004)65 

Retrospective 

case series 

ACDF Lubboc, bovine 

xenograft (Ost 
Developpement, 

Clermont-Ferrand, 

France) 

15 Radiographic assessment 

of fusion, spine alignment, 
clinical outcomes 

Charalambides 

et al. (2005)33 

Prospective case 

series 

Revision hip 

arthroplasty 

Surgibone (Unilab Inc., 

NJ) - bovine cancellous 

27 Radiographic evidence of 

bone graft incorporation, 

prosthetic component 
stability, clinical outcomes 
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Results Study Conclusion 

No evidence of graft healing at 8-15 months  Kiel bone cannot be recommended 

97% excellent or good radiographic outcomes, 88% excellent or 

good clinical outcomes. No failures attributable to xenograft 

Outcomes with Kiel bone equivalent to those with autograft but 

with less morbidity from graft harvest 

Kiel bone associated with loss of reduction. No rejection of graft 
noted 

Kiel bone connected with greater risk of impaired fracture 
reduction. Caution recommended in use 

86% had acceptable spine alignment, 2 cases required surgical 
explantation, 7 had post-operative complications. No x-rays 

demonstrated graft fusion at 5 years postop 

No disadvantage to use of xenograft given it avoids invasive 
autologous bone graft harvest 

All patients fused spine, no adverse events attributable to 

xenograft use. Xenograft preferred over autograft in osteoporotic 
patients to avoid complication and pain 

No significant difference between autograft and xenograft 

product 

Revision surgery required, biopsies showed Kiel bone graft was 

invaded by fibrous tissue without incorporation to adjacent host 

bone 

Kiel grafts does not seem justified in current orthopaedic 

practice. 

Fusion obtained in every patient receiving xenograft product. No 

complications attributable to xenograft use 

Xenograft is suitable for cervical spine fusion use 

Excellent results with bone grafting. Mostly satisfactory results 
for pseudoarthrosis treatment 

Deproteinized xenograft impregnated with autologous marrow 
serves as a viable bone bank implant 

Xenograft complication seen in 2% of 958 interbody fusions ACDF is a reliable surgery  

Graft resorption in 1 patient, 1 patient revised, 8 with preserved 

graft morphology 

Use of bovine chips in posterior occipito-cervical fusion is 

unpredictable 

Fusion rate 98% both groups, insignificantly increased angular 
deformity with xenograft (50%) vs autograft (43%) 

Recommend bovine xenograft for cervical fusion  

Significantly greater rates of bony fusion in autologous bone 
group, increased rates of persistent neck pain in xenograft group. 

3 xenografts required explant. Histology showed failed 

integration, inflammatory reaction 

Surgibone is not an adequate substitute for autograft in ACDF 
due to high nonunion rate, new onset mechanical neck pain, and 

adverse host reaction 

Equivalent clinical outcomes with xenograft, good construct 

stability, limited evidence of union or remodeling of the graft 

Inconclusive, cannot support use of xenograft, future study 

required 

Nonunion Recommend against xenograft use. Autograft remains ideal bone 
graft choice 

Fibrovascular ingrowth and osteointegration in 13/14 patients Bovine HA is an acceptable alternative to autograft that is well 

tolerated and incorporated into host. 

Integration of allograft significantly faster than xenograft Allograft bone preferred to xenograft 

Fusion within 6 months in 100% patients Xenograft combined with human allograft is an acceptable 
alternative to autograft 

3 had no graft incorporation, 3 had graft rejection, 1 deep 
infection, 6 revised for graft loosening 

Use of Surgibone xenograft in revision hip surgery, even in 
combination with autograft, resulted in failure and the need for 

re-revision in at least one quarter of the cases studied 
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Study Design 

Surgery 

Performed Xenograft Product 

Number 

of 

Xenograft 

Patients Outcomes Assessed 

Schultheiss 

et al. 
(2005)37 

Prospective cohort 

study 

MIS spine fusion Tutoplast bovine 

cancellous bone 
blocks (Tutogen, 

Erlangen, Germany) 

11 Radiographic evidence of 

fusion based on 12-month 
followup with CT imaging, 

explant histology 

Xie et al. 
(2006)66 

Case report ACDF Bovine xenograft, 
generic 

1 Radiographic evidence of 
graft union, clinical 

outcome, pathology of 

explant 

Stone et al. 
(2007)43 

Clinical Trial ACL 
reconstruction 

with porcine BTB 

grafts 

Porcine BTB grafts 
treated with 

proprietary protocol 

including alpha-
Galactosidase  

10 Clinical results, graft 
stability, human anti-alpha-

Gal antibody response, in 

vivo graft biopsy 

Meyer et al. 

(2008)67 

Retrospective 

cohort study 

High tibial 

osteotomy, 
revision hip 

arthroplasty 

Tutobone® (Tutogen 

Medical GmbH, 
Neunkirchen a. 

Brand, Germany) - 

bovine 

9 Radiographic evidence of 

graft union, biopsy 
histology, clinical outcomes 

Rosito et a. 
(2008)68 

Prospective cohort 
study 

Revision hip 
arthroplasty 

Bovine bone 
obtained from 

 ra ilian cattle 

processed at the 
Tissue  ank 

(Hospital de Cl nicas 
de Porto Alegre - 

TBHCPA) 

25 Radiographic evidence of 
graft incorporation, 

acetabular component 

position, migration, graft 
histology 

Bansal et al. 

(2009)69 

Prospective case 

series, single 
surgeon 

Tibial fracture 

ORIF with bone 
graft 

Tutoplast Bovine 

cancellous 
xenogenous bone 

granules  

19 Radiographic evidence of 

fracture union, graft 
incorporation at 1.5, 3, 6, 12 

months 

Elliot et al. 
(2011)70 

Retrospective case 
series 

Clavicle 
reconstruction 

Tutobone (Tutogen 
Medical Inc., 

Alachua, Florida, 

USA) - bovine 

2 Radiographic evidence of 
graft union, clinical 

outcome, 3 months 

Patil et al. 
(2011)36 

Retrospective 
cohort study 

Subtalar ankle 
fusion  

Tutobone® Block 
(Tutogen Medical 

GmbH, RTI 

Biologics, 
Neunkirchen am 

Brand, Germany) - 

bovine 

9 Radiographic evidence of 
graft union, incorporation 

using XR and CT. AOFAS 

scores. Explant histology.  

Shibuya et 

al. (2012)71 

Retrospective case 

series 

Foot 

reconstruction 

CANCELLO-PURE 

wedge (Wright 

Medical Technology, 
Inc, Arlington, TN) - 

bovine 

22 Radiographic evidence of 

graft incorporation at 12, 24, 

36, 48 weeks post-operative 

Makridis et 

al. (2012)72 

Prospective case 

series 

ICBG donor site 

filled with 
xenograft 

Tutobone®, 

(Tutogen Medical 
GmbH, Neunkirchen 

a. Brand, Germany) - 
bovine 

16 Radiographic evidence of 

bone graft incorporation, 
clinical outcomes 

Ledford et 

al. (2013)45 

Retrospective case 

series 

Foot 

reconstruction 

CANCELLO-PURE 

wedge (Wright 

Medical Technology, 
Inc, Arlington, TN) - 

bovine 

10 Radiographic evidence of 

union, graft incorporation at 

>6 months, explant 
pathology, n=3 surgeons 

Maffulli et 
al. (2013)73 

Prospective cohort 
study 

High tibial 
osteotomy 

Tutobone - bovine  52 Radiographic evidence of 
graft union and deformity 

correction at 3, 6, 12, 24 

months 

Shibuya et 
al. (2014)30 

Retrospective 
cohort study 

Foot 
reconstruction 

CANCELLO-PURE 
wedge (Wright 

Medical Technology, 

Inc, Arlington, TN) - 
bovine 

61 XR evaluation of graft 
incorporation at 12, 24, 36, 

48 weeks post-operative 
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Prakash et 

al. (2017)74 

Retrospective 

cohort study 

ACDF Tutobone (Tutogen 

Medical Inc., 
Alachua, Florida, 

USA) - bovine 

95 Radiographic assessment of 

fusion at 3, 12 months 

 

Results Study Conclusion 

Autograft 8/11 osseointegration, 3/11 partial, no failures. 

Xenograft 2/11 complete osseointegrtion, 3/11 partial integration, 
4/11 no integration, 1/11 complete graft failure requiring revision 

surgery.  

Use of bovine cancellous blocks is not considered reliable with 

high nonunion rates in the spine. Use of these products was 
discontinued  

Symptomatic nonunion requiring revision surgery with iliac crest 

allograft at 15 months post-op. Graft with necrotic tissue, fibrous 
nonunion 

Low biocompatibility with xenograft, risk of failure 

5/6 evaluable subjects had suitable graft function >2yrs, 1/6 had 

bone plug loosening requiring explantation. 4/10 had 
complications unrelated to graft. Alpha-Gal antibody response 

present 

Porcine BTB graft may be viable ACL graft alternative. Peak 

anti-alpha-Gal response at 2-8 weeks possibly to marrow content 
in bone plugs.  

Equivalent patient outcomes with autograft or xenograft, 
Tutobone is excellent biocompatible scaffold, 100% autograft 

remodeling, remnant Tutobone in 47% specimens 

Tutobone degradation and replacement may be slower in human 
than animal environment. Tutobone may represent viable 

alternative to autograft. 

No clinical/radiographic difference found between the allograft 

and xenograft, both showed graft incorporation in 88.5% and 76% 

of patients respectively (p=0.424) 

Bovine bone is suitable for revision hip arthroplasty with results 

comparable to human freeze-dried allograft 

Average time to union 20 weeks, no infections, all patients with 

excellent graft incorporation, average subsidence 4mm. 

Favorable outcomes can be achieved with xenograft bone and 

beneficial to elderly population. 

Both case with symptomatic nonunion requiring hardware 
removal and explantation of graft.  

Authors caution against use of Tutobone as graft material for 
clavicle pseudoarthrosis 

Xenograft group: 8/9 with persistent pain and nonunion, 9/9 

showed no graft incorporation, 7/9 required revision surgery. 

Autograft group: 17/17 asymptomatic at 6 months, 100% union 

rate at 12 months. 

Advise against the use of bovine cancellous xenograft bone for 

subtalar fusion surgery 

Median time to graft incorporation 54 weeks. 61% failed to 

incorporate. 

Xenograft incorporation slower than other graft types with high 

failed incorporation rate. May not be advisable for foot and 
ankle use.  

Graft integration in 15/16 patients over 3-month post-operative 

period. 1/16 had wound hematoma. 1/16 failed to incorporate. 

Bovine cancellous bone is a suitable graft source to fill ICBG 

donor sites. 

