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A B S T R A C T   

Bone substitutes are used in nearly half of all musculoskeletal surgeries. The “gold standard” graft is an autograft 
that is limited by supply and site morbidity. Therefore, allograft sources are the current alternative for clinical 
practice with some side effects, such as immune responses and risk of disease transmission. In this paper, we have 
systematically reviewed the development and characterization of decellularized allograft or xenograft-derived 
scaffolds as bone graft substitutes. The databases of PubMed, Cochrane, Scopus, and Web of Science were 
searched for experimental studies that investigated the potential of acellular allograft or xenograft-derived 
scaffold for bone regeneration. The search was finalized on 14 September 2020. The initial electronic data
base search resulted in a total of 484 studies. During the screening process, 416 studies were excluded due to not 
meeting the inclusion criteria. Finally, a total of 68 articles were included, in which human or animal tissues have 
been decellularized for bone tissue generation purposes. Although in most studies, a decellularized bone was 
used for the generation of a bone scaffold, other decellularized tissues, such as the human amniotic membrane or 
human adipose tissue, were also used in some researches for this purpose. In 42 studies out of the 68, decel
lularized bone scaffolds were implanted into in vivo animal models. 8 studies used animal bone tissues as an 
allograft. 12 studies used human tissues as a xenograft. The studies have shown that decellularized allograft or 
xenograft scaffolds have high biocompatibility with little or no host response, and can enhance new bone for
mation. Overall, the results of this study suggest that the decellularized xenograft-derived cancellous bone 
scaffolds can be considered as alternatives to the autologous bone graft. This systematic review might affect 
future research directions and the preoperative planning of graft selection.   

1. Introduction 

Bone is a tissue with an excellent ability to repair fractures or 
breakages by natural mechanisms (Sikavitsas et al., 2001), yet severe 
bone injuries that may be caused by trauma, tumor, pathological 
degeneration, or congenital deformations are significant therapeutics 
issues and cannot be restored by conventional repair mechanisms 
(Ho-Shui-Ling et al., 2018). Bone grafts or bone substitutes are used in 
nearly half of all orthopedic surgeries, that required to have osteo
conductive, osteoinductive, and osteogenic properties to provide sup
port for bone regeneration (Konofaos et al., 2014; Raghuram et al., 
2019). Currently, the main available grafts for patients suffering from 
slow or incomplete bone healing are either autologous or allograft 
(Ho-Shui-Ling et al., 2018). The autologous bone graft has been known 
as the “gold standard” that has osteoinductive and osteogenic 

properties, without immune response and the risk of disease trans
mission; it allows vascularization and new bone formation (Bhumir
atana et al., 2016; Calori et al., 2011; Roddy et al., 2018). However, this 
graft is restricted by anatomical limitations, donor site morbidity, and 
pain (Lin et al., 2016). Allogeneic grafts are limited by their availability 
(Lin et al., 2016) and due to presence of cellular components (antigens), 
they increase the risks of immune reaction, abnormal remodeling, and 
failure to integrate within host tissue (Ma et al., 2013; Nie and Wang, 
2018). Xenograft bone transplantation has been abandoned in ortho
pedic applications because of its failure to integrate with host tissues and 
extensive graft rejection (Roddy et al., 2018). 

In recent years, bone tissue engineering has been suggested as an 
alternative for bone graft (Qing et al., 2019) and emerged to solve the 
problems of bone graft limitations, immune rejection, and pathogen 
transfer (Kon et al., 2018). The production of a tissue-engineered bone 
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graft is depended on finding a biocompatible scaffold that accelerate cell 
homing, vascularization, and bone regeneration (Ho-Shui-Ling et al., 
2018). There is a severe struggle to find the appropriate scaffold for bone 
tissue engineering. The scaffolds including autologous bone, allograft 
bone, xenograft bone, and a variety of biosynthetic grafts have been 
introduced; each has its own advantages and disadvantages and none is 
ideal (Liu and Lv, 2018). Among them, the decellularized bone scaffold 
has raised a lot of attention in bone tissue engineering, due to its ability 
for providing a natural biochemical environment, availability, and also 
lack of immunogenicity in host tissue (Mishra et al., 2016; Roseti et al., 
2017). Additionally, the bioactive molecules such as growth factors and 
cytokines, conceivably maintain in the decellularized bone matrix (Chen 
and Lv, 2017). Hence, the extracellular matrix (ECM)-based scaffolds 
have been suggested as the most similar scaffold to the original tissue 
with osteoinductive properties (Ghassemi et al., 2018). The purpose of 
decellularization is to remove the genetic materials such as DNA and 
cellular component of native cells to prevent immune reactions while 
preserving its structural, biomechanical and biochemical properties 
(Benders et al., 2013). Cell-free natural ECMs can provide an appro
priate microenvironment for differentiation of stem cells and proper 
molecular composition for bone development (Abedin et al., 2018; 
Schenke-Layland and Nerem, 2011; Tapias and Ott, 2014). 

One of the most widely used bone scaffolds is the human decellu
larized bone matrix that can be obtained from surgery or cadavers, 
which has been shown to have both osteoconductive and osteoinductive 
potential (Gruskin et al., 2012). The human decellularized bone matrix 
can be used with appropriate growth factors to conduct better regen
eration (Armiento et al., 2018). Although decellularized bone allografts 
display great potential for bone regeneration, their applications are 
restricted due to the limited availability and expensive cost of human 
tissues (Pirnay et al., 2015). Therefore, researchers may use a xeno
graft–derived scaffold that retained osteoconductive properties (Bracey 
et al., 2018). The availability, low cost, unlimited quantities, and less 
human disease transmission are the advantages of xenograft-derived 
bone scaffolds (Bracey et al., 2019a). Studies reported that a bone 
scaffold could be derived from xenograft and used for clinical orthopedic 
implants if, 1) devoid of cytotoxic processing chemicals, 2) lack of risk of 
viral or bacterial pathogen transmission, 3) reduced the immune 
response, and risk of rejection (Bracey et al., 2019b; He et al., 2020b; 
Seyler et al., 2017). 

This study aimed to perform a systematic review of the literature 
about the use of decellularized xenograft and allograft-derived bone 
scaffolds as a bone graft, detailing the different decellularization pro
tocols, the method for recellularization, and in vivo implantation. 

2. Methods 

The protocol for this systematic review was performed according to 
the statements and guidelines of the preferred reporting items of sys
tematic reviews and meta-analyses (PRISMA) (Moher et al., 2015). This 
systematic review aimed to answer the following PICO question: “can 
acellular allogeneic or xenogeneic bone scaffolds be considered as a 
substitute for the bone graft and facilitate bone regeneration without 
any risk of rejection?”. Four electronic databases of PubMed, Cochrane, 
Scopus, and Web of Science were systematically searched by authors 
without any limitations from inception up to September 14th, 2020 
(Appendix 1). The search keywords were: “decellularized” or “acellular” 
AND “scaffold” AND “bone” or “bone graft” or “mineralization”. The 
duplicate articles were deleted. The criteria were evaluated first by the 
titles and abstracts by authors independently. When the study met the 
inclusion criteria or if the title and abstract did not provide enough in
formation, full articles were investigated. The conflicts were resolved by 
group discussion until a mutual consensus was reached. Details were 
extracted regarding publication information, sample type (i.e. human, 
animal, and cell), study design (in vivo or in vitro), and outcomes of the 
decellularized scaffolds. 

Inclusion criteria: 

1) Studies that used the natural tissue for the production of decellu
larized bone scaffolds.  

2) Studies that used human tissues or animal tissues for the production 
of allograft or xenograft-derived scaffold.  

3) Animal or human studies, which have been used in the bone repair or 
bone regeneration. 

Exclusion criteria:  

1) Studies that used scaffolds for another tissue engineering than bone  
2) Studies that used hybrid scaffold (synthesis scaffold + natural bone)  
3) Studies that used synthesis scaffold  
4) Literature reviews  
5) Unpublished and unavailable literature  
6) Duplicate literature 

In this paper, in vitro and in vivo studies were contemplated. No 
clinical trial that met the inclusion criteria was found. We could not 
perform a meta-analysis due to incomplete and wide heterogeneity of 
research data. So, the results were expressed descriptively. 

3. Results 

The initial electronic database search resulted in a total of 484 ci
tations. 337 reports were excluded through title or/and abstract 
screening, 5 reports were unavailable, respectively (Appendix 1). 142 
potentially relevant studies were selected for full-text review. 68 studies 
were identified in our systematic search. A flowchart of the search 
procedure can be found in Fig. 1. 