54% xenografts painful, failed to incorporate, all required revision 

with human iliac crest allograft. Failed explant histology showed 
necrotic bone with foreign body giant cell reaction  

Xenografts resulted in unacceptable high rates of failure 

requiring revision surgery. Caution against bovine xenograft use 
in pediatric foot deformity surgery 

TCP greater loss of correction compared to xenograft. No non-

unions in either group 

Xenograft with locking plate fixation was superior to TCP to 

prevent loss of surgical correction 

At 48 weeks, an estimated 58% and 5% of the xenografts and 

non-xenografts had not incorporated, respectively. Median 
incorporation period for the non-xenograft and xenograft group 

was 16 and 57 weeks, respectively.  

Not advisable to use a bovine-based bone xenograft in foot and 

ankle surgery 

Rates of fusion and time to fusion were lower with xenograft 
compared to autograft bone 

Tutobone can be used but autograft remains superior  

 

Thirty-one studies (97%) reported on bovine products and one study reported a 

proprietary porcine product. Grafts were used for spine surgery in 15 studies (47%), 
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trauma in 5 studies (16%), foot and ankle reconstruction in 4 studies (13%), joint 

arthroplasty in 3 studies (9%) and sports/congenital/oncology/other in 5 studies (16%). 

Most studies had low sample size with 8 studies (25%) <10 patients, 14 studies (44%) 

10-50 patients, 6 studies (19%) 50-100 patients and only 4 studies (13%) with >100 

patients. Overall, favorable clinical results were reported in 14 studies (44%), while 15 

studies (47%) advised against the use of xenograft bone and 3 studies (9%) were unable 

to make any recommendation. Studies discouraging use of xenograft bone frequently 

cited high rates of graft nonunion, failure of the graft to integrate with host tissue and 

failure of the graft to remodel over time.  

Shibuya et al. retrospectively reviewed 61 patients undergoing foot reconstruction 

with Cancello-Pure bovine xenograft and found that by 48-weeks post-operatively, 58% 

of the xenografts had failed to incorporate compared to only 5% of patients in a separate 

non-xenograft group.
30

 Mean time to xenograft incorporation was 57 weeks which the 

authors deemed unacceptable. Rawlinson et al. reported the only prospective randomized 

study with 49 patients receiving Surgibone bovine xenograft for cervical spine fusions 

and found unacceptably low fusion rates compared to a control group receiving 

traditional autograft.
31

 Patients also reported mechanical neck pain and 3 required 

explantation of the xenograft with explant histology showing an adverse host 

inflammatory reaction to the graft. Studies by Saveland,
32

 and Charalambides, 
33

 reported 

similar adverse outcomes with Surgibone and recommended against its use. Kiel Bone 

bovine xenograft was used in spinal fusion by McMurray et al.
34

 and in femoral grafting 

by Hallen et al.
35

 with poor results in a total of 8 patients secondary to poor graft healing 

and failure to integrate. Revision surgery was required in spine patients with explanted 
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histology showing invasion of fibrous tissue and failure to integrate with adjacent host 

tissue similar to the Surgibone histology results cited by Rawlinson et al.
31

 Tutobone 

bovine cancellous xenograft was used by Patil et al.
36

 for subtalar fusions in 9 patients 

and compared against 17 patients receiving autograft. All 9 xenograft patients failed to 

integrate the bone graft with 8/9 reporting persistent pain compared to an autograft group 

where 17/17 patients went onto bony union without pain. Tutoplast is a similar bovine 

cancellous graft that was used in a prospective cohort study by Schultheiss et al.
37

 for 

spine fusions in 11 patients with thoracolumbar spine fractures. Results were compared 

against 11 similar patients treated with autograft. CT imaging showed 2/11 xenograft 

patients achieved full osteointegration compared to 8/11 autograft patients. One of the 11 

xenograft patients required revision surgery for graft failure. The authors advised against 

bovine cancellous blocks given the unacceptably high nonunion rates reported. 

Several large patient series have supported xenograft use, however. Use of Kiel 

bone was supported by Ramani et al.,
38

 Goran et al.,
39

 Taheri et al.,
40

 and Siqueira et al.
41

 

who all reported equivalent outcomes with autograft or xenograft (Kiel) bone in patients 

undergoing anterior cervical discectomy and fusion (ACDF). Siqueira et al.
41

 is one of 

the largest case series that reported 221 patients undergoing ACDF with xenograft. All 

patients were reported to have obtained bony fusion with no complications attributable to 

xenograft use. Similarly, Taheri et al.
40

 reported equivalent outcome with autograft or 

xenograft (n=200) in ACDF patients with 97% of xenograft patients demonstrating good 

or excellent radiographic results and no patients failing with Kiel bone. Cervical spine 

fusions performed by Savolainen et al.
42

 using either iliac crest autograft (n=149) or 
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Surgibone bovine graft (n=101) produced 98% fusion rates in both patient cohorts, 

leading the authors to support Surgibone use in cervical fusion surgery.  

In the studies reporting poor outcomes with xenograft bone, few consider the 

etiology of graft failure. The most informative clinical trial published by Stone et al.
43

 

followed a series of 10 patients for a minimum 24 months after undergoing anterior 

cruciate ligament (ACL) reconstruction with porcine bone-patellar tendon-bone 

xenografts that were decellularized with a proprietary technique that included 

recombinant alpha-galactosidase en yme digestion. To the authors’ knowledge, this is the 

only orthopaedic clinical study reporting xenotransplantation with porcine bone tissue. In 

addition to reporting clinical outcomes, alpha-Gal epitope concentrations in the grafts 

were measured and host anti-alpha-Gal serum antibodies were measured at serial time 

points after transplantation. Despite removing >99% of the alpha-gal epitope from grafts, 

human recipients still displayed 2-8-fold increases in anti-Gal IgG activity 2 weeks post-

transplantation. The authors hypothesized this antibody response was against residual 

alpha-Gal epitopes on porcine marrow cells enclosed in bone cavities which were not 

accessible to alpha-galactosidase enzyme digestion. When bone plugs were cut for graft 

implantation, or remodeled in the host, undigested epitopes were exposed. At 24-months, 

5 of the 10 patients returned to full sports activity. Of the 5 failures, the authors attributed 

only 1 to failure of the xenograft device which had tibial bone plug loosening and 

required explantation. It is unknown if an alpha-Gal response directly contributed to tibial 

plug loosening or any of these failures. The anti-Gal antibody response is one of the few 

specific etiologies suggested in the orthopaedic literature to explain host rejection of 

decellularized bone xenografts.  
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There is a paucity of orthopaedic clinical outcomes reported after bone 

xenotransplantation. Most studies have reported unfavorable results and advised against 

xenograft use. Periodontal studies, although outside the scope of this review, have 

frequently reported porcine xenograft bone to impair bony healing of alveolar ridge 

defects in the mandible.
44

 Currently, xenograft bone is not accepted as a viable bone graft 

alternative, and the majority of xenograft products have been removed from clinical 

markets (table 1).  

A Retrospective Case Series at a Single Academic Center 

With local institutional review board approval, all pediatric patients at a single 

academic center who underwent reconstructive foot and ankle procedures (Cotton 

osteotomy (figure 1A), Evan’s osteotomy) using a commercially available bovine 

xenograft wedge were retrospectively reviewed. Patients without clinical and 

radiographic followup were excluded from study. Clinical outcomes assessed included 

post-operative pain and correction of foot/ankle deformity. Radiographs were 

independently reviewed by two separate orthopaedic surgeons to assess graft integrity, 

graft placement and graft integration at 3 weeks, 6 weeks, 3 months and 6 months post-

operatively. 
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Figure 1. A) Cotton osteotomy 

concept. An opening wedge 

osteotomy on the dorsal aspect 

of the midfoot using structural 

bone graft (“A”) is performed 

to restore the arch of the foot 

and correct clinical pes planus 

(flat foot). B) Radiographs 

obtained at 13 months after 

Cotton osteotomy performed 

with CANCELLO-PURE® 

bovine xenograft show 

radiolucent lines surrounding 

the graft consistent with graft 

nonunion and failure to 

integrate with surrounding host 

bone. C) Fracture of the 

superior aspect of the graft about the compression screw found at 20 months post-operative with 

surrounding graft nonunion.  

 

Ten patients (mean age 11.8 years, range 9-18 years, 5 males, 5 females) 

undergoing 12 separate foot and ankle reconstruction procedures utilizing bone xenograft 

performed by one pediatric fellowship-trained orthopaedic surgeon and one foot and 

ankle fellowship-trained orthopaedic surgeon over a 27-month period were identified for 

review (table 3). All patients were grafted with CANCELLO-PURE® (Wright Medical; 
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Arlington, TN) bovine bone wedges fixed with internal hardware. Mean clinic followup 

was 32.6 months (range 5-112 months) and mean radiographic followup was 23.6 months 

(range 3-112 months).  At intermediate followup, patients reported pain in 2/12 (17%) of 

cases while at final/long term followup, patients reported pain in 10/12 (83%) of cases. 

Patients failed to achieve bony union with obvious radiolucent lines (figure 1B) at the 

osteotomy site grafted with bovine xenograft in 5/12 (42%) cases. Grafts failed to 

integrate with surrounding host bone in 7/12 (58%) of cases. One patient sustained a 

fracture of their xenograft (figure 1C), but no patients required revision surgery or graft 

explantation. No patients experienced infection or overt rejection of the graft material. 

Early results from our patients collected over a 27-month period demonstrated an 

unacceptably high rate of graft nonunion and failure to integrate with host bone. The 

majority of patients experienced persistent pain at the graft site or midfoot at long term 

followup. While we cannot directly attribute persistent pain to xenograft use, concomitant 

graft nonunion and recurrence of foot deformity in some cases is concerning for graft 

etiology. Our experience with allograft bone use for the same foot reconstructive 

osteotomy procedures has been much more favorable with predictable rates of graft 

union, integration and patient outcomes. Considering these findings, bovine xenograft use 

was discontinued at our hospital and since that time CANCELLO-PURE® has been 

removed from commercial markets. Our unfavorable results are similar to those reported 

by Shibuya et al,
30

 and Ledford et al,
45

 who both found unacceptably high nonunion rates 

in similar foot reconstruction procedures using CANCELLO-PURE® bovine wedges 

(table 2).  
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Our case series has several limitations. Patients were reviewed retrospectively by 

chart review. Our results with xenograft are limited without direct comparison against 

allograft use by the same surgeons in a similar patient population. We report a small 

number of patients with variable followup but we believe these results are still valuable 

considering the limited clinical results published in the orthopaedic literature. Finally, we 

cannot propose any specific etiology contributing to graft nonunion beyond what has 

been suggested in the literature.  

 

Conclusions and Future Directions 

Bone grafting continues to play a critical role in orthopaedic surgery practice with 

significant clinical and financial implications for our health care system. Autograft bone 

remains the gold standard with unsurpassed clinical results, but its limited supply and 

added patient morbidity demands further consideration of allograft bone and bone graft 

substitutes. Xenografts will always be an attractive alternative because of their large 

supply from healthy donors with controlled biology at lower cost. The majority of 

available clinical results have reported unfavorable outcomes with xenograft bone, 

including our own, which has ultimately led to the recall of most commercial xenograft 

bone products. Xenograft-derived bone products are currently not FDA approved for use 

in any orthopaedic surgery application. Nearly all clinical results have been reported with 

bovine-derived bone, but our laboratory is currently considering use of porcine-derived 

bone
46,47

 using a published decellularization and tissue oxidation protocol.
48-53

 Using this 

protocol to derive cancellous bone scaffolds from cancellous bone in porcine femurs, we 

were able to remove 98% of host DNA content and 98.5% of the alpha-Gal epitope from 
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donor bone in pre-clinical studies. We are encouraged by the significant reduction of 

alpha-Gal epitope but results published by Stone et al
43

 suggest we still have not 

identified the reduction threshold required to prevent human hosts from mounting 

immune responses believed to contribute to chronic rejection of bone xenografts. Other 

groups have also considered bone graft substitutes derived from porcine cancellous 

bone,
54-57

 but there are currently no clinical results reported with these products. Future 

work will be required to investigate porcine bone graft products in animal and human 

models before considering their commercial use in orthopaedic applications.  
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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 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, and triton-X100. To test if the bone scaffold was a 

viable host, preosteoblasts were seeded and analyzed for markers of osteogenic 

differentiation. The osteoinductive potential was observed in vitro with similar 

osteogenic markers being expressed in preosteoblasts seeded on the scaffolds and 

demineralized bone matrix. To assess these properties in vivo, scaffolds with and without 

preosteoblasts preseeded were subcutaneously implanted in mice for 4 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 
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mesenchymal stem cells, biocompatibility in large animal models, and 

osteoinduction/osseointegration in a relevant clinical model in vivo. The ability to create 

a functional bone microenvironment using decellularized xenografts will impact 

regenerative medicine, orthopedic reconstruction, and could be used in the research of 

multiple diseases. 
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Introduction 

Regeneration and healing of critical bone defects resulting from high-energy trauma, 

infection, necrosis, or tumor resection remain a major clinical challenge for orthopedic 

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, 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; 

Iaquinta 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 of the 

bone graft to allow osseous growth on the surface or within its pores [Khan et al., 2005]. 

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 

preseeded with osteogenic cells to establish osteogenicity prior to implantation 
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[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 physiological 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, 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 [ racey et al., 2018, 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 in vitro and in vivomodels. 

Materials and Methods 

Bone Scaffold Decellularization 

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, 2019]. Porcine bones were obtained from City Packing Company 
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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 and 0.5 cm. 

The bone scaffolds were not decalcified at any point during this process. 

Cell Culture 

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
TM

, Rockville, MD, USA) 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
TM

, Rockville, MD, USA) were chosen as a second cell line 

to confirm the bone scaffold’s osteoinductive potential. These cells are an osteoblast 

precursor derived from 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 αMEM media supplemented with 10% F S and sodium 

pyruvate. The percentage of C2C12 and MC3T3-E1 cells attached to the bone scaffolds 

after 3 h were 50 and 30%, respectively. In our subsequent characterization experiments, 

cells were given at least 24 h to attach prior to any manipulation or media change. 



36 
 

Osteogenic Differentiation of C2C12 Cells 

Bone scaffolds or commercial grade cancellous demineralized bone matrix (DBM; 

Musculoskeletal Transplant Foundation, Edison, NJ, USA) sheets (n = 49 per group) 

were seeded with 1 × 10
6
 C2C12 cells suspended in 100 μL cell culture media. D M 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 biological activity. 

Constructs were incubated for 24 h to allow cells to attach to the matrix. Subsamples 

from each group (n = 7) were taken for analysis, while the remaining were separated for 

continued incubation in 2 different media: (1) “osteogenic media” [Shui et al., 2013; 

Sondag et al., 2013; Yu et al., 2013; Hupkes et al., 2014] consisting of DMEM with 10 

mM β-glycerophosphate and 50 μg/mL ascorbic acid or (2) “ MP-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) starting on day 2. Media were replaced 

every 3 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. 
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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, USA) 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, USA). Samples were centrifuged for 15 

min at 13.2 kRPM, and supernatants were collected for analysis. DNA content was 

measured with Quant-iT
TM

 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 h. 

Fixed constructs were rinsed in water for 30 min and dehydrated through ethanol (50, 70, 
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80, 90, 95, and 100%) for 20 min each. Constructs were then transferred in 100% ethanol 

to a CO2 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. 

Constructs (n = 2) from each group were removed from dishes, fixed in 10% formalin for 

48 h, decalcified with Immunocal® (Decal Chemical Cort, Tallman, NY, USA) 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 VS-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 dH2O buffered with diethanolamine (Thermo Scientific) 

and 0.5 mM MgCl2. 150 μL of the supernatant dilution from each sample was added to 

325 μL en yme-substrate and incubated in a 37°C water bath for 30 min. The reaction 

was halted by the addition of 25 μL 2 M NaOH. Each reaction was read in triplicate by 

loading 150 μL from each tube into 96-well plates and measuring absorbance at 405 nm 
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on a microplate reader (Spectra Max 340 PC). p-Nitrophenol standards were prepared in 

dH2O to generate a standard curve and derive p-NP produced from each substrate 

reaction. Each reaction was read in triplicate by loading 150 μL from each tube into 96-

well plates and measuring absorbance at 405 nm on a microplate reader (Spectra Max 

340 PC) [Arca et al., 2011; Hashimoto et al., 2011; Kouroupis et al., 2013]. 

ALP Immunohistochemistry 

Immunohistochemistry (IHC) was performed on the constructs that were fixed for 

histological evaluation (n = 2) with an anti-placental ALP (Abcam ab16695, Cambridge, 

UK) primary antibody that reacts with cell membrane-bound enzyme. Secondary biotin-

conjugated anti-rabbit antibody (BioGenex, Freemont, CA, USA) was linked to HRP 

(horseradish peroxidase) and developed with DAB (diaminobenzidine) substrate (Vector, 

 urlingame, CA, USA). Slides were counterstained with Mayer’s hematoxylin. 

Differentiation of MC3T3-E1 Cells 

MC3T3-E1 cells (1 × 10
6
)suspended in 250 µL of cell culture media were seeded and 

incubated on scaffolds (n = 18) for 1 h before being submerged in 750 µL of α-MEM and 

incubated at 37°C for 7 days. Control monolayers (n = 9) of 1 × 10
6
 cells plated on 10 

μg/mL collagen type I (Sigma) were also incubated at 37°C for 7 days in α-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 

preseeded (n = 25) with MC3T3-E1 cells (1 × 10
6
 suspended in 50 µL α-MEM) or not 
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preseeded 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, USA) 

for 4 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 1 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 

All scaffolds underwent micro-computed tomography (microCT) scanning (TriFoil 

Imaging Triumph II 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 preseeded, n = 7 unseeded). After 24 h of fixation at 4°C on a shaker, 

scaffolds were placed in PBS. For scaffolds that underwent microCT scanning (pre and 

postimplantation), scaffolds were removed from the PBS, placed in a polystyrene mold, 

and scanned on a TriFoil Triumph II 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 μA, and 1,024 projections were acquired over 360° rotation 

over 3.96 min. The field of view was 84.57 mm (1.4× 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 μm. Three-dimensional 

data were processed and rendered (isosurface/maximum intensity projections) with a 
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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 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 (Tb.Sp), bone surface/bone volume, and trabecular 

thickness (Tb.Th). Thresholds were set at 1,200 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 Tb.Th between pre and 

postimplantation scans. 

Implanted Scaffold Histology and IHC 

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, USA). 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. 

qPCR 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 
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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 housekeeping gene 18S 

ribosomal RNA. Primer sequences are available in Table 1. Relative gene expression was 

quantified by using the 2
–ΔΔCt

 methodology originally described by Livak and Schmittgen 

[Livak and Schmittgen, 2001]. 

Table 1: 

qPCR primer sequences 

 

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 posttest 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 α-error <0.05. 

https://www.karger.com/Article/FullText/503280#t01
https://www.karger.com/WebMaterial/ShowPic/1142333
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Results 

Scaffolds Support C2C12 Preosteoblast 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, 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 area to total volume ratio of 

3.1 mm
–1

 (range: 1.1–8.5). To assess whether the scaffold could support osteoblast 

growth, C2C12 preosteoblasts were seeded on bone scaffolds, DBM, or Gelfoam 

constructs. C2C12 preosteoblasts proliferated on scaffolds and deposited extracellular 

matrix 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 (Fig. 1). Dead (red) signal was high on day 1, likely 

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 (Fig. 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 (Fig. 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 (Fig. 2). BMP-2 treatment had no 

consistent effect on cell proliferation. Cells seeded on the scaffold proliferated, as 

https://www.karger.com/Article/FullText/503280#f01
https://www.karger.com/Article/FullText/503280#f01
https://www.karger.com/Article/FullText/503280#f01
https://www.karger.com/Article/FullText/503280#f02
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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 

(Fig. 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 

(Fig. 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 (Fig. 4). Extracellular matrix 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 preosteoblast adhesion and survival underscoring the osteogenic nature of the 

scaffolds. 

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 preosteoblast 

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 

https://www.karger.com/Article/FullText/503280#f02
https://www.karger.com/Article/FullText/503280#f03
https://www.karger.com/Article/FullText/503280#f04
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the “blank” images. Cross-sectional images were captured at 10× 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. 

 

Figure 2: 

C2C12 cells proliferate 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. * p < 0.05, ** p < 0.01, 

and *** p < 0.001 by two-way ANOVA for construct and treatment and one-way 

https://www.karger.com/WebMaterial/ShowPic/1142332
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ANOVA for time within each construct and treatment. Comparisons are annotated as 

shown below: scaffold vs. DBM (a); scaffold vs. Gelfoam (b); DBM vs. Gelfoam (c); 

DBM OM vs. OM + BMP-2 (d); scaffold OM vs. OM + BMP-2 (e); Gelfoam OM vs. 

OM + BMP-2 (f); DBM day 1 vs. 3 (g); scaffold day 1 vs. 3 (h); Gelfoam day 1 vs. 3 (i); 

DBM day 1 vs. 7 (j); scaffold day 1 vs. 7 (k); Gelfoam day 1 vs. 7 (l); DBM day 1 vs. 15 

(m); scaffold day 1 vs. 15 (n); Gelfoam day 1 vs. 15 (o); DBM day 3 vs. 7 (p); scaffold 

day 3 vs. 7 (q); Gelfoam day 3 vs. 7 (r); DBM day 3 vs. 15 (s); scaffold day 3 vs. 15 (t); 

Gelfoam day 3 vs. 15 (u); DBM day 7 vs. 15 (v); scaffold day 7 vs. 15 (w); Gelfoam day 

7 vs. 15 (x). 