3.1. Study characteristics 

In vitro evaluation, which is often used to assess the biocompatibility, 
mineralization, and cytotoxicity of the decellularized scaffold is neces
sary for the estimation of material properties. 57 studies out of 68 
analyzed decellularized bone scaffolds in vitro and reported the recel
lularization of the scaffolds. Recellularization of bone scaffolds have 
been successfully performed with human mesenchymal stem cells 
(hMSCs; n = 13), rat mesenchymal stem cells (rMSCs; n = 12), adipose- 
derived stem/stromal cells (ADSCs; n = 7), mouse MC3T3-E1 cell line 
(n = 6), NIH/3T3 cell line (n = 4), human umbilical vein endothelial 
cells (HUVECs; n = 3), periosteum-derived cells (PDCs; n = 2), mouse 
primary calvarial cells (mPCs; n = 2), human embryonic stem cells- 
derived mesodermal progenitors (hESCs-MP; n = 2), C2C12 cell line 
(n = 2), mouse mesenchymal stem cells (mMSCs), rat multipotent adult 
progenitor cells (rMAPCs), mesenchymal progenitors from human 
pluripotent stem cells (hPSCs-MP), dental pulp stem cells (DPSCs), 
amniotic-derived mesenchymal stem cells (af-MSCs), human induced 
pluripotent stem cells derived mesenchymal progenitor (ipsc-Mp), rat 
tendon-derived stem cells (rTDSCs), human smooth muscle cells 
(hSMCs), umbilical cord blood-derived cells (UCBDSCs), bone-marrow 
derived macrophage (BM-Mø), rabbit osteoblast cells, rabbit fetal oste
oblast cells, rat osteoblast cells, human osteoblast cells, human fibro
blast cells, and MG-63 cell line (n = 1, each one). While 11 studies have 
not performed recellularization. Out of these 11 studies, 3 assessed the 
microstructure and macrostructure of decellularized bone (Bracey et al., 
2018; Jeong et al., 2019; Tran et al., 2018), and 8 studies have devel
oped implant approaches to evaluate the surgical suitability of the bone 
grafts (Anisimova et al., 2015; Borges et al., 2009; Chen et al., 2010; Guo 
et al., 2020; Huang et al., 2017; Jeong et al., 2016; Lin et al., 2018; You 
et al., 2018) (Tables 1 and 2). 

42 studies evaluated in vivo bone regeneration and remodeling of 
decellularized scaffolds in different animal species such as rat, rabbit, 
mouse, dog, pig, and chick embryo (Tables 1 and 2). 
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Run-related transcription factor 2 (Runx-2; n = 20), osteocalcin 
(OCN; n = 18), osteopontin (OPN; n = 14), alkaline phosphatase (ALP; 
n = 12), collagen type 1 (Col1; n = 8), bone sialoprotein (BSP; n = 8), 
bone morphogenic protein-2 (BMP-2; n = 4), collagen type1 alpha1 
(ColA1; n = 4), alkaline phosphatase liver/bone/kidney (ALPL; n = 4), 
osterix (OSX; n = 3), osteonectin (ON; n = 2), integrin binding sialo
protein (IBSP; n = 2), platelet-derived growth factor receptor beta 
(PDGFRB), phosphate-regulating neutral endopeptidase (PHEX), podo
planin, BMP-4 and BMP-7, thanatophoric dysplasia type 1 (TD-1), and 
matrix metallopeptidase 13 (MMP13) (n = 1, each one) were the most 
studied genes. In terms of protein expression, osteocalcin (OCN; n = 13), 
osteopontin (OPN; n = 12), collagen I (col I; n = 8), bone sialoprotein 
(BSP; n = 5), run-related transcription factor 2 (RUNX2; n = 4), osteo
nectin (ON; n = 3), alkaline phosphatase (ALP; n = 3), BMP-2, and 
β-actin (n = 1, each one) were the main parameters. Mineralization 
capacity was assessed using ALP activity (n = 20), calcium deposits 
(n = 17) and collagen X depositions (n = 1). 

Based on our knowledge, 17 studies out of 68 studies used the human 
tissue for a generation of the decellularized bone scaffolds. Seven 
research groups used the decellularization of human bone (Abedin et al., 
2018; Ferro et al., 2012; Huang et al., 2017, 2012; Sladkova et al., 2019; 
Smith et al., 2017, 2015). The other ten researches used the decellu
larized human placenta vessel selves (DPVs) (Inglis et al., 2019), 

decellularized human adipose tissue (DAT) (Mohiuddin et al., 2019), 
human amniotic membrane (HAM) (Fenelon et al., 2020; Li et al., 2015), 
human teeth (dentin matrix) (Guo et al., 2020), human acellular dermal 
matrix (ADM) (Borges et al., 2009; Jeong et al., 2016; Kim et al., 2012; 
Pappalardo and Guarnieri, 2013), and human nail bed tissue (DNB) (Yu 
et al., 2020) as a scaffold. Other studies used the acellular animal tissues 
for bone scaffolds, including bovine (n = 21), porcine (n = 17), rat 
(n = 5), rabbit (n = 3), sheep (n = 3), mouse (n = 1), dog (n = 1), 
equine (n = 1), and Fish (n = 1). Two studies compared allograft and 
xenograft tissues (Anisimova et al., 2015; Sladkova et al., 2019). 
Cancellous bone was the most frequently used tissue (n = 36), followed 
by periosteum (n = 5), pericardium (n = 3), calvaria bone (n = 2), 
cartilage (n = 2), Small intestinal submucosa (SIS) (n = 2), skin (n = 2), 
kidney (n = 1), and scapula bone (n = 1) (Tables 1 and 2). 

The pore size of the scaffolds was referred to in 9 studies, ranging 
from 200− 1000 μm (1 mm), while porosity was reported in 3 studies. 
The biomechanical test was performed in 21 studies with a compression 
test (n = 11), a tensile test (n = 9), and suture retention strength (n = 1) 
(Tables 1 and 2). 

3.2. Allograft-derived bone scaffold 

A suitable environment for cellular behaviors like proliferation, 

Fig. 1. Flow diagram for study identifuication and selection.  
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differentiation, and migration can be provided by scaffolds (Tabata, 
2009). Among all-natural and synthetic scaffolds, decellularized allo
grafts (mostly human femoral head bones) show several advantages 
including minimized immune response, retaining biological activities 
due to their structural characterization similar to native tissues, and 
supporting recellularization (Ebraheim et al., 2001; Varettas and Taylor, 
2011). According to Smith’s et al. (2015) study, which has designed a 
decellularization method based on wash-centrifuge phases (dH2O pre
heated to 60 ◦C under shaking, followed by centrifuging at room tem
perature) and sonication (sterilant solution containing 3% v/v hydrogen 
peroxide and 0.02 % v/v peroxy_acetic acid at 60 ◦C than in 70 % v/v 
ethanol at 21 ◦C), the protocol could remove the marrow elements of 
human bone. This scaffold without need osteogenic medium promoted 
the differentiation of MSCs to osteogenic lineage, and thus, indicated 
that the ECM proteins and growth factors remain functional (Smith 
et al., 2015). After two years, Smith et al. (2017) used the same methods 
(washed bone) to investigate the impacts of donor age. In this study, 
decellularized human bones from young and old donors were seeded by 

MSCs from young and old donors. It demonstrated that the ability of the 
bone of old donors to support osteogenic differentiation is better than 
the bone of young donors. In contrast, the differentiation capacity of 
MSCs from young donors was better than the old donor (Smith et al., 
2017). Recently, Sladkova et al. (2019) designed a protocol that was 
used for the preparation of a decellularized bone scaffold from cadaveric 
human bone. This protocol used of (0.1 % EDTA in 10 mM Tris at 4 ◦C, 
0.5 % SDS in 10 mM Tris and 100 U/mL DNase/RNase in 10 mM Tris at 
37 ◦C) to remove cellular elements from bone. The scaffold was com
bined with human iPSC-MP cells and osteogenic medium and then 
transferred to perfusion bioreactor. Results showed that the scaffold 
supports osteogenic differentiation and mineralization (Sladkova et al., 
2019). MSCs of periosteum developed a complex matrix and an osteo
blastic phenotype on the acellular bone scaffold (Ferro et al., 2012). We 
have shown that demineralized and decellularized human epiphyseal 
bone scaffold able to induce osteoblast differentiation and mineraliza
tion without the need for osteogenic factors (Abedin et al., 2018). In vivo 
or in vitro studies that used animal tissues as a scaffold, have shown high 

Table 1 
Tissues, decellularization techniques, biomechanical test, recellularization methods, and in vivo implant of acellular allograft- derived bone scaffold.  

Nr Author (s) Tissues Decellularization methods In vitro recellularization In vivo implant Biomechanical 
test 

Pore 
size 

1 Abedin et al. 
(2018) 

Human 
femoral head 

Freezing/thawing 6 cycles; 0.25 % trypsin; 
2.5 % SDS. 

The scaffolds were 
seeded with rABMC. 

NA NA NA 

2 Anisimova 
et al. (2015) 

Mouse 
cancellous 
bone 

4% sodium chlorite in dH2O for 1− 4 
months; 0.9% NaCl; dimethyl; 0.9% NaCl; 
dimethyl larizationsulf oxide and 6% aseptic 
dextran. 

NA Heterotopic transplantation: 
DECM from mouse’s femur 
bone were implanted under the 
dorsal skin of mice. 

Compression 
test 

NA 

3 Chen et al. 
(2015) 

Rabbit 
periosteum 

Freeze-thaw for 3 cycles; 2% Triton x-100; 
1% SDS; 100 U/mL DNase under shaking. 

PDCs were seeded on D- 
periosteum. 

D-periosteum were implanted 
subcutaneously into the backs 
of rabbit. 

Tensile test NA 

4 Chen et al. 
(2010) 

Porcine rib 5 mM NaN3; 0.2 N NaOH and 1.5% Triton X- 
100; methanol/chloroform (1:4) twice; 
ethanol; 0.1 N NaOH and 1% Triton X-100; 
methanol/chloroform (1:4); 30% H2O2 

twice; ethanol; methanol/chloroform (1:1); 
ethanol 3 times; distilled water 3 times. 