 

Figure 3: 

C2C12 cell density is increased on DBM compared with scaffolds. C2C12 cells were 

seeded on DBM (left panels) or decellularized bone scaffold (right panels). Seeded 

https://www.karger.com/WebMaterial/ShowPic/1142331
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scaffolds were sectioned and stained for DAPI (top panels) or H&E (bottom panels). 

Representative images are shown taken at 10×. 

 

Figure 4: 

C2C12 attachment and spreading is equivalent on bone scaffolds and DBM. C2C12-

seeded DBM and bone scaffolds were analyzed by scanning electron microscopy at days 

1, 7, or 15 and compared to unseeded scaffolds. Comparisons with 100 ng/mL BMP-2-

treated scaffolds are shown. Representative images at 30× (scale bar represents 1 mm), 

100× (scale bar represents 500 µm), and 1,000× (scale bar represents 50 µm) are shown. 

https://www.karger.com/WebMaterial/ShowPic/1142330
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Decellularized Bone Scaffolds Enhance Preosteoblast Differentiation 

To examine the osteoinductive capacity of the decellularized bone scaffolds, C2C12 

preosteoblast differentiation on the constructs was compared. C2C12 cells were seeded 

onto either DBM, bone scaffolds, or Gelfoam and grown for up to 15 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 (Fig. 5). BMP-2 increased ALP activity significantly on 

scaffolds (day 7: ∼40-fold (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 

(Fig. 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. 

https://www.karger.com/Article/FullText/503280#f05
https://www.karger.com/Article/FullText/503280#f06
https://www.karger.com/WebMaterial/ShowPic/1142329
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Figure 5: 

Scaffolds induce ALP 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. * p < 0.05, ** p < 0.01, and *** 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: scaffold vs. 

DBM (a); scaffold vs. Gelfoam (b); DBM vs. Gelfoam (c); DBM OM vs. OM + BMP-2 

(d); scaffold OM vs. OM + BMP-2 (e); Gelfoam OM vs. OM + BMP-2 (f); DBM day 1 

vs. 3 (g); scaffold day 1 vs. 3 (h); Gelfoam day 1 vs. 3 (i); DBM day 1 vs. 7 (j); scaffold 

day 1 vs. 7 (k); Gelfoam day 1 vs. 7 (l); DBM day 1 vs. 15 (m); scaffold day 1 vs. 15 (n); 

Gelfoam day 1 vs. 15 (o); DBM day 3 vs. 7 (p); scaffold day 3 vs. 7 (q); Gelfoam day 3 

vs. 7 (r); DBM day 3 vs. 15 (s); scaffold day 3 vs. 15 (t); Gelfoam day 3 vs. 15 (u); DBM 

day 7 vs. 15 (v); scaffold day 7 vs. 15 (w); Gelfoam day 7 vs. 15 (x). 
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Figure 6: 

ALP expression increases over time in 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 

https://www.karger.com/WebMaterial/ShowPic/1142328
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are shown at 10×, 20×, and 40×. Images were taken at different locations and did not 

represent subsets of each other. 

 

To confirm the osteoinductive potential of the decellularized bone scaffolds, MC3T3-E1 

preosteoblast 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 (Tnfsf11) and 2-fold higher Bmp2(Fig. 7). Taken together, these results indicate 

that the bone scaffold possesses osteoinductive potential in vitro. 

Figure 7: 

https://www.karger.com/Article/FullText/503280#f07
https://www.karger.com/WebMaterial/ShowPic/1142327
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Scaffolds induce MC3T3-E1 osteogenic differentiation. MC3T3-E1 cells were seeded on 

10 μg/mL collagen I (black bars) or decellulari ed bone scaffolds (blue bars) for 1 week. 

Gene expression of Bmp2 (a) and RANKL (Tnsfs11) (b) was measured and represented 

as mean fold change normalized to 18S ± SD. * p < 0.05 by t test. 

 

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 in vivo. 

MC3T3-E1 preosteoblasts 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. In 

vivo expression of Alpl(3.3-fold), Bmp2(10.3-fold), and Bmp7 (3.9-fold) increased within 

the preseeded scaffolds relative to the unseeded scaffolds (Fig. 8). RANKL (Tnsfs11) 

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 (Fig. 9). Representative microCT images 

https://www.karger.com/Article/FullText/503280#f08
https://www.karger.com/Article/FullText/503280#f09
https://www.karger.com/WebMaterial/ShowPic/1142326
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of unseeded and preseeded scaffolds preimplantation and postexplantation are shown in 

Figure 9. Evaluation of new bone formation was performed by comparing the 

preimplantation microCT scan to the postexplantation microCT scan. The average change 

in BV/TV and Tb.Th was then compared between the preseeded and unseeded groups. 

Increase in Tb.Th was seen in the preseeded 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 Tb.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 (Fig. 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 

(Fig. 10a, c). To assess whether osteoclasts could be recruited to the scaffolds, staining 

for TRAP was performed. Small TRAP-positive cells were seen within the pores and rare 

cells along the bone surface (Fig. 10b, d). These cells likely represent osteoclast 

progenitor cells, although no mature osteoclasts were seen within the 4-week time frame. 

Of note, pentachrome staining revealed apparent vascular-like structures (Fig. 11a, c) 

within the scaffold. IHC analysis demonstrated positive CD31 staining of endothelial 

cells organized around a lumen and indicating angiogenesis within the decellularized 

bone scaffold (Fig. 11b, d). 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 in vivo. Further, implantation of the scaffold 

in a syngeneic host, even without preosteoblast seeding, can generate a bone 

microenvironment. 

https://www.karger.com/Article/FullText/503280#f09
https://www.karger.com/Article/FullText/503280#f09
https://www.karger.com/Article/FullText/503280#f10
https://www.karger.com/Article/FullText/503280#f10
https://www.karger.com/Article/FullText/503280#f11
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Figure 8: 

Implantation of scaffolds in vivo induces osteogenic gene expression. Bone scaffolds 

were seeded with MC3T3-E1 preosteoblast cells (dark blue bars) or left unseeded (light 

blue bars) and implanted subcutaneously in syngeneic mice. After 4 weeks, scaffolds 

were removed, processed, and analyzed for gene expression of ALP (Alpl) (a), Bmp2 (b), 

and Bmp7 (c) represented as mean fold change normalized to 18S ± SD. * p < 0.05 

by t test. 
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Figure 9: 

New bone formation occurs in implanted bone constructs. Bone scaffold structure was 

analyzed by microCT (preimplantation) and then implanted subcutaneously in mice either 

unseeded (open squares) or preseeded with MC3T3-E1 preosteoblast cells (closed 

circles). a Representative microCT 3D projections of the bone scaffolds prior to 

implantation (left) and after explantation (right) from unseeded (top row) and seeded 

(bottom row) groups, grossly demonstrating an appearance of bone formation. Implants 

were removed after 4 weeks and scanned again by microCT (postexplantation). Bone 

volume ratio (BV/TV; b) and trabecular thickness (Tb.Th; c) were calculated, and the 

change between individual scaffolds is shown. Fold change in BV/TV (d) and Tb.Th (e) 

is shown for unseeded (light blue bars) and preseeded (dark blue bars) scaffolds as mean 

± SD. * 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 4 weeks and processed for 

histology. a, c Sections were stained with Movat’s pentachrome to visuali e the 

extracellular matrix deposition in the scaffolds. Arrows show the area of new bone 

formation in the scaffold which stains green in representative photos captured at 

10×. b, 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 20×. 

 

https://www.karger.com/WebMaterial/ShowPic/1142323
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Figure 11: 

Angiogenesis occurs in the implanted bone scaffolds. MC3T3-E1-seeded and unseeded 

scaffolds were removed from mice after 4 weeks and processed for 

immunohistochemistry (IHC) for the endothelial marker CD31. In the representative 

micrographs at 20×, Movat’s pentachrome (a, c) demonstrates small vessels indicated 

with arrows, and corresponding IHC for CD31 confirms that these are endothelial cells 

(b, d).  

https://www.karger.com/WebMaterial/ShowPic/1142322
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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, 

2019]. In this study, we demonstrate that this protocol preserves the native bone’s 

osteoinductive potential in a decellularized scaffold. The decellularized bone scaffold 

supported preosteoblast 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. Moreover, 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 in vitro and in vivo is integral to regenerative medicine 

applications in orthopedic research. BMP-2 is one of the strongest stimulants of 

osteogenic differentiation in the preosteoblast 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 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. [2011] demonstrated porcine hydroxyapatite 

contains osteoinductive properties and that these properties are maintained after 
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processing. Similarly, Smith et al. [2015] found the osteoinductive properties were 

maintained in allografts following a decellularization and washing procedure. However, 

Bormann et al. [2010] used a similar decellularization and oxidation protocol to ours with 

the addition of PAA on allografts and found the osteoinductive potential was not 

maintained. 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, 2019]. Contrary to the findings by Borman and colleagues 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. [2010] 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 in vivomicroCT results demonstrated that there was equal osteogenesis identified in 

the preseeded and unseeded scaffolds. This finding suggests that the scaffold alone 

recruits the necessary cells for osteogenesis. Combining the microCT analysis and 

histological assessment of the porcine bone scaffold in vivodemonstrated 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 
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associated with the use of tissue-engineered constructs during early bone regeneration 

[Muschler et al., 2004; Giannoni et al., 2010; Saran et al., 2014]. 

To create a humanized bone microenvironment, Hesami et al. [2014] utilized electrospun 

polycaprolactone scaffolds coated with calcium phosphate and seeded with human 

osteoblasts in the presence of BMP-7. After 12 weeks, scaffolds contained hematopoietic 

and adipose cells resembling marrow. In a separate study, the electrospun scaffolds were 

coated in platelet-rich plasma 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 12 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 I 

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 

were 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 cell culture on the bone scaffold expresses endogenous BMP-7 and BMP-2 

which may drive osteoblast differentiation and bone formation. 
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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 greater 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. [2017] found that a BMP-2 

soaked absorbable collagen sponge implanted in humans led to new bone formation lined 

by endothelial cells. Furthermore, Bhumiratana et al. [2016] 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. Thus, our decellularized bone scaffold represents a 
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potential 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 in 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 in 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 in vitro and 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 
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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 in 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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Abstract 

Background: Autograft (AG) is the gold standard bone graft due to biocompatibility, 

osteoconductivity, osteogenicity, and osteoinductivity.  Alternatives include allografts 

and xenografts (XG).  

Methods: We investigated the osseointegration and biocompatability of a decellularized 

porcine XG within a critical defect animal model. We hypothesized that the XG will 

result in superior osseointegration compared to demineralized bone matrix (DBM) and 

equivalent immune response to AG. Critical defects were created in rat femurs and 

treated with XG, XG plus bone morphogenetic protein (BMP)-2, DBM, or AG. 

Interleukin (IL)-2 and IFN-gamma levels (inflammatory markers) were measured from 

animal blood draws at 1 week and 1 month post-operatively. At 1 month, samples 

underwent micro-positron-emission tomography (microPET) scans following 18-NaF 

injection. At 16 weeks, femurs were retrieved and sent for micro-computerized 

tomography (microCT) scans for blinded grading of osseointegration or were processed 

for histologic analysis with tartrate resistant acid phosphatase (TRAP) and pentachrome.  

Results: Enzyme linked immunosorbent assay testing demonstrated greater IL-2 levels in 

the XG vs. AG 1 week post-op; which normalized by 28 days post-op. MicroPET scans 

showed increased uptake within the AG compared to all groups. XG and XG+BMP-2 

showed a trend towards increased uptake compared with DBM. MicroCT scans 

demonstrated increased osseointegration in XG and XG+BMP groups compared to DBM. 

Pentachrome staining demonstrated angiogenesis and endochondral bone formation. 
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Furthermore, positive TRAP staining in samples from all groups indicated bone 

remodeling.  

Conclusions:These data suggests that decellularized and oxidized porcine XG is 

biocompatible and at least equivalent to DBM in the treatment of a critical defect in a rat 

femur model. 

Key Words: Porcine, xenograft, critical defect, autograft, allograft 
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Introduction: 

Reconstruction of large bone defects caused by trauma, tumor resection, or 

infection remain a challenging orthopaedic conundrum.
1,2

 These defects are treated with 

different bone grafting techniques. The economic strain in the United States associated 

with these procedures is estimated at $2.5 billion in more than 500,000 patients per year.
3
 

The profound clinical and economic impact of these procedures can be attributed to the 

complexity and high rates of complications and reoperations.
4
 The current gold standard 

for bone grafting procedures is the use of autologous bone graft,
3,5-7

 because of their 

biocompatibility and they possess all the ideal properties for bone growth.
8
 These 

properties include the ability to stimulate primitive cells to differentiate into a bone 

forming cell lineage (osteoinductivity), the presence of bone forming cells 

(osteogenicity), and the presence of a 3-dimensional porous matrix that promotes bone 

formation (osteoconductivity).
1,5,8-10

 However, typically autologous bone grafts require a 

second surgical procedure for graft harvest which increases procedure cost, may lead to 

significant donor site morbidity, and are associated with additional surgical risks 

(bleeding, inflammation, infection).
3,11-14

 Furthermore, use of autologous grafts may not 

be feasible for large bone voids due to a lack of available bone. Because of these 

limitations, alternatives to autologous bone grafts have been investigated, such as 

allografts, synthetic substitutes, and xenografts (XG).
15

 

 Allograft is an attractive alternative to autograft (AG) because its availability in 

abundant quantity “off the shelf,” and its use avoids donor site morbidity.
5
 However, the 

osteoinductivity of allograft tissue has been questioned because it is limited by the quality 

and quantity of bone graft available from healthy donors. Use has also been limited by 
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the historical risk of disease transmission.
16

 One type of allograft tissue commonly used 

in treatment of critical bone defects  is demineralized bone matrix (DBM).
14

 This 

allograft is processed and demineralized to expose the osteoinductive growth factors 

embedded on the extracellular matrix.
14

 An unintended consequence of this processing 

with strong acid  is inactivation of these growth factors and a loss of mechanical support, 

which may compromise local graft incorporation with host bone.
9
 In addition to allograft 

substitutes, there is a host of synthetic options available; however, these do not contain 

osteoinductive or osteogenic properties.
5,14

 

 Another viable alternative to treating large bone defects is XG bone originating 

from a species other than human.
5
 XG is readily available in relatively unlimited supply 

from healthy donors with controlled biology. Certain mammalian species possess similar 

bone structure and physiology to humans, giving these xenograft sources excellent 

osteoconductivity at a minimum, but also potentially osteoinductivity.
17

 However, a 

major obstacle to the clinical use of XG is the risk of disease transmission and 

immunorejection of the graft.
18,19

 XG tissue contains large amounts of the alpha-gal 

epitope, which humans produce a naturally circulating antibody to.
20-23

 Our laboratory 

previously developed a decellularization protocol that removes the majority of alpha-gal 

epitope from porcine cancellous bone.
24-26

 In vitro data suggested this XG maintained its 

osteoconductive and osteoinductive properties following treatment with this 

decellularization and oxidation protocol.
27

 The purpose of the current investigation was to 

study the osseointegration and biocompatibility of this decellularized XG using a 

validated in vivo critical bone defect model in rat femora. We hypothesize that the XG 
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can achieve at least equivalent osseointegration compared to DBM without 

immunorejection, and an equivalent immune response to AG.  

   Methods: 

 A validated critical bone defect model previously described by de Guzman et al. 

was used in the femurs of sixty four 13-week old female Sprague dawley rats.
28

 All 

animal experiments were performed in accordance with internationally accepted 

standards, and the study protocol was approved by the Wake Forest School of Medicine 

IACUC (Protocol number A15-199).  

 Rats were anesthesized with isoflurane inhalation and the lateral aspect of the 

femur was exposed following a subvastus approach. A 3-D printed polypropylene plate, 

produced at our institution, was attached to the anterior aspect of the femur using four 00-

90 stainless steel screws with bicortical fixation. A 6 mm section of femur under the 

midsection of the plate was removed using a MicroAir sagittal saw with a 4.1 mm blade. 

Six mm was ensured by pre-cut marks 6 mm apart within the mid-section of the plate 

(Figure 1).  

 

Figure 1: 3-D printed polypropylene plate with notches 

6 mm apart to allow for consistent bone defect size. 
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The femur was irrigated with sterile saline while the femur was being cut in order to 

prevent thermal necrosis. The removed section of femur was then replaced with either the 

XG alone, XG +11ug bone morphogenetic protein (BMP)-2 (Infuse™ oneGarft, 

Medtronic, USA), DBM (Musculoskeletal Transplant Foundation), or AG (see Figure 2).  

Figure 2: 
Schematic (A) 

and Intra-

operative photo 

(B) of the plate 

and screw 

construct over 

anterior aspect 

of femur with 6 

mm defect. 

Gross examples 

of each 

construct used 

are seen in 

Panel C. 

 

 

 

 

The soft tissue envelope was then closed over the plate And the skin was closed with 

sutures and staples.  Postoperative pain control was achieved with subcutaneous 

buprenorphine (0.05 mg/kg) injections every 12 hours and subcutaneous Meloxicam (1 

mg/kg) injections every 24 hours for the first 72 hours after surgery. After the first 72 

hours, animals were evaluated for signs of distress for 1 week and given pain medication 

as needed during that time. Famotidine (1 mg/kg) was also given immediately 

postoperatively and every 24 hours for the first 72 hours to prevent gastric ulceration.  
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Implants 

 The AG was fashioned by removing the 6mm section of femur, rotating it 180 

degrees and replacing it in the defect. The XG was fashioned from grafts prepared using 

methods previously described.
25,27,29,30

 Briefly, fresh porcine femurs were obtained from a 

local abattoir, and sterile xenograft bone scaffolds were prepared from the cancellous 

bone of the distal metaphysis using the previously described decellularization and 

oxidation protocol.
24,30

 The 1 cm in diameter and 0.5 cm thick bone cylinders were 

treated with serial washes of deionized water, trypsin, and antimicrobials (100 IU/mL 

Penicillin, 100 ug/ml streptomycin, and 0.25 ug/ml amphotericin B). Subsequently, 

samples were treated with 1.5% peracetic acid followed by 2.0% TritonX-100. The bone 

cylinders were then rinsed with deionized-distilled water (ddH2O) to clear processing 

chemicals. The ddH2O washes were continued until peracetic acid concentration was 

undetectable (Quantofix® peroxides test; Sigma). The Scaffolds were then freeze-dried 

and stored at -80◦C until use.  one processed as cylinders were then cut to si e during the 

procedure.  4.2 mg of Lyophilized recombinant human (rh) BMP-2 was reconstituted in 

10 ml of sterile water. Subsequently, 26 ul (11 ug) of this solution was soaked on the 

scaffold being implanted for 5 minutes before implantation. The DBM used was prepared 

from ENHANCE Demineralized cancellous sheets (MTF Biologics, New Jersey, USA) 

donated by the Musculoskeletal Transplant Foundation. 

Analysis of Osseointegration 

  One month postoperatively half of the subjects from each group (n=8) were 

randomly selected and underwent microPET scans (Triumph ® II, TriFoil Imaging, 
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Chatsworth, CA, 91311) (0.51 mm resolution) 60 minutes following a lateral tail vein 

injection of 18-NaF (150 microCuries) to provide information regarding active bone 

remodeling at the implant site.
31

 The uptake in the microPET scans was quantified using 

2D images and averages were compared between groups.  

After 16 weeks all rats were euthanized and femurs were retrieved. For half of the 

animals (n=8/group), the femurs were analyzed with microCT scans (VivaCT 80, 

SCANCO Medical, Bruttisellen, Switzerland) with voxel size of 18 um. All samples were 

wrapped in saline soaked gauze at tissue harvest and frozen at -20◦C for storage. Scans 

were performed on samples in air.  MicroCT data was then blindly analyzed by three 

board certified Orthopaedic Surgeons (CLE, PW, and DNB) using a scoring system 

modified from that used by Lieberman et al.
32

 This scoring system was originally based 

on plain radiographs, however, our group modified this for use with more advanced 

imaging and is outlined in Table 1. The mean score from each group was then calculated 

and the means were compared using analysis of variance with a p value of significance 

equal to 0.05.  

Table 1: Modified Radiographic Scoring System 

Score Description 

0 No healing 

1 0-25% osseous bridging and no ingrowth 

2 0-25% osseous bridging and some ingrowth 

3 25-50% osseous bridging and some ingrowth 

4 50-75% osseous bridging with some ingrowth 

5 >75% osseous bridging with some ingrowth 
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6 >75% osseous bridging with >50% osseous ingrowth, but not complete union 

7 complete union 

 

The remaining samples (n=8/group) were fixed, decalcified using EDTA and 

embedded in paraffin for histologic analysis. Samples were sectioned longitudinally, and 

stained with tartrate resistant acid phosphatase (TRAP) to identify any osteoclast activity 

within the defect site as an indirect measure of  active bone remodeling. Pentachrome 

staining was also performed in order to identify vascular formation, and osteogenesis 

within the defect sites. The samples were qualitatively analyzed by a board certified 

pathologist (OAH). 

Analysis of Biocompatability 

  At both 1 week and 1 month postoperative, all animals underwent a blood draw 

from the lateral tail vein to obtain approximately 1 ml of blood. After clotting for at least 

20 minutes, samples were spun down at 4 degrees Celsius for 10 minutes, at which time 

the serum was removed from samples and stored at -80 degrees Celsius. Interleukin (IL)-

2 and Interferon (IFN)-gamma (Ray Biotech, Georgia, USA) were measured in all 

samples by ELISA assay according to manufacturer instructions in order to identify if the 

T-helper(Th)-1 immune response predominated the immune reaction, indicative of 

ongoing graft rejection.
33-35

 All values were normali ed to sample’s protein concentration 

as measured by standard BCA assay. 