NA ACBM with the ADSC 
transfected by rhBMP-2 and 
rhVEGF were implanted in 
minipigs with ulna bone defect. 

NA NA 

5 Elkhateb et al. 
(2018) 

Rat dermis of 
the skin 

Freezing-thawing for three cycles; soaking 
with zwitterion eluent in the ultrasonic 
cleaning machine; distilled water. 

BM-MSCs were seeded in 
the ADM scaffold. 

ADM with and without BM- 
MSCs were implanted into the 
rat with critical size defect. 

NA NA 

Nr Author (s) Tissues Decellularization methods In vitro recellularization In vivo implant Biomechanical 
test 

Pore 
size 

7 Lee et al. 
(2014) 

Rat calvaria 
bone matrix 

0.5 % SDS and 0.1 % NH4OH under shaking. MC3T3-E1 were seeded 
on DECBM 

DECBM seeded with rat MAPCs 
and implanted into rat calvaria 
with critical size defect. 

Compression 
test 

NA 

8 Lee et al. 
(2016) 

Rat calvaria 
bone 

0.5 % SDS and 0.1 % NH4OH; dH2O for 3 
weeks. 

rMSCs were seeded on 
DECBM. 

rMSCs with DECBM were 
implanted into rat calvaria with 
critical size defect. 

NA NA 

9 Lin et al. 
(2018) 

Rabbit 
periosteum 

Freezing-thawing; 1% Triton x-100 in dH2O 
under shaking; 1% SDS in dH2O; 200 U/mL 
DNase. 

NA D-periosteum ECM implanted 
into rabbit with critical bone 
defect. 

NA NA 

10 Pennington 
et al. (2015) 

Rabbit 
tibiofibulas 
bone 

PBS with 0.1 % EDTA; 10 mM Tris and 0.1 % 
EDTA; 10 mM Tris and 0.5 % SDS; 50 U/mL 
DNase and 1 U/mL RNase and 10 mM Tris. 

af-MSCs were seeded on 
scaffolds. 

Scaffold with cell were 
implanted into rabbit with 
critical size tibiofibular defect. 

Compression 
teste 

NA 

11 Sladkova 
et al. (2019) 

Human 
femoral head 

0.1 % EDTA in 10 mM Tris; 0.5 % SDS in 
10 mM Tris; 100 U/mL DNase/RNase in 
10 mM Tris. 

The scaffolds were 
seeded with iPSCs and 
transferred to 
bioreactors. 

NA NA NA 

12 Smith et al. 
(2015) 

Human 
femoral head 

dH2O preheated to 60 ◦C under Shaking; 
followed by centrifugating at room; 
sonicated on sterilant solution at 60 ◦C; 70% 
ethanol. 

MSCs were seeded on 
decellularized bone. 

NA Compression 
teste 

NA 

13 Smith et al. 
(2017) 

Human 
femoral head 

dH2O preheated to 60 ◦C under Shaking; 
followed by centrifugating at room; 
sonicated on sterilant solution at 60 ◦C; 70% 
ethanol. 

BM-MSCs were seeded 
on a decellularized bone. 

NA NA NA 

NA: not available, MSC: mesenchymal stem cell, BM-MSC: bone marrow-mesenchymal stem cell, iPSC: human induced pluripotent stem cells derived mesenchymal 
progenitor, rABMC: rat adherent bone marrow cell, Pe-MSC: periosteum mesenchymal stem cell, SDS: sodium dodecyl sulfate, dH2O: deionized water, NH4OH: 
ammonium hydroxide, PBS: phosphate buffer saline, af- MSC: amniotic derived mesenchymal stem cell, EDTA: Ethylenediamine tetraacetic acid, rMSC: rat mesen
chymal stem cell, PDC: periosteum-derived cell, DECBM: decellularized bone matrix, MAPC: multipotent adult progenitor cell, D-periosteum: decellularized- 
periosteum, ACBM: acellular bone matrix, ADSC: adipose-derived stem cell, NaOH: Sodium hydroxide, NaN3: Sodium azide, rhBMP-2: recombinant human bone 
morphogenetic protein-2, rhVEGF: recombinant human vascular endothelial growth factor, ADM: acellular dermal matrix. 
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Table 2 
Tissues, decellularization techniques, biomechanical test, recellularization methods, and in vivo implant of acellular xenograft- derived bone scaffold.  

Nr Author (s) Tissues Decellularization methods In vitro recellularization In vivo implant Biomechanical 
test 

Pore size 

1 Alom et al. 
(2018) 

Bovine cancellous bone dH2O with 0.05% trypsin and 0.02% ethylenediaminetera acetic 
acid for 24 h. 

mPCs and C2C12 cell line were seeded 
on scaffold. 

NA NA NA 

2 Anisimova 
et al. (2015) 

Dog trabecular bone 4% sodium chlorite in dH2O for 1− 4 months; 0.9% NaCl; 
dimethyl; 0.9% NaCl; dimethyl larizationsulf oxide and 6% 
aseptic dextran. 

NA Orthotopic xenogenic 
transplantation: DECM from dog’s 
fibula were implanted in an artificial 
defect of the rat tibia. 

Compression test NA 

3 Arca et al. 
(2011) 

Porcine cancellous bone NA hMSCs were seeded onto the DBM 
scaffold. 

NA NA NA 

4 Bagher et al. 
(2012) 

Sheep trabecular bone Freezing/thawing: liquid nitrogen freezing − 20 ◦C; isotonic salin; 
gulactosidase. 

Rabbit osteoblast cells were seeded into 
scaffold. 

Scaffolds were implanted into a 
rabbit with tibia defect. 

NA NA 

5 Bai et al. 
(2014) 

Bovine pericardium 0.25 % Triton x-100 and 1% sodium deoxy cholate under shaking; 
200 mg/mL DNase and RNase 150 mg/mL. 

NIH/3T3 cells were seeded into 
decellularized BP. 

Acellular BP was implanted in a 
rabbit with mandibular defects. 

Tensile test NA 

6 Bernhard et al. 
(2017) 

Bovine cancellous bone PBS with 0.1 % EDTA; 10 mM Tris and 0.1 % EDTA; 10 mM Tris 
and 0.5 % SDS under shaking; 100 U/mL DNase and 1 U/mL 
RNase with 10 mM Tris. 

hASCs were seeded into the 
decellularized bone scaffold. 

Cell seeded scaffolds were implanted 
into critical-size defects in the femur 
of rat. 

NA NA 

Nr Author (s) Tissues Decellularization methods In vitro recellularization In vivo implant Biomechanical 
test 

Pore size 

7 Borges et al. 
(2009) 

Human ADM NA NA ADM were implanted in dog with 
mandibular pre-molars defect. 

NA NA 

8 Bracey et al. 
(2018) 

Porcine cancellous bone dH2O; 0.05% trypsin-EDTA; DMEM with antimicrobial 100 U/mL 
penicillin, 100 μg/mL streptomycin, 0.25 μg/mL amphotericin B; 
1000 ml DNase/ RNase-free; 1.5% peracetic acid and 2% Triton X- 
100 in ddH2O under shaking. 

NA NA Compression test 474.2 μm 

9 Bracey et al. 
(2019a) 

Porcine cancellous bone dH2O; 0.05% trypsin-EDTA; DMEM with antimicrobial 100 U/mL 
penicillin, 100 μg/mL streptomycin, 0.25 μg/mL amphotericin B; 
1000 ml DNase/ RNase-free; 1.5% peracetic acid and 2% Triton X- 
100 in ddH2O under shaking. 

C2C12 and MC3T3-E1 were seeded on 
scaffold. 

The scaffolds were preseeded with 
MC3T3-E1 and were implanted in 
right Flank of C57BL/6. 

NA NA 

10 Bracey et al. 
(2019b) 

Porcine cancellous bone dH2O; 0.05% trypsin-EDTA; DMEM with antimicrobial 100 U/mL 
penicillin, 100 μg/mL streptomycin, 0.25 μg/mL amphotericin B; 
1000 ml DNase/ RNase-free; 1.5% peracetic acid and 2% Triton X- 
100 in ddH2O under shaking. 

Murine 3T3 cell monolayers NA NA NA 

11 Burgkart et al. 
(2014) 

Rat kidney 
SDS concentrations of 0.25 %, 0.5 %, 0.66 %, and 1% for 0.5, 1.2 
and 4 h; for second part the concentration of SDS was 0.66% for l 
h; dH2O; SDS for 30 min. 

First part: Primary human osteoblasts 
were seeded into the decellularized 
kidneys. NA NA NA 
Second part: Primary human 
osteoblasts and HUVEC were co- 
cultured within bioscaffold. 

12 
Butorina et al. 
(2020) Porcine SIS NA Rat BM-MSCs were seeded in scaffold. NA NA NA 

Nr Author (s) Tissues Decellularization methods In vitro recellularization In vivo implant 
Biomechanical 
test 

Pore size 

13 Cunniffe et al. 
(2015) 

Hypertrophiccartilage 
tissue 

Freezing/thawing; 0.1 % SDS; 10 U/mL DNase and 10 U/mL 
RNase. 

hMSCs were seeded into the HT 
scaffolds. 

Scaffolds were implanted in rat with 
femoral defects. 

NA NA 

14 De Peppo 
et al. (2013) 

Bovine trabecular bone 
PBS with 0.1 % EDTA; PBS with 0.1 % EDTA; 10 mM Tris and 0.1 
% EDTA under shaking; 0.5 % SDS and Tris 10 mM under shaking; 
DNase/RNase in 10 mM Tris. 