Statistical Analysis 
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Multiple group comparisons were performed using two-way ANOVA with 

Tukey’s multiple comparison tests for experiments comparing treatments, 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 (San Diego, CA, USA). 

Statistical significance was determined when α-error<0.05.  

 

Results 

There were two intra-operative fatalities secondary to anesthesia-related 

complications (Figure 3). Both were in the XG group; we therefore changed one of the 

anticipated AG subjects to a XG leaving our sample size at 15 for these two groups. 

Blood draws were then done on the 62 remaining animals at 1 week and 1 month. Twelve 

animals were euthanized after 1 month due to unanticipated fractures of the plate, the 

femur, or deformity due to technical error. Of these 12 unanticipated deaths, 3 were in the 

DBM group, 6 were in the XG group, and 3 were in the XG+BMP-2 group. Our sample 

sizes were left as n=13 for DBM, n= 9 for XG, n=13 for XG+BMP-2, and n=15 for AG. 

Because our primary outcome was osseointegration as analyzed by microCT, the decision 

was made to maximize the sample size for microCT analysis. This led us to an n of 6 for 

the XG group, with the 3 being used for histological analysis. One of the DBM samples 

was deemed un-gradable on microCT scans, thus this was excluded. This led to a final n 

of 6 DBM samples for microCT analysis and n of 6 for histological analysis. Seven 

XG+BMP samples were included in microCT analysis with 6 samples used for 

histological analysis. Finally, only 3 AG samples were included for microCT analysis for 

qualitative analysis. These were all found to be completely healed and were not included 
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in statistical analysis due to the goal being to establish superiority of osseointegration in 

the XG groups when compared to DBM.  

 Figure 3: Flow diagram demonstrating that our experiments began with 64 rats, with an n of 16 per group. 

There were 2 intraoperative fatalities leaving our total sample size at 62, with an n=15 for XG and AG 

groups. After 1 month there were 12 animals were euthanized due to unanticipated fractures of the plate, 

the femur, or deformity due to technical error. Leaving our total sample size at 50, with n=13 for DBM, n= 

9 for XG, n=13 for XG+BMP-2, and n=15 for AG. Of these 6 XG, 7 XG+BMP, 7 DBM, and 3 AG 

underwent microCT. One of the DBM samples was deemed un-gradeable on microCT and was excluded. 

Therefore, microCT analysis consisted of n=6 XG, n=7 XG+BMP, and n=6 DBM. The remaining samples 

underwent histological analysis (n=3 XG, n=6 XG+BMP, n=6 DBM, n=12 AG). 

 

 

 

 

MicroPET scans 

demonstrated significantly increased 

uptake within the AG compared to 

all other groups. XG and XG+BMP-

2 showed no difference in uptake 

(p=0.99), XG and XG+BMP 

showed a trend towards increased 

uptake compared with DBM; 

however, this did not reach 

significance (Figure 4).  
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Figure 4: MicroPET scan metabolic uptake 

demonstrated significantly greater increase in 

uptake (demonstrated by average pixel value 

within a region of interest) in the autograft group 

compared to all other groups. This is represented 

on the Y-axis. There was no significant 

difference identified between other groups; 

however, there is a trend towards increased 

uptake within the XG groups compared to the 

DBM. XG vs DBM (33.61 vs 18.58, p = 0.13), 

XG vs AG (33.61 vs 65.20, p = 0.001), XG vs 

XG+BMP (33.61 vs 35.43, p = 0.99), XG+BMP 

vs DBM (35.43 vs 18.58, p = 0.13), XG+BMP vs 

AG (35.43 vs 65.20, p = 0.0048), DBM vs AG 

(18.58 vs 65.20, p <0.0001) 

 

 

 

 

MicroCT scan scoring with our modified scoring system demonstrated mean 

scores of 2.83 (SD 1.39) in XG, 3.67 (SD 1.33) in XG +BMP2, and 0.22 (SD 0.34) in the 

DBM group. ANOVA analysis of these results revealed increased osseointegration in XG 

and XG+BMP groups compared to DBM (p=0.003 and 0.0002, respectively) (Figure 5). 

Representative images from each group can be seen in Figure 6. 

Figure 5: Increased osseointegration seen in XG 

groups. MicroCT scoring demonstrated 

increased osseointegration within the XG groups 

when compared to DBM. XG vs DBM (2.833 vs 

0.2222, p = 0.0031), XG vs XG+BMP (2.633 vs 

3.667, p = 0.4112), XG+BMP vs DBM (3.667 

vs 0.2222, p = 0.0002) 
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Figure 6: Sample MicroCT scans from autograft (A), Demineralized Bone Matrix (B), Xenograft (C), and 

Xenograft + BMP (D). Autograft (A) has completely remodeled the osteotomy sites and shows no signs of 

the initial defect, whereas Demineralized Bone Matrix (B) does not demonstrate any apparent osseous 

ingrowth. Both the Xenograft (C) and Xenograft +BMP (D) demonstrate partial osseous ingrowth with 

some osseous bridging. 

 

Pentachrome special staining was performed for a qualitative histologic 

evaluation between the four groups. The AG group demonstrated extensive remodeling at 

the osteotomy sites within the critical defect. The DBM group demonstrated fibrous 

tissue within the defect site and scattered chondrocytes with little to no mineralization, 

while the XG and XG+BMP groups demonstrated structural integrity within the defect 

site with focal remodeling (Figure 7 and 8). A higher power view demonstrates the 

presence of angiogenesis as indicated by small vessel proliferation and endochondral 

bone formation which can be seen in the XG and XG +BMP groups (Figure 9). 

Furthermore, there was positive TRAP staining in samples from all groups, 

demonstrating osteoclastic activity which is indicative of active bone remodeling (Figure 

10). 
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Figure 7: Low power and low magnification histological evaluation with pentachrome staining of autograft 

(A), Xenograft (B), Demineralized Bone Matrix (C) and Xenograft + BMP (D). Black box on each figure 

outlines the original defect area. 
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Figure 8: High 

magnification of the 

autograft (A) 

demonstrates 

complete bone 

remodeling as 

evident by 

mineralization 

(yellow) at the 

formed cartilage 

borders (green) and 

undulating cortical 

surface with 

immature woven 

bone. Whereas the 

demineralized bone 

matrix (C) 

demonstrates 

resorption of the 

implant and 

formation of fibrous 

tissue with no 

structural 

architecture as 

evident by the 

interposed 

deposition of dense 

collagen fibers and 

loosely formed 

connective tissue 

(orange/blue) (c).  

Xenograft (B) and 

Xenograft +BMP 

(D) demonstrate a 

partial remodeling and maintenance of the structural architecture in the defect site as evidence by focal 

areas of endochondral ossification and mineralization (b,d). 
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Figure 9:  Low power view of Xenograft (A) and at 20x magnification (B) demonstrates the presence of 

cartilage formation (black arrow), vessel formation (red arrow), and new osteoid formation (blue arrow). 

Low power view of Xenograft + BMP (C) and at 20x magnification (D) demonstrates there is cartilage 

formation (black arrow), vessel formation (red arrow), and new osteoid formation (blue arrow). 

 

 

Figure 10: Positive TRAP staining 

(represented by purple staining) seen 

in all groups demonstrates the 

presence of osteoclasts within all 

groups.  
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ELISA testing of a subset of samples demonstrated that IFN-gamma levels were 

similar between all groups at 1 week (p>0.05) and at 1 month (p>0.05). Interleukin-2 (IL-

2) levels were similar between DBM and AG at both time points (7 days, p=0.14; 28 

days, p=0.28). The XG subjects had significantly greater IL-2 levels 7 days post-op 

(p=0.02) compared to the AG; which normalized by 28 days post-op to be equal to the 

AG group (p=0.43) (Figure 11). 

 

Figure 11: ELISA testing results of Interleukin-2. Interleukin-2 levels were similar between DBM and AG 

at both time points (7 days, p=0.14; 28 days, p=0.28). The XG subjects had significantly greater levels 7 

days post-op (p=0.02) compared to the AG; which normalized by 28 days post-op to be equal to the AG 

group (p=0.43). Interferon-gamma were similar between all groups at 1 week (DBM vs AG, p=0.32; XG vs 

AG, p=0.59) and at 1 month (DBM vs AG, p=0.76; XG vs AG, p=0.12).  

 

Discussion 

Previously our laboratory established that porcine cancellous bone maintains its 

osteoinductive properties in an in vitro environment after undergoing a decellularization 

and oxidation process.
27

 The results obtained in this investigation suggest that at least 

equivalent and perhaps superior osseointegration may occur with this construct compared 

to clinical market standard DBM in an in vivo critical bone defect model. Furthermore; 
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due to a normalization of IL-2 levels at 7 days and similar IFN-gamma levels to our 

control group (AG), our data suggest that the XG scaffolds are biocompatible in an in 

vivo small animal model.  

Osseointegration 

 The primary outcome of the present study focused on osseointegration as 

evaluated by three board certified orthopaedic surgeons using microCT scans. Our group 

modified a scoring system first described by Lieberman et al.
32

 in order to take into 

account the advanced imaging.
32,36

  Results demonstrated that the XG had increased 

osseointegration when compared to DBM. In fact, our results demonstrated that DBM 

had minimal osseointegration in this particular experiment.  Accordingly, Alaee et al.
37

 

found that when DBM is compared to BMP-2 the DBM had a limited osteogenic 

response. We postulate that based on our previous work
24,27

 mesenchymal stem cells are 

able to migrate through the entire defect and preferentially differentiate into osteogenic 

cells. This is well known as a required step in bone healing cascade for large bone 

defects.
28,38

 Despite this, it is widely accepted that DBM also maintains its osteoinductive 

and osteoconductive properties and therefore has the capacity for osseointegration in this 

environment as well.
39

 One possibility as to why DBM had such a poor response when 

compared to the XG is due to the lack of mechanical stability in this construct. The 

diamond concept outlines the equal importance of both the biological environment and 

mechanical stability.
40

 Moreover, this is often overlooked, but documented as being an 

essential aspect of bone healing due to forces being transmitted through the fracture.
40

 

 ased on the concept of Wolff’s law, this in turn allows callus formation. 
41

 The DBM 

does not maintain structural stability after demineralization. In contrast, the XG used in 
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these experiments consisted of a mineralized cancellous bone block, forming a stable 

construct for weight bearing, thus enabling the required biological reaction.  