Scaffold seeded with hPSC-MPs were 
cultivated in perfusion bioreactor. 

hPSC-MPs engineered bone 
constructs were implanted in mice. 

NA NA 

15 
Emami et al. 
(2020) 

Bovine Scapula bone 

PBS with 0.02 % EDTA and 0.05 % trypsin; distilled water; 1% 
Triton X-100 under shaking. MG-63 cell line were seeded on each 

decellularized scaffold. 
NA NA NA 

PBS with either 0.5 and 1% SDS; 1% Triton X-100 under shaking. 
0.5 % SLES with PBS and 1% Triton X-100. 

16 
Fénelon et al. 
(2020) 

Human amniotic 
membrane 

Trypsin/EDTA, 0.125 %; transferring in a solution composed of 
8 mM CHAPS, 25 mM EDTA, 0.12 mM NaOH and 1 M NaCl under 
agitation. 

hBMSCs were seeded in DL-HAM 
scaffold. 

DL-HAM scaffold were implanted 
onto mice with femoral defect. 

Suture retention 
strength 

NA 

17 Bovine trabecular bone NA NA NA 

(continued on next page) 
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Table 2 (continued ) 

Nr Author (s) Tissues Decellularization methods In vitro recellularization In vivo implant Biomechanical 
test 

Pore size 

Frohlich et al. 
(2010) 

PBS with 0.1 % EDTA; 10 mM Tris and 0.1 % EDTA; 10 mM Tris 
and 0.5 % SDS; 50 U/mL DNase and 1 U/mL RNase and 10 mM 
Tris. 

hASCs were seeded onto the scaffold in 
perfusion bioreactor. 

18 Gardine et al. 
(2015) 

Bovine cancellous bone Freezing/thawing; 1% Triton X-100 8 h; 0.1 % Triton X-100 16 h 
under shaking. 

hASCs were seeded into the scaffold. The scaffold were implanted in a 
maxillary sinus augmentstion model 
in sheep. 

NA NA 

Nr Author (s) Tissues Decellularization methods In vitro recellularization In vivo implant Biomechanical 
test 

Pore size 

19 Gardine et al. 
(2015) 

Bovine pericardium Freezing/thawing 2 cycles; 0.1 % SDS and 0.1 % EDTA under 
shaking; 50 U/mL DNase and 1 U/mL RNase in PBS containing 
10 mM magnesium chloride and BSA. 

Human fibroblast cells were seeded on 
the scaffold. 

Decellularized pericardium scaffolds 
were implanted in the abdominal 
area of rats. 

NA NA 

20 Gawlitta et al. 
(2015) 

Equine cartilage Freezing/thawing; 0.25 % trypsin-EDTA; 50 U/mL DNase and 1 
U/mL RNase in 10 mM Tris-HCL under agitation; 10 mM Tris- 
HCL; 1% V/V Triton X-100 in PBS. 

hMSCs were seeded onto the CDM 
scaffolds. 

MSCs seeded CDM scaffolds were 
implanted into the athymic nude 
rats. 

NA NA 

21 Grayson et al. 
(2008) 

Bovine trabecular bone PBS with 0.1 % EDTA; 10 mM Tris and 0.1 % EDTA; 10 mM Tris 
and 0.5 % SDS; 50 U/mL DNase and 1 U/mL RNase and 10 mM 
Tris. 

hMSCs were seeded into the scaffold. Decellularized bone scaffolds were 
implanted subcutaneously into the 
ventral regions of rats. 

NA NA 

22 
Guo et al. 
(2020) 

Human teeth 
Decalcified: 0.5 mol/l HCL; centrifuge at 1000 rev/min. 

NA 
Scaffold was implanted in rat with 
cranio-parietal bone-defect. 

NA NA Decellularized: (hypotononic NaCl); trypsin and EDTEA; Triton X- 
100. 

23 
He et al. 
(2020a) Sheep periosteum 

Freeze-thaw 3 times; 1% (v/v) Tritonx-100; 0.2 % (wt/v) SDS 
under shaking; DNase (100 U/mL) and RNase (75 μg/mL). 

Mouse MC3T3-E1 was seeded on 
scaffold. 

AP was implanted in the rabbit with 
cranial defects. Tensile test NA 

24 He et al. 
(2020b) 

Sheep periosteum Freeze-thaw 3 times; 1% (v/v) Tritonx-100; 0.2 % (wt/v) SDS 
under shaking; DNase (100 U/mL) and RNase (75 μg/mL). 

Mouse MC3T3-E1 was seeded on 
scaffold. 

AP was implanted into the back of 
rat. 

NA NA 

25 Huang et al. 
(2012) 

Human cancellous bone NA rBM-MSCs were seeded into the ACBM. ACBMs without cell were implanted 
into the bilateral ectogluteus of rats. 

NA 75− 600 μm 

26 
Huang et al. 
(2017) Human femoral head NA NA 

DBM scaffolds were implanted in the 
periosteal flap in rabbit. 

Compression 
teste 

200− 400 
μm 

Nr Author (s) Tissues Decellularization methods In vitro recellularization In vivo implant 
Biomechanical 
test Pore size 

27 Inglis et al. 
(2019) 

Human placenta vessel 
sleeve 

PBS with heparin 50 IU/mL and penicillin/ streptomycin; freezing 
and thawing; perfusion with a hypertonic (1.2 % NaCl) and 
hypotonic (0.4 % NaCl); 1% Triton X-100 and 0.02 % w/w EDTA; 
DNase (200 IU); 0.1 % w/v PAA. 

Decellularized PVS was recellularized 
with HUVEC cells. 

Chick with defect femur (embryonic 
18 day) 

NA NA 

28 
Jeong et al. 
(2016) 

Human acellular dermal 
matrix NA NA 

PRP with ADM were implanted into 
rabbit with calvarial defects. NA NA 

29 
Jeong et al. 
(2019) Rat cancellous bone 0.5 % SDS and 0.1 % NH4OH in PBS. NA NA NA 1 μm2 

30 
Kaempfen 
et al. (2015) Bovine cancellous bone NA 

rBMSCs were seeded into the DBM 
scaffold. 

DBM with fibrin hydrogel were 
implanted in rabbit with orthotopic 
segmental defect. 

NA NA 

31 
kedong et al. 
(2014) Porcine cancellous bone 

3 mM NaN3 at 4 ◦C; 1.1 chloroform/methanol; double dH2O 3 
times; 3% Triton X-100 + 7% sodium deoxycholate; 20% H2O2. 

hADSCs were combined with scaffold 
and cultured in spineer flask. NA Tensile test 284.5μm 

32 Kim et al. 
(2012) 

Human dermal tissue NA ASCs were seeded into the ADM 
scaffold. 

ADM with and without ASCs were 
implanted into the athymic nude 
rats. 

NA NA 

33 Lau et al. 
(2019) 

Tilapia skin 2.5 U/mL dispase; 1% SDS; 25 U/mL nuclease; 1% SDS. MC3T3-E1 cells were seeded onto the 
scaffold. 

The scaffolds were implanted in rat 
with calvarial defect. 

Tensile test NA 

34 Lee et al. 
(2020) 

Bovine cancellous bone Demineralized then 0.6 N citric acid and distilled water. Rat osteoblasts were seeded in bdECM 
scaffold. 

bdECM scaffold were implanted into 
mouse with calvarial defects. 

NA NA 

35 
Leng et al. 
(2020) Porcine cancellous bone 

Methanol and chloroform 1:1; processing with an ultrasonic cell 
crusher for 3 cycles; PBS and ddH2O; 0.5% dipase and 1% Triton 
X-100 in 0.05 M/l− Tris-HCL under shaking for 3 times; PBS and 
ddH2O; freez-deried. 

BMSCs were seeded in the 
decellularized DBM scaffold and PRP 
loaded DBM scaffold. 

The scaffolds was implanted into 
rabbit with critical size defect. Compression test NA 

36 Li et al. (2017) Porcine SIS NA NA NA 

(continued on next page) 
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Table 2 (continued ) 

Nr Author (s) Tissues Decellularization methods In vitro recellularization In vivo implant Biomechanical 
test 

Pore size 

NIH/3T3, MC3T3-E1 and BMSC cells 
were seeded on SIS scaffold. 

The SIS scaffold was implanted in 
mouse with calvaria defect model. 

37 Li et al. (2015) Human amniotic 
membrane 

1% Triton X-100 (200 ml); distilled water (200 ml) and 0.1% SDS 
(200 ml) under shaking. 

rBM-MSCs were seeded into the AHAM 
scaffold. 

Multilayered AHAM were implanted 
into rat with tibia defect. 

Tensile test NA 

38 Liu et al. 
(2018) 

Porcine cancellous bone 2% SDS, 10 mM Tris; methanol chloroform, ethanol and 0.25 % 
trypsin; ddH2O; 50 U/mL DNase, 1 U/mL RNase, 10 mM Tris, 
ddH2O. 

hSMCs and HUVECs were co-cultured 
within the DB scaffold, fibrin hydrogel 
was added and then were cultured in 
the bioreactor. 

NA NA NA 

39 Marcos et al. 
(2012) 

Bovine trabecular bone PBS with 0.1 % EDTA; 10 mM Tris and 0.1 % EDTA under 
shaking; 0.5 % SDS and Tris 10 mM for 24 h. 

hESCs-MP were seeded into the bone 
scaffold. 

NA Compression test 4μm-1 mm 

40 Marolt et al. 
(2012) 

Bovine trabecular bone PBS with 0.1 % EDTA; 10 mM Tris and 0.1 % EDTA; 10 mM Tris 
and 0.5 % SDS; 50 U/mL DNase and 1 U/mL RNase and 10 mM 
Tris. 

Scaffold seeded with hESC-MPs were 
cultivated in perfusion bioreactor. 

hESC-MPs engineered bone 
constructs were implanted in 
immuodeficient mice. 

NA NA 

Nr Author (s) Tissues Decellularization methods In vitro recellularization In vivo implant Biomechanical 
test 

Pore size 

41 Mohiuddin 
et al. (2019) 

Human adipose tissue Freezing / thawing 3 times; dH2O; 0.5 M and 1 M sodium 
chloride; dH2O; 0.25% trypsin; isopropanol; dH2O; 1% Triton x- 
100 and dH2O. 

Both ASC and OIASC cells were 
suspended in DAT hydrogel scaffold. 

The scaffolds were implanted in 
C57BL/6 mice with Femoral defect. 

NA NA 

42 
Nakamura 
et al. (2019) 

Porcine cancellous bone 

SDS treatment: 10 % iodine; 10 mM Tris buffer containing 0.1 % 
EDTA; 0.5 % agar and 1.25 % EDTA; 10 mM Tris and 0.1 % EDTA 
and 0.1 % SDS; 50 mM Tris-HCL and 10 mM magnesium chloride; 
50 μg/mL bovine serum albumin; 50 U/mL DNase and 1 U/mL 
RNase; 0.1 % EDTA in PBS under shaking. 

hMSCs were seeded on DCB scaffold. 
HHP and SDS DCBs seeded with 
hMSCs were implanted 
subcutaneously in mice. 

NA NA 

HHP treatment: Pressurizing at 980 MPa and 10 ◦C; 50 mM 
magnesium chloride; 0.2 mg/mL DNase I; 80 % ethanol under 
shaking. 

43 
Nakamura 
et al. (2020) Porcine cancellous bone 

Pressurizing at 980 MPa and 10 ◦C; 50 mM magnesium chloride; 
0.2 mg/mL DNase I; 80 % ethanol under shaking. 

hMSCs: rMSCs were seeded in DCBs. 
NA NA NA rBMCs were seeded in DCBs. 

44 
Nie et al. 
(2020) Porcine cancellous bone 

PBS with 1% Triton X-100 and 0.5 % sodium deoxycholate; DNase 
I (150 U/mL) and RNase (100 μg/mL); 100 % ethanol. hMSCS were seeded into DBM scaffold. NA Compression test 500 μm 

45 Paduano et al. 
(2017) 

Bovine cancellous bone 0.5 M HCL; chloroform/methanol; 0.05 % trypsin; 0.02 % EDTA; 
1 mg/mL pepsin in 0.01 M HCL. 

DPSCs were seeded onto decellularized 
bECM hydrogels. 

NA NA NA 

46 Pappalardo 
et al. (2013) 

Human acellular dermal 
matrix 

NA MSCs were seeded into ADM NA NA NA 

Nr Author (s) Nr Decellularization methods In vitro recellularization In vivo implant 
Biomechanical 
test Pore size 

47 Qing et al. 
(2019) 

Bovine cancellous bone 
Hydrochloric acid 0.5 N; methanol:ethanol 1:1; 1% Triton X-100 
and sodium deoxycholate 0.5 %; 150 IU/mL DNase and 100 μg/ 
mL RNase. 

rBMSC, rTDSC cells, and NIH-3T3 
fibroblasts were seeded into HPTBM. 

The scaffolds were implanted 
subcutaneously in the dorsal regain 
of rat. 

Tensile test NA 

48 
Qiu et al. 
(2019) Porcine periosteum 

Freezing / thawing 3 times; 1% Triton x-100; 1% SDS; 200 U/mL 
DNase. MSCs were seeded in PEM hydrogel. 

PEM hydrogel was implanted into 
the rat with critical- size calvarial 
defect. 

NA NA 

49 
Quan et al. 
(2010) Porcine cancellous bone Tris-NaCL for 6 h; 0.6 M HCL; acetone or chloroform/methanol. UCBDSs were seeded into the scaffold. NA NA 

250− 1000 
μm 

50 
Rashmi et al. 
(2017) 

Bovine cancellous bone 
Freeze-thaw for 5 cycles each cycle (liquid nitrogen; hot water at 
56 ◦C, 3% H2O2; 70% ethanol). 

The rabbit fetal osteoblast cell were 
seeded on the scaffold. 

NA NA 
200–500 
μm 

51 Sahabipour 
et al. (2013) 

Bovine cancellous bone Freezing/thawing: 2.5 %, 5% and 8% SDS (w/v) for 8, 3 or 1 h; 75 
% ethanol and PBS at room temperature. 

Rat MSCs were seeded into the scaffold. NA Tensile test NA 

52 Sawkins et al. 
(2013) 

Bovine tibia bone 0.05 % trypsin and 0.02 % ethylenediamine tetraacetic acid under 
agitation. 

mPCs wrere seeded into the dECM 
hydrogel. 

NA Compression test NA 

53 
Sladkova et al. 
(2019) Bovine trabecular bone 

0.1 % EDTA in 10 mM Tris; 0.5 % SDS in 10 mM Tris; 100 U/mL 
DNase/RNase in 10 mM Tris. 

The scaffolds were seeded with iPSCs 
and transferred to bioreactors. NA NA NA 

54 
Tran et al. 
(2019) 

Bovine cancellous bone 
Washing with PBS; immersing EtOH under shaking; thermal shock 
for 4 cycles; 1% Triton X-100; 0.1 % Triton X-100. 

NA NA NA NA 

Nr Author (s) Tissues Decellularization methods In vitro recellularization In vivo implant Pore size 
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biocompatibility of seeded decellularized scaffolds, enhancement the 
osteogenic differentiation and mineralization (Anisimova et al., 2015; 
Chen et al., 2015, 2010; Elkhateb et al., 2018; Lee et al., 2016, 2014; Lin 
et al., 2018; Pennington et al., 2015) (Tables 1–4). Several authors 
performed subcutaneous tissue decellularization according to combined 
protocols that used an enzymatic method and chemical method and 
mechanical method (Abedin et al., 2018; Chen et al., 2015; Lin et al., 
2018), the enzymatic method and the chemical method was performed 
by three authors (Elkhateb et al., 2018; Pennington et al., 2015; Slad
kova et al., 2019), the chemical method and mechanical method (Lee 
et al., 2014; Smith et al., 2017, 2015), the chemical method alone 
(Anisimova et al., 2015; Chen et al., 2010; Lee et al., 2016), and one 
study has used commercially decellularized bone scaffold from the tissue 
bank (Ferro et al., 2012). Eight studies used animal bone tissues as an 
allograft. The decellularized animal tissues that used as the allograft 
scaffold for the generation of the bone are rabbit periosteum (Chen et al., 
2015; Lin et al., 2018), rabbit tibia bone (Pennington et al., 2015), rat 
calvaria (Lee et al., 2016, 2014), mouse cancellous bone (Anisimova 
et al., 2015), rat skin (Elkhateb et al., 2018), and porcine rib (Chen et al., 
2010). 

3.3. Xenograft bone scaffold 

Xenogenic ECM scaffolds can be generated from different decellu
larized tissues. This study aimed to define the function of the decellu
larized xenograft tissues in bone repair and remodeling. 12 studies used 
human tissues as xenograft and 45 others used animal tissues as a bone 
scaffold. A functional bone graft was regenerated by using a human 
pedicle periosteal flap as an in vivo bioreactor and a DBM (decellularized 
femoral head bone) as a bio-scaffold in a rabbit model (Huang et al., 
2017). On the other hand, Huang et al. (2012) reported that the human 
acellular cancellous bone matrix has poor osteoinductivity, but it could 
mimic the microenvironment of bone marrow and acted as a stem cell 
niche for tissue engineering (Huang et al., 2012). Inglis et al. (2019) 
used the DPVs as a periosteal protective sleeve to enhance bone regen
eration in embryonic day 18 chick femurs. Decellularization was per
formed with (PBS with heparin 50 IU/mL and 1% 
penicillin/streptomycin; freeze and thaw technique; perfusion with a 
hypertonic (1.2 % NaCl) and hypotonic (0.4 % NaCl); 1% Triton x-100 
and 0.02 % w/w EDTA; DNase (200 IU); 0.1 % w/v PAA). DPVs were 
recellularized with HUVECs and cultured on the chorioallantoic chick 
membrane. Excellent cell viability of allogeneic cells (HUVECs) seeded 
onto DPVs and biocompatibility (100 % survival) and integration (70 %) 
of the DPVs, as well as higher levels of bone formation and visible blood 
vessel, indicated the potential of decellularized grafts to augment bone 
healing (Inglis et al., 2019). Mohiuddin OA et al. (2019) showed a novel 
application of decellularized adipose tissue (Frozen/thawed 3 times; 
dH2O for 48 h; 0.5 M and 1 M sodium chloride; dH2O overnight; 0.25 % 
trypsin; isopropanol; dH2O overnight; 1% Triton x-100 and dH2O) as a 
bioscaffold in combination with ASCs for the regeneration of 
cortical-sized long bone defects (Mohiuddin et al., 2019). Guo K et al. 
(2020) used human tooth as a scaffold and Yu Y et al. (2020) used 
human nail bed tissue with BM-Mø (bone marrow-derived macrophage) 
that the cells were indirectly cultured with the scaffold. The scaffold 
modulated macrophage polarization into M2, thus promoted the 
osteogenesis and bone regeneration of bone marrow mesenchymal stem 
cells (BMSCs) in vitro and in vivo (Guo et al., 2020; Yu et al., 2020). Four 
studies used ADM (composed of human dermis ECM) that undergoes a 
multi-step proprietary process to removes cellular components that can 
lead to tissue rejection. ADM consists of collagens, especially collagen 
type one, glycosaminoglycans, elastins and proteins that support 
vascularization, cell proliferation, and tissue remodeling and is similar 
to the ECM of bone (Cummings et al., 2005). In vitro results indicated 
one of the most important biological features of an ADM seems to be the 
ability to permit stem cell adhesion. This adhesion is important because 
the cells create bridges that permit them to interact with neighboring Ta
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cells. In vivo results showed that ADM successfully integrates with the 
host tissue, and cells/ADM implants promote new bone formation more 
rapidly than ADM alone (Borges et al., 2009; Jeong et al., 2016; Kim 
et al., 2012; Pappalardo and Guarnieri, 2013). Based on our knowledge, 
two studies have investigated the potential of decellularized human 
amniotic membrane (DL-HAM) for bone healing. They designed a 
decellularization protocol that did not damage the integrity of the 
basement membrane components, which is essential to promote cell 
seeding. They have shown the ability of DL-HAM to promote BMSCs 
osteo-differentiation in vitro. In vivo, DL-HAM enhanced bone formation 
(Fenelon et al., 2020; Li et al., 2015). 