   

  In addition to ex vivo microCT evaluation, our group performed an in vivo 

assessment using microPET scans to identify active bone remodeling ongoing at the 

defect site. Several authors have demonstrated that this is a sensitive and valuable 

modality for evaluating bone regeneration following implantation of biomaterials.
31,42,43

 

Our results demonstrated a trend towards increased metabolic activity within the XG 

groups when compared to DBM. With this information in conjunction with the ex vivo 

findings that there is increased osseointegration within this group, we can postulate that 

with larger sample sizes this may reach significance.  Clinically, this would provide 

another alternative bone grafting option to a surgeons armamentarium. However, it is 

important to note that these are early results in a pre-clinical animal model. Similar to our 

results, Lohmann et al.
44

 demonstrated that BioOss (a commercially available bovine 

XG) had increased metabolic activity in an 8 mm calvarial rat defect when compared to a 

3D-gelatin based hydrogel. Interestingly, the authors found that at 12 weeks post-surgery 

there was no discrete difference between AG and BioOss on gross morphology. In 

contrast, our results demonstrated a clear superiority of the AG when compared to our 

XG substitute. This may be, in part, due to the weight bearing nature of the model used in 

the current investigation. It is important to note that the microPET results alone are 

inconclusive due to recent data demonstrating that sodium fluoride also will bind to dead 

bone and calcium phosphate materials.
45

 Nonetheless, with these results being a 

comparison and in conjunction with the ex vivo findings this suggests superiority of both 
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XG groups to DBM and inferiority in comparison to AG. Although we strive to reach 

similar outcomes, we do not advocate that this XG material is equivalent to AG. 

 Qualitative histological evaluation of the subjects within this investigation was 

performed using a Movat’s pentachrome stain in order to further attempt to characteri e 

the microenvironment. In the present study, our analysis identified newly formed osteoid, 

cartilaginous tissue, and small vessells.
38

 These findings represent osteogenesis through 

endochondral bone formation and angiogenesis within the XG. Of these findings, the 

presence of angiogenesis is most critical for early bone regeneration due to this being a 

major limitation when using tissue engineered constructs.
27,46-48

 Furthermore, 

immunohistochemical staining looking for TRAP+ cells was performed to identify 

osteoclasts within the scaffold. Similarly, Issa et al.
49

 identified osteoclasts within a 

calvarial defect treated with a bovine XG. These multinucleated cells represent an 

important step in the bone remodeling process, and suggests ongoing effective bone 

remodeling.
49-51

 

Biocompatibility  

 In this evaluation our group assessed the host immune response based on the 

systemic level of circulating IL-2 and IFN-gamma cytokines. This was done based on 

recommendations from a review by Badylak et al.
35

 This allowed the evaluation of the 

TH1 immune response, which if maintained 28 days post operatively would signify 

xenogeneic transplant rejection.
33,34

 Our results demonstrated that the xenograft 

implantation caused an initial increase in these levels suggesting an initial inflammatory 

response, which is to be expected when a foreign body is implanted. However; these 
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levels became equivalent to those in the autograft group by 28 days post operatively, thus 

suggesting a deviation from a TH1 response to a TH2 response.
35

 Furthermore IFN-

gamma levels did not differ from control group at any point during the study period. 

Accordingly, Allman et al.
52

 found when they implanted syngeneic muscle tissue into 

mice that an initial inflammatory response was present and resolved by day 10. 

Furthermore, similar to our findings, the authors identified that, by day 28, the mild 

chronic inflammatory response had resolved, consistent with graft acceptance.
52

 Based on 

these findings it is appropriate to speculate that the graft used in our experiments is 

biocompatible due to the lack of a TH1 immune response. However; it is important to 

note that future experiments should be performed to determine if the TH2 response 

predominated, suggesting graft acceptance. 

 

Limitations 

This investigation provided an abundance of in vivo data regarding a XG bone 

substitute; however, it is not without its limitations. First, there is a relatively small 

sample size due to technical error and material failure. However, we did see clear trends 

within our results and believe we have not made any conclusions that were not warranted. 

Second, the use of a small animal model has two inherent limitations including the 

difficulty with adaptation of these results to a human and the lack of the alpha-gal 

antibody within this animal group.  Nonetheless, the work in this study is a required part 

of the bench to bedside translation. Third, the lack of a negative control group is a 

considerable limitation. However, our group felt the effects of a critical bone defect with 
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no implant has been demonstrated within the literature.
28

 Fourth, assessment of 

biomechanical strength of these samples would give us further information to provide a 

functional assessment of bone healing in addition to the quantitative assessment provided 

by microCT scans. Future projects should add this as an additional end point. Finally, 

assessment of the TH1 and TH2 immune responses in parallel would have strengthened 

the information obtained in regards to biocompatibility. 

Conclusion 

We can conclude from our data that a decellularized and oxidized porcine 

xenograft did not undergo immunologic rejection demonstrated by normalization of IL-2 

levels by post-op day 7 and no increase at any point in IFN-gamma levels. MicroPET 

scan data indicate that bone remodeling activity is at least equivalent to a commercial 

standard (DBM) in a critical defect model at 1 month post-operatively. Additionally, 

microCT analysis demonstrates superior osseointegration at 16 weeks post-operatively in 

the XG groups when compared to DBM. Finally, histological analysis indicates active 

bone remodeling, new bone formation, and angiogenesis within the XG. Future studies 

should explore this implant with industry standard materials in large animal models as the 

next step in translation.  
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Chapter 4: 

Conclusion, Clinical Relevance, and Future Directions 

Conclusion 

 A review of the literature, and our own clinical data demonstrated that xenograft 

use within orthopaedics is rarely performed due to historically unfavorable results.
4
 

Within this review it was identified that there is only 1 published trial in the orthopaedic 

literature using a porcine bone xenograft
17

, despite a successful history with porcine 

cardiac tissue transplantation.
7
 With this information and the patented decellularization 

and oxidation technique developed in our laboratory
6, 18, 19

, we set out to determine 

whether using this technique within porcine bone would provide at least equivalent 

outcomes to an industry standard (DBM) and not undergo immune rejection. Previous 

work had demonstrated after decellularization and processing with our patented technique 

that osteoconductivity was maintained, while eliminating 98.5 % of the alpha-gal epitope 

and 98% of host DNA.
6
 Our studies, when combined demonstrated that a porcine 

cancellous bone graft, maintains its native osteoinductive properties, is biocompatible, 

and had superior osseointegration when compared to a currently used product (DBM).
5, 11

 

The work presented in chapter 2 established that after undergoing our decellularization 

protocol, porcine cancellous bone maintains its native osteoinductive potential.
5
 This was 

demonstrated by preosteoblast survival and differentiation within an in vitro and in vivo 

environment. Additionally, this study indicated that the porcine xenograft supported the 

development of a bone microenvironment with osteogenesis and angiogenesis identified 

in vivo. Our studies in chapter 3 indicated that the porcine xenograft was indeed 

biocompatible and had at least equivalent osseointegration to DBM.
11

 The in vivo 
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deviation from a TH1 immune response by 28 days post-operatively, demonstrated the 

biocompatibility of these grafts. Additionally the osseointegration was superior due to 

higher scores on ex-vivo microCT scans in the xenograft groups compared to DBM, 

however, in vivo microPET scans did not demonstrate a significant difference.  Finally, 

qualitative histological evaluation revealed evidence of endochondral ossification, 

angiogenesis, and the presence of osteoclasts within the xenograft signifying an ongoing 

bone remodeling process. This process was not seen within the DBM group. Thus, the 

culmination of the results presented in this doctoral thesis indicate that after undergoing 

our patented decellularization technique a porcine bone xenograft maintains its 

osteoinductive potential, does not undergo immunologic reaction in a small animal 

model, and has superior osseointegration at 16 weeks postoperatively when compared to 

a currently used commercial standard (DBM) in a small animal model.  

Clinical Relevance for Orthopaedic Surgery 

Bone is one of the most commonly transplanted tissues in the United States and a 

has a large economic impact, with an estimated $2.5 billion being spent on bone grafting 

procedures each year.
1
 Our studies presented within this thesis lay a foundation for 

development of an alternative type of bone graft using a porcine xenograft. Autograft is 

the current gold standard for bone grafting, however, is limited in supply, and is 

associated with significant donor site morbidity.
4, 15

 The alternative to autograft 

commonly used is allograft, however, this is accompanied by its own set of 

disadvantages.  Allografts have limited osteoinductive properties, have a risk of graft 

contamination, donor disease transmission, a high cost of tissue processing and banking, 

and have a limited pool of healthy donors.
8
 The potential advantages to the porcine 
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xenograft is that porcine bone is available in large supply from healthy donors, with 

controlled biology at a lower cost.
13

  Historically, xenografts have not had success within 

the orthopaedic armamentarium for bone grafting procedures.
4
  However, despite the 

similarities in porcine physiology to humans and the success of other porcine 

xenotransplantation there is a paucity of porcine bone xenograft use reported within the 

orthopaedic literature.
7, 9, 14, 17

 Our work presented within this thesis demonstrates that 

application of our patented decellularization technique to porcine cancellous bone 

maintains osteoinductive properties and is at least equivalent to a currently used 

commercial product. If deemed appropriate for clinical use after further testing (discussed 

below), these grafts could provide a standardized pool of healthy donors with controlled 

biology. Due to the increased availability and the ability to control environmental factors 

affecting donor bone health, xenograft bone would theoretically lead to a cheaper, higher 

quality alternative bone graft product.    

Future Directions of Research 

These studies provide the groundwork for continuation of our studies in the 

following matter. Three main questions arise: 1) does this construct promote osteogenesis 

with human mesenchymal stem cells? 2) is this construct biocompatible in animals with 

the alpha-gal antibody (old-world monkeys)? and 3) What other pre-clinical models can 

this graft be applied to? 

Our work within chapter 2 focused on the use of murine myoblasts and 

preosteoblasts to confirm osteogenic differentiation, as has previously been demonstrated 

within the literature.
2, 3, 10, 12, 16

 However, before translation into humans, osteogenic 
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differentiation should be confirmed using human mesenchymal stem cells. This will be a 

vital part of the continuation of these experiments for translation into a clinical setting. In 

regards to the study presented in chapter 3, we made great strides by applying this 

xenograft to a critical defect model in rats. However, future work will need to test this 

graft within a species that has the naturally circulating alpha-gal antibody. This is vital to 

perform due to the well documented reason for failure of many xenografts being the 

reaction between the alpha-gal epitope and the alpha-gal antibody. We would expect 

there to be no reaction, due to removal of 98.5% of the epitope. Finally, future work must 

focus on applying the use of this graft to other pre-clinical models of bone graft. These 

may include spinal fusion, arthroplasty, or maxillofacial reconstruction. 
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32. Plate JF, Augart MA, Bracey DN, Jinnah AH, Jinnah RH, Poehling GG: All 

Polyethylene Tibial Unicompartmental Knee Arthroplasty. Operative Techniques 

in Orthopaedics. Volume 25; Issue 2; June 2015: 114-119. 