The composition of the native tissues can be changed with different 
decellularization protocols. Non-ionic detergents, ionic detergents, and 
various enzymes are several chemicals used to remove cell components, 
which have been introduced as decellularizing agents (Lumpkins et al., 
2008). 

The protocols for xenograft tissue decellularization were analyzed in 
this systematic review, consisting of a combination of mechanical, 
chemical, and enzymatic treatments that extract cells and preserve the 
structural ECM components (Table 2). Several authors performed sub
cutaneous tissue decellularization according to combined the 

mechanical disruption of the tissue (i.e. freezing-thawing or agitation) 
and enzyme digestion (i.e. by DNase, RNase, trypsin) (Bai et al., 2014; 
Bernhard et al., 2017; Bracey et al., 2019a, 2018; Bracey et al., 2019b; 
Cunniffe et al., 2015; De Peppo et al., 2013; Fenelon et al., 2020; Gardin 
et al., 2015; Gawlitta et al., 2015; He et al., 2020a, b; Inglis et al., 2019; 
Leng et al., 2020; Marcos-Campos et al., 2012; Mohiuddin et al., 2019; 
Nakamura et al., 2019, 2020; Qiu et al., 2020; Sawkins et al., 2013) with 
the use of detergents (i.e. SDS, Tritonx-100, EDTA). Some authors re
ported combined protocols that the use of an enzymatic method and 
chemical method (Alom et al., 2018; Emami et al., 2020; Fröhlich et al., 
2010; Grayson et al., 2008; Guo et al., 2020; Lau et al., 2019; Liu et al., 
2018; Marolt et al., 2012; Nie et al., 2020; Paduano et al., 2017; Qing 
et al., 2019; Sladkova et al., 2019; You et al., 2018; Zheng et al., 2018). 
Other research was reported simplified methods that involve the use of a 
singular category of decellularization agent, such as chemical methods 
by detergent (Anisimova et al., 2015; Burgkart et al., 2014; Emami et al., 
2020; Jeong et al., 2019; Kedong et al., 2014; Lee et al., 2020; Quan 
et al., 2010; Yu et al., 2020). Seven studies used combined the me
chanical method and detergents (Bagher et al., 2012; Emami et al., 
2020; Gardin et al., 2015; Li et al., 2015; Rashmi and Amarpal, 2017; 
Shahabipour et al., 2013; Tran et al., 2018). 11 studies have provided 
commercially decellularized scaffolds (Arca et al., 2011; Borges et al., 
2009; Butorina et al., 2020; Huang et al., 2017, 2012; Jeong et al., 2016; 
Kaempfen et al., 2015; Kim et al., 2012; Li et al., 2017; Pappalardo and 
Guarnieri, 2013; You et al., 2020). After the decellularization procedure, 
xenograft tissue was processed into different formulations: a) scaffolds 
made of the intact matrix (n = 50), b) hydrogel scaffolds made of ECM 
(n = 5) (Alom et al., 2018; Mohiuddin et al., 2019; Paduano et al., 2017; 
Qiu et al., 2020; Sawkins et al., 2013), c) scaffolds made of the intact 
matrix plus hydrogel (n = 2) (Kaempfen et al., 2015; Liu et al., 2018). 

Cell populations were seeded in static/dynamic conditions into the 
decellularized scaffold. Also being nontoxic for xenograft-derived cul
tures, decellularized ECM demonstrated not only to support cell adhe
sion and proliferation that was confirmed via cells homogeneously 
distributed across the scaffold surface and cells adapted to dynamic 
culture environment but also to provide an inductive microenvironment 
for osteogenesis. 

In vitro studies demonstrated that the presence of a decellularized 
xenograft scaffold can enhance the osteogenic differentiation, new bone 
formation, and mineralization of different cell types (Table 3). 

The xenogeneic cellular antigens in the xenografts have been shown 
to evoke inflammatory responses. They cause releases of inflammatory 
mediators from the host and lead to the failure of xenogeneic grafts 
(Gilbert et al., 2009; Sykes and Sachs, 2019; Wessing et al., 2018). One 
of the stimulants of the immune system is nuclear material. However 
small amounts of DNA could be found in decellularized scaffolds 
(Vickers, 2017). 10 studies have examined the immune response to 
xenogeneic tissues by subcutaneous implantation of seeded or unseeded 
decellularized scaffolds, and the results have demonstrated high 
biocompatibility, with little to no evidence of inflammation and rejec
tion (Anisimova et al., 2015; Cunniffe et al., 2015; Gardin et al., 2015; 
Grayson et al., 2008; Guo et al., 2020; He et al., 2020b; Lee et al., 2020; 
Leng et al., 2020; Qing et al., 2019; Zheng et al., 2018). Therefore, 
despite the presence of this residual, probably the amount of these 
components are not enough to induce an immunological reaction. 
Neutrophils are the first cells that infiltrate the implanted grafts and then 
they replace with macrophages (Vickers, 2017). The presence of these 
cells, especially mononuclear macrophages, is correlated with tissue 
formation in implanted scaffolds (Brown et al., 2009; Varol et al., 2015; 
Walsh et al., 2018). Yu et al. (2020) investigated the effects of M2 
macrophages in bone formation. The results of this study indicated that 
the decellularized nail bed scaffolds polarized the macrophage toward 
the pro-regenerative M2 phenotype that directs osteogenesis by upre
gulation of the expression of BMP-2 (Yu et al., 2020). Activated M2 
macrophages contribute to anti-inflammatory responses by partici
pating in the clearance of remains, the suppression of inflammation and 

Table 3 
In vitro outcomes.  

Nr Author (s) Osteogenic 
differentiation 

Mineralization New bone 
formation 

1 Alom et al. (2018) Y Y NA 
2 Arca et al. (2011) Y Y NA 
3 Bagher et al. (2012) NA Y NA 
4 Bernhard et al. 

(2017) 
Y NA Y 

5 Bracey et al. 
(2019a) 

NA Y NA 

6 Burgkart et al. 
(2014) 

Y Y NA 

7 Butorina et al. 
(2020) 

NA Y NA 

8 Cunniffe et al. 
(2015) 

NA Y NA 

9 De Peppo et al. 
(2013) 

Y Y Y 

10 Fenelon et al. 
(2020) 

NA Y NA 

11 Fröhlich et al. 
(2010) 

NA Y NA 

12 Gardin et al. (2015) Y NA NA 
13 Grayson et al. 

(2008) 
Y Y NA 

14 He et al. (2020b) Y Y NA 
15 Huang et al. (2012) Y NA NA 
16 Kedong et al. (2014) Y Y NA 
17 Lau et al. (2019) Y Y NA 
18 Lee et al. (2020) Y Y NA 
19 Li et al. (2017) Y Y NA 
20 Li et al. (2015) Y Y NA 
21 Marcos-Campos 

et al. (2012) 
Y Y Y 

22 Marolt et al. (2012) Y Y Y 
23 Nakamura et al. 

(2019) 
Y Y NA 

24 Nie et al. (2020) Y Y NA 
25 Paduano et al. 

(2017) 
Y Y NA 

26 Pappalardo et al. 
(2013) 

NA Y NA 

27 Qing et al. (2019) Y NA NA 
28 Qiu et al. (2020) Y Y NA 
29 Sladkova et al. 

(2019) 
Y Y Y 

30 You et al. (2020) Y Y NA 
31 Yu et al. (2020) Y Y NA 
32 Zheng et al. (2018) Y Y NA 

Y: available, NA: not available. 
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Table 4 
Outcomes reported from the 68 trials included in the systematic review.  

Nr Study Bone outcome (follow-up) Angiogenesis outcome (follow- up) Mineralization (follow-up) 

1 Abedin et al. (2018) NA NA Histology (1, 2, 3, and 4 weeks) 
2 Alom et al. (2018) NA NA Histology 
3 Anisimova et al. 

(2015) 
NA NA NA 

4 Arca et al. (2011) NA NA Histology pNPP assay (14 and 21 days) 

5 Bagher et al. (2012) 
Histology 

Histology (12 weeks) Histology 
X-ray (4, 8, and 12 weeks post implantation) 

6 Bai et al. (2014) Histology (4, 8, 12 and 16 weeks postsurgery) Histology (16 weeks postsurgery) X-ray (4 and 6 weeks postsurgery) 

7 Bernhard et al. 
(2017) 

Bone volume 

NA 

μ-CT 
Histology Histology (1, 3, 6, 9 and 12 weeks post 

implantation) 
Gene expression profiling (1, 3, 6, 9 and 12 
weeks) 

8 Borges et al. (2009) 

Histology 

NA NA 
Connective tissue 
Histomorphometry 
X-ray (8 and 16 weeks post implantation) 

9 Bracey et al. (2018) NA NA NA 

10 Bracey et al. (2019a) 

Histology & IHC 

Histology & IHC (4 weeks post implantation) Histology 
Bone volume & density 
Gene expression profiling (4 weeks post 
implantation) 

11 Bracey et al. (2019b) NA NA NA 

12 Burgkart et al. 
(2014) 

NA NA Histology 

13 Butorina et al. 
(2020) 

NA NA Histology (12 and 28 days) 

14 Chen et al. (2015) NA NA NA 

15 Chen et al. (2010) 
X-ray 

SPECT (2, 4, 8, and 12 weeks) NA Histology 
99m TcMDP (2, 4, 8, and 12 weeks) 

16 Cunnife et al. (2015) 
Histology 

Histology (4 and 8 weeks post implantation) Histology & IHC Bone volume (4 and 8 weeks post 
implantation) 

17 
De Peppo et al. 
(2013) 

Bone volume & density 

Histology (12 weeks post implantation) 

Histology 
Histology (3, 8, and 12 weeks) (in vitro) 

μ-CT (BMD) (3, 8, and 12 weeks) 
Microarray analysis 
Connective tissue 
Histomorphometry (12 weeks post 
implantation) 

Nr Study Bone outcome (follow-up) Angiogenesis outcome (follow- up) Mineralization (follow-up) 

18 Elkhateb et al. 
(2018) 

Histology & IHC (4 weeks) Histology (4 weeks) NA 

19 Emami et al. (2020) NA NA NA 

20 Fénelon et al. (2020) 
Bone volume Histology 

Histology (in vitro) (1, 2, and 3 weeks) Histology (1 week and one month after 
implantation) 

Histomorphometric analysis (1 week and one 
month after implantation) 

21 Ferro et al. (2012) 

Histology 

NA Histology 
Immunofluorescence 
X-ray 
Gene expression profiling (3 months and 
1 year) 

22 
Fröhlich et al. 
(2010) NA NA 

Histology & IHC 
Bone volume (4 and 5 weeks) 

23 Gardin et al. (2015) Histology Histology (30 days) NA 
Connective tissue (15 and 30 days) 

24 Gawlitta et al. 
(2015) 

Histology NA Histology X-ray 
X-ray (3 and 8 weeks post implantation) 

25 Grayson et al. 
(2008) 

NA NA 
Histology & IHC 
μ-CT (BMD) 
SEM (5 weeks) 

26 Guo et al. (2020) Histology & IHC NA NA 
Bone volume (4 and 8 weeks) 

27 He et al. (2020b) NA NA Histology 

28 He et al. (2020a) Histology NA NA 
Bone volume & density (4, 8, and 12 weeks) 

29 Huang et al. (2012) 
Bone volume 

Histology (1, 2, and 4 months after implantation) NA Histology & IHC (4 months after implantation) 

30 Huang et al. (2017) 
Histomorphometry & histology 

Histology (8 and 16 weeks post implantation) 
μ-CT 

Bone volume & density CLSM 
CLSM (8 and 16 weeks post implantation) MAR (8 and 16 weeks post implantation) 

31 Inglis et al. (2019) Histology & IHC Histology NA 
Bone volume & density (8 days) 

32 Jeong et al. (2016) 
Histology 

NA NA Bone volume (16 weeks) 

(continued on next page) 
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Table 4 (continued ) 

Nr Study Bone outcome (follow-up) Angiogenesis outcome (follow- up) Mineralization (follow-up) 

33 Jeong et al. (2019) NA NA NA 
Nr Study Bone outcome (follow-up) Angiogenesis outcome (follow- up) Mineralization (follow-up) 

34 Kaempfen et al. 
(2015) 

NA Histology (6 weeks post implantation) 
Histology 
X-ray 
μ-CT (12 weeks post implantation) 

35 Kedong et al. (2014) NA NA Histology 

36 Kim HJ et al. (2012) 
Bone volume 

Histology (4 and 8 weeks) μ-CT (4 and 8 weeks) Histology & IHC 
Histomorphometry (4 and 8 weeks) 

37 Lau et al. (2019) 
Bone volume 

NA Histology (1, 2, and 3 weeks) Histology 
Gene expression profiling (2 and 6 weeks) 

38 Lee et al. (2014) 
Histology 

NA Histology (1, 2, and 3 weeks) MAR assay 
μ-CT(12 weeks) 

39 Lee et al. (2016) 
Bone volume 

NA Histology (10, 17, and 28 days) Histology 
MAR assay (12 weeks) 

40 Lee et al. (2020) 

Bone volume & density 

NA 

Histology (in vitro) 

Histology & IHC (2, 4, 6, and 8 weeks) 
(2 and 4 weeks) 
Micro-CT (BMD) (4, 6, and 8 weeks post 
implantation) 

41 Leng et al. (2020) 
Histology & IHC 

Histology (6, 8, and 12 weeks) NA X-ray 
Connective tissue (4, 8 and 12 weeks) 

42 Li et al. (2017) 
Histology & IHC 

IHC Histology Gene expression profiling (4 and 8 weeks) 

43 Li et al. (2015) 
Bone volume & density 

NA 
Histology (in vitro) 

Histology (3 weeks) 
X-ray (6 weeks post implantation) X-ray (6 weeks post implantation) 

44 Lin et al. (2018) 
Bone volume & density (in vivo) (3, 6, and 9 
weeks) NA 

Bone volume (in vitro) 
Histology 
EDX 
AFM (4 and 8 weeks) 

45 Liu et al. (2018) NA Histology & IHC (3 weeks) NA 

46 Marcos et al. (2012) Bone volume & density NA IHC 
Gene expression profiling (5 weeks) Bone volume and density (5 weeks) 

Nr Study Bone outcome (follow-up) Angiogenesis outcome (follow- up) Mineralization (follow-up) 

47 Marolt et al. (2012) 

Bone volume & density 

Histology (8 weeks post implantation) 

Histology (in vitro) 
Histology (3 and 5 weeks) 
(in vitro) (5 weeks) and (8 weeks post 
implantation) μ-CT (BMD) (in vitro) (5 weeks) and (8 weeks 

post implantation) Connective tissue  

48 Mohiuddin et al. 
(2019) 

Bone volume & density NA Histology & IHC (6 and 12 weeks after 
surgery) IHC (6 and 12 weeks after surgery) 

49 Nakamura et al. 
(2019) 

NA Micro-CT Angiography Histology 
Histology (4 and 8 weeks) 

50 
Nakamura et al. 
(2020) NA NA NA 

51 Nie et al. (2020) NA NA Histology 

52 Paduano et al. 
(2017) 

NA NA Histology 

53 Pappalardo et al. 
(2013) 

NA NA X-ray microanalysis (2 and 5 weeks) 

54 
Pennington et al. 
(2015) 

Histology 
NA Histology Bone volume (3 and 8 weeks) 

55 Qing et al. (2019) 
Histology 

NA NA Gene expression profiling 
Western blot assay (2, 3, 4 and 5 weeks) 

56 Qiu et al. (2020) 

Bone volume & density 

Histology & IHC (3, 7, and 21 days) TEM (in vitro) Micro-CT (BMD) 
Histology 
Gene expression profiling 
Immunofluorescent (4 and 8 weeks post 
implantation) 

57 Quan et al. (2010) NA NA NA 
58 Rashmi et al. (2017) NA NA NA 

59 Sawkins et al. 
(2013) 

NA NA NA 

60 Shahabipour et al. 
(2013) 

NA NA NA 

61 
Sladkova et al. 
(2019) 

Histology & IHC 
NA Bone volume & density (5 weeks) Gene expression profiling (5 weeks) 

62 Smith et al. (2015) NA NA NA 

63 Smith et al. (2017) NA NA 
XRD 
XRF 
μ-CT (2 and 4 weeks) 

(continued on next page) 
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the regulation of angiogenesis. In this way, they improve graft-host 
connective tissue integration rather than rejection (Lucas et al., 2010; 
Weaver et al., 2015). Qiu et al. (2020) also demonstrated the role of M2 
macrophages in a series of processes occurring during bone regenera
tion. They indicated that recruited macrophages, promoted angiogen
esis, guided osteogenic differentiation, stimulated calcium deposition 
and contributed to mineralization (Qiu et al., 2020). When the immune 
responses to the graft of acellular sheep periosteum (AP) were compared 
with fresh sheep periosteum (FP), the results showed unlike FP, AP did 
not provoke a severe immunogenic response via the Th1 pathway (He 
et al., 2020b). 