 

Abstracts and/or Proceedings 

Orthopaedic Summit Evolving Techniques 2019. Dec 11-14
th

, 2019. Las Vegas, NV. 

Jinnah AH, Whitlock P, Seyler T, Danelson K, Smith TL, Kerr BA, Emory CL, Bracey 

DN. 

Using a Porcine Derived Xenograft in Rat Critical Defect Model. Paper Presentation. 

 

North Carolina Orthopaedic Association Annual meeting. Oct 10-13
th

, 2019. Greensboro, 

NC. 

Jinnah AH, Whitlock P, Seyler T, Danelson K, Smith TL, Kerr BA, Emory CL, Bracey 

DN. 

Using a Porcine Derived Xenograft in Rat Critical Defect Model. Paper Presentation. 

 

American Academy of Orthopaedic Surgeons annual meeting, Mar 12-16
th

 2019, Las 

Vegas, NV: 

Jinnah AH, Bracey DN, Whitlock P, Seyler T, Danelson K, Smith TL, Kerr BA, Emory 

CL. 
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Demonstrating Osteoinductivity in a Decellularized Xenograft Bone Substitute. Poster 

Presentation. 

 

Orthopaedic Trauma Association Annual meeting. Oct 17-20
th

 2018. Orlando, FL.  

Medda S, Jinnah AH, Marquez-Lara A, Araiza ET, Carroll E. Uniplanar Osteotomy for 

Multiplanar Femoral Deformity Correction. Video Presentation. 2018 Viewer’s Choice 

Award  

 

Eastern Orthopaedic Association Annual meeting. Oct 17-20
th

 2018. Amelia Island, FL. 

Jinnah AH, Bracey DN, Whitlock P, Seyler T, Danelson K, Smith TL, Kerr BA, Emory 

CL. 

Demonstrating Osteoinductivity in a Decellularized Xenograft Bone Substitute. Paper 

Presentation. 

 

North Carolina Orthopaedic Association Annual meeting. Oct 10-12
th

, 2018. Kiawah 

Island, SC. 

Jinnah AH, Bracey DN, Whitlock P, Seyler T, Danelson K, Smith TL, Kerr BA, Emory 

CL. 

Osteoinductivity of a Novel Decellularized Porcine Bone Graft. Paper Presentation. 

 

Musculoskeletal Tumor Society Annual meeting. Oct 10-12
th

 2018. New York, NY: 

Jinnah AH, Bracey DN, Whitlock P, Seyler T, Danelson K, Smith TL, Kerr BA, Emory 

CL. Demonstrating Osteoinductivity in a Decellularized Xenograft Bone Substitute. 

Paper Presentation 

 

Orthopaedic Research Society annual meeting. Mar 10-13
th

 2018. New Orleans, LA: 

Jinnah AH, Bracey DN, Smith TL, Kerr BA: Creating an in vivo Bone Metastasis Model 

in an Immunocompetent Host. Poster presentation. 

 

Luo TD, Zabarsky Z, Marquez-Lara AJ, Jinnah AH, Ma X, O'gara T, Willey JS, Smith 

TL: Delivery of Stem Cell Treatment in a Percutaneous Needle Puncture Model of 

Degenerative Disc Disease in Rabbits. Poster presentation. 

 

American Academy of Orthopaedic Surgeons annual meeting, Mar 6-10
th

 2018, New 

Orleans, LA: 

Luo TD, Danelson KA, Kwok AT, Ma X, Jinnah AH, Smith TL, Willey JS: Vitamin C 

Supplementation Reverses Radiation-Induced Trabecular Bone Loss in Rats. Podium 

presentation. 

 

Orthopaedic Summit Evolving Techniques 2017. Dec 6-9
th

 2017. Las Vegas, NV:
 

Jinnah AH, Bracey DN, Smith TL, Kerr B: Bone Metastasis Model Development in an 

Immunocompetent Murine Host. Podium presentation. Best Basic Science Paper 

 

TERMIS-Americas annual conference and exhibition, Dec 3-6
th

 2017, Charlotte, NC: 
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Luo TD, Zabarsky Z, Marquez-Lara AJ, Jinnah AH, Ma X, O'gara T, Willey JS, Smith 

TL: Delivery of Stem Cell Treatment in a Percutaneous Needle Puncture Model of 

Degenerative Disc Disease in Rabbits. Poster presentation. 

 

Jinnah AH, Bracey DN, Luo TD, Willey JS, Collins B, Smith TL: Decellularized 

Xenograft Bone Scaffold is Superior to Demineralized Bone Matrix in Healing of Critical 

Defects in Rat Femurs. Podium presentation. 

 

Eastern Orthopaedic Association annual meeting, Oct 18-21
st
 2017, Miami, FL: 

Jinnah AH, Smith BP, Perricelli BC: Comparison of Two Multimodal Pain Regimens 

Used for Postoperative Pain Control in Total Joint Arthroplasty Patients. Poster 

presentation. 

 

Jinnah AH, Luo TD, Wiesler ER, Li Z, Poehling GG, Tuohy CJ, Graves BR, Freehill 

MT, Papadonikolakis A: Surgeon Experience is Not Associated with Elbow Arthroscopy 

Complications. Podium Presentation 

 

Luo TD, Danelson KA, Kwok AT, Ma X, Jinnah AH, Smith TL, Willey JS. Ascorbic 

acid treatment reverses radiation-induced trabecular bone loss in rats. Podium 

presentation. EOA/OREF Resident Award. 

 

Pennsylvania Orthopaedic Society Fall meeting, Oct 13-14
th

, 2017, Pittsburgh, PA: 

Jinnah AH, Smith BP, Perricelli BC: Comparison of Two Multimodal Pain Regimens 

Used for Postoperative Pain Control in Total Joint Arthroplasty Patients. Poster 

presentation. 

 

North Carolina Orthopaedic Association annual meeting, Oct 6-8
th

 2017, Williamsburg, 

VA: 

Jinnah AH, Bracey DN, Smith TL, Kerr B: Creating an in-vivo Bone Metastasis Model 

in an Immunocompetent Host. Podium presentation. Tumor session Award. 

 

Luo TD, Danelson KA, Kwok AT, Jinnah AH, Ma X, Smith TL, Willey JS. Efficacy of 

vitamin C in the treatment of radiation-induced bone loss in rats. Podium presentation.  

 

ISS Research and Devolopment Conference. July 17-20
th

 2017, Washington, D.C.: 

Willey JS, Kwok A, Moore J, Ma X, Zabarsky Z, Jinnah AH, Luo TD, Collins B, Smith 

TL: Arthritic Response in the Knee and Hip Joint from Reduced Weight Bearing and/or 

Low Dose Radiation. Podium presentation. 

 

Southern Orthopaedic Association annual meeting, Jun 28
th

-Jul 1
st
, 2017, Hilton Head, 

SC: 

Jinnah AH, Augart MA, Jinnah RH, Poehling GG, Plate JF: Decreased Time to Return 

to Work Using Robotic Assisted Unicompartmental Knee Arthroplasty Compared to 

Conventional Techniques. Podium presentation. 
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Jinnah AH, Luo TD, Wiesler ER, Li Z, Poehling GG, Tuohy CJ, Graves BR, Freehill 

MT, Papadonikolakis A: Surgeon Experience is Not Associated with Elbow Arthroscopy 

Complications. Poster presentation. 

 

American Orthopaedic Association annual meeting, June 20-24
th

, 2017, Charlotte, NC: 

Stone AV, Jinnah AH, Wells BJ, Atkinson H, Futrell WM, Miller AN, Emory CL: Risk 

factors for 30-day readmission following operative management of geriatric hip fractures. 

Poster presentation. 

 

11th Biennial ISAKOS Congress June 4-8
th

 2017, Shanghai, China: 

Jinnah AH, Almasri TN, Anwer ANA, Javed HZ, Li Z, Wiesler ER, Poehling GG, 

Tuohy CJ, Freehill MT, Papadonikolakis A: Complications of Elbow Arthroscopy. 

Podium presentation. 

 

North Carolina Orthopaedic Association annual meeting, Oct 7-9
th

 2016, Pinehurst, NC: 

Jinnah AH, Almasri TN, Anwer ANA, Javed HZ, Li Z, Wiesler ER, Poehling GG, 

Tuohy CJ, Freehill MT, Papadonikolakis A: Complications of Elbow Arthroscopy. 

Poster presentation. 

 

Stone AV, Jinnah AH, Wells BJ, Atkinson H, Futrell WM, Miller AN, Emory CL: Risk 

factors for 30-day readmission following operative management of geriatric hip fractures. 

Podium presentation. 

Plate JF, Jinnah AH, Augart MA, Langfitt MK, Jinnah RH, Poehling GG: Robotic 

Assisted Unicompartmental Knee Arthroplasty Decreases Time to Return to Work. 

Podium presentation. 

 

International Society for Technology in Arthroplasty annual meeting, Oct 5-8
th

 2016, 

Boston, MA: 

Plate JF, Jinnah AH, Augart MA, Langfitt MK, Jinnah RH, Poehling GG: Robotic 

Assisted Unicompartmental Knee Arthroplasty Decreases Time to Return to Work. 

Poster presentation. 

 

American Orthopaedic Association annual meeting, June 22-25
th

, 2016, Seattle, WA: 

Mannava S, Jinnah AH, Plate JF, Martin DF, Langfitt MK, Jinnah RH, Koman LA: An 

Analysis of Orthopaedic Job Market Trends in the United States Over the Past 30 Years: 

Is Fellowship Training Now Required? Poster presentation 

 

American Academy of Orthopaedic Surgeons annual meeting, Mar 1-5
th

 2015, Orlando, 

FL: 

Mont MA, Cherian J, Jauregui J, Jinnah AH, O’Connor MI: Prospective, Longitudinal 

Evaluation of Gender Differences After Total Hip Arthroplasty. Poster presentation. 

 

Volunteer Experience 

 

Volunteer Team Physician – East Forsyth High School Football 
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Kernersville, NC 

August 2019 – Present 

 

Winston Salem Rescue Mission Homeless Shelter GED Tutor                                           

Winston Salem, NC 

September 2015 – June 2016 

 

Medical University of the Americas Student Mentor                                                                    

Nevis, West Indies 

August 2011 – September 2012 

 

Work Experience 

Orthopaedic Surgery Resident 

Department of Orthopaedic Surgery, Wake Forest University School of Medicine 

Winston-Salem, NC 

July 2018 – Present 

 

Physician Scientist 

Department of Orthopaedic Surgery, Wake Forest University School of Medicine 

Winston-Salem, NC 

July 2016 – July 2018 

 

Research Fellow 

Department of Orthopaedic Surgery, Wake Forest University School of Medicine 

Winston-Salem, NC 

July 2015 – July 2016 

 

Personal Interests 

College Baseball Team president and captain 2010 

Golf, Travel, Cooking 

 