Alpha-Gal is a carbohydrate found in most mammalian cell mem
branes, except human and higher primates, and can lead to hyperacute 
rejection of the xenograft tissues (Abdel-Motal et al., 2009). Three 
studies have focused on the alpha-Gal epitope (one study in vitro and two 
studies in vivo). Bracey et al. (2019b) employed a decellularization 
protocol that removed 98.5 % of the alpha-Gal epitopes (Bracey et al., 
2019b). The amount of alpha-Gal epitopes reduced about 80 % after 
decellularization (He et al., 2020b). Leng et al. (2020) also used 
immunohistochemistry to detect the alpha-Gal epitope and no alpha-Gal 
antigen-positive expression was observed in the decellularized bone 
matrix of the pig (Leng et al., 2020). Overall results demonstrate that 
decellularization can reduce immune response. It may explain the better 
bone regeneration of decellularized scaffold (Alom et al., 2018; Bagher 
et al., 2012; Bai et al., 2014; Bernhard et al., 2017; Borges et al., 2009; 
Bracey et al., 2019a; Cunniffe et al., 2015; De Peppo et al., 2013; Fenelon 
et al., 2020; Gardin et al., 2015; Gawlitta et al., 2015; Guo et al., 2020; 
He et al., 2020a; Huang et al., 2017, 2012; Inglis et al., 2019; Jeong 
et al., 2016; Kim et al., 2012; Lau et al., 2019; Lee et al., 2020; Leng 
et al., 2020; Li et al., 2017, 2015; Marcos-Campos et al., 2012; Marolt 
et al., 2012; Mohiuddin et al., 2019; Qing et al., 2019; Qiu et al., 2020; 
You et al., 2020; Yu et al., 2020; Zheng et al., 2018) (Table 4). 

Angiogenesis is an indispensable feature for graft survival, integra
tion, and function, since plays a vital role in supplying cells with oxygen 
and nutrients (Lin et al., 2016). Three studies have attempted to enhance 
the establishment of vascular networks within scaffold for bone regen
eration. It has been shown that the sequential seeding of human smooth 
muscle cells and human umbilical vein endothelial cells enhanced the 
generation of early microvascular networks, which could further sup
port the in vitro tissue engineering of bone grafts (Liu et al., 2018; 
Marcelo et al., 2013). Kaempfen et al. (2015) introduced a novel treat
ment based on pre-vascularization. They implanted the BMSC-seeded 
scaffold and the surrounding vasculature into the orthopic site and 
indicated that this method of pre-vascularization could not avoid 
tissue-necrosis in the orthopic site (Kaempfen et al., 2015). The subcu
taneous implantation of decellularized cancellous bones (DCBs) into 
mice indicated that DCBs were recellularized by some host cells and 
induced hematopoiesis, regardless of pre-addition of hMSCs into the 

matrix. The results of this study showed that reticular and adipose cells 
recellularized DCBs, at the original cellular location and DCBs enhanced 
homing of hematopoietic stem cells. This study suggested the reticular 
tissues are stimulating the hematopoiesis into the DCBs (Nakamura 
et al., 2019). Other studies reported the formation of the vascular 
network within the scaffold; vascularization could contribute to the 
bone healing process in vivo (Bagher et al., 2012; Bai et al., 2014; Bracey 
et al., 2019a; Fenelon et al., 2020; Gardin et al., 2015; Huang et al., 
2017, 2012; Inglis et al., 2019; Kim et al., 2012; Leng et al., 2020; Li 
et al., 2017; Marolt et al., 2012; Qiu et al., 2020; Zheng et al., 2018) 
(Table 4). 

4. Discussion 

Many types of research aim to create bone graft substitutes, therefore 
a systematic study of bone graft characteristics is important for future 
research directions and the preoperative planning of implant selection. 
More recently, due to the COVID-19 pandemic and the lack of knowl
edge about the consequences of this disease on the availability and the 
risk of disease transmission of allografts, decellularized tissues can be 
considered as a safe and promising prospect. The purpose of this paper is 
to systematically review the quality of decellularized xenograft and 
allograft scaffolds for the production of bone substitutes by using the 
PRISMA guidelines. Of the 484 reviewed papers, 68 were eligible for this 
study and were analyzed to obtain a clear outcome. On the other hand, 
the included studies were extremely heterogeneous and could not be 
quantitatively assessed. Therefore, the results were expressed 
descriptively. 

In the majority of the studies in this systematic review, the natural 
bone was used as a scaffold due to the appropriate composition, specific 
microstructure, biomechanics, and exhibited strong osteogenic charac
terizes for bone development and regeneration. The clinical exploitation 
of decellularized bone was limited due to the lack of a suitable sterili
zation method and possibly compromises the integrity and function of 
the implant (Fidalgo et al., 2018). An ideal decellularization method 
should remove all cellular components without any change in me
chanical and biological properties of the native bone, in consequence, 
supporting the cellular function, cell interaction, as well as cell 
differentiation. 

For bone regeneration, different allograft strategies have been used 
such as decellularized bone matrix, demineralized bone matrix, or other 
human tissues. Five studies that were included in this review used 
human bone as a decellularized scaffold (Abedin et al., 2018; Ferro et al., 
2012; Sladkova et al., 2019; Smith et al., 2017, 2015). Two of them 
designed a novel decellularization method based on wash centrifuge 
phases to remove the marrow materials (Smith et al., 2017, 2015). They 
showed that the chemicals materials in the washing method did not 
negatively affect ECM proteins and growth factors, science MSCs that 

Table 4 (continued ) 

Nr Study Bone outcome (follow-up) Angiogenesis outcome (follow- up) Mineralization (follow-up) 

64 Tran et al. (2019) NA NA NA 
65 You et al. (2018) NA NA NA 

66 You et al. (2020) 
Histology 

NA Histology (4 weeks post implantation) Connective tissue (4 weeks post implantation) 

67 Yu et al. (2020) 

Histology 

NA Histology (2, 4, and 8 weeks) Bone volume & density 
Immunofluorescent staining 
Western blot assay (2, 4 and 8 weeks) 

Nr Study Bone outcome (follow-up) Angiogenesis outcome (follow- up) Mineralization (follow-up) 

68 Zheng et al., 2018 

Histology 
Micro-CT Angiography (6 and 12 weeks post 
implantation) Micro-CT 

Bone volume & density 
Double fluorescence labeling (6 and 12 weeks 
post implantation) 

NA: not available, IHC: Immunohistochemistry, AFM: Atomic Force Microscopy, EDX: Energy-dispersive X-ray spectroscopy, μ-CT: Microcomputed tomography, XRD: 
X-ray diffraction, XRF: X-ray fluorescence, MAR: Mineral apposition rate, SEM: Scanning electron microscope, CLSM: confocal laser scanning microscopy, SPECT: 
single photon emission computerized tomography, 99m TcMDP: Technetium (99mTc) medronic acid, BMD: bone mineral density. 
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were seeded into the scaffold, had been differentiated to osteogenic 
lineage (Smith et al., 2017, 2015). In this paper, some studies examined 
soft tissues such as acellular human dermis extracellular matrix (ADM) 
(Borges et al., 2009; Jeong et al., 2016; Kim et al., 2012; Pappalardo and 
Guarnieri, 2013), decellularized human amniotic membrane (HAM) 
(Fenelon et al., 2020; Li et al., 2015), decellularized blood vessels from 
the human placenta (Inglis et al., 2019), and decellularized human 
hydrogel treated adipose tissue (Mohiuddin et al., 2019) as a scaffold for 
bone tissue engineering purposes. These scaffolds have demonstrated 
the integration of decellularized grafts with higher levels of bone for
mation than the control group (without the grafts). Although commonly 
soft decellularized matrices are utilized for soft tissue defects, but these 
models provide a new approach to the integration of these scaffolds with 
the bone periosteum and growth factor homeostasis (Inglis et al., 2019; 
Marcelo et al., 2013; Mohiuddin et al., 2019). 

The first transplantation of xenograft was reported in 1668 
(Deschamps et al., 2005). Since then, lots of researches have been 
designed and published, but those outcomes mostly were not successful, 
because of the limitation of grafts, immune response, and rejection 
(Elliot and Richards, 2011). The possibilities of using acellular xenoge
neic bone scaffolds in clinical applications depend on the immune sys
tem’s acceptance (El-Rashidy et al., 2017), and a series of cascade 
reactions to repair bone damage (Pearce et al., 2007). Xenografts have 
been used in several studies to serve as a scaffold to repair bone defects. 
About 36 studies used cancellous bone. Cancellous bone has consisted 
about 20 % of mature bone (Sikavitsas et al., 2001), and decellularized 
cancellous bone is widely used as a bone graft substitute because it acts 
as a load-bearing structure, mimics the basic mechanical properties of 
bone and this structure is maintained until the voids filled and remod
eled by host ingrowth (Hutmacher, 2000; Schwiedrzik et al., 2011). 
Without appropriate stiffness and strength at the graft site, the scaffold 
may be resorbed by the host body (Liu et al., 2013). It can be tested 
whether the scaffold maintained osteoconductivity as a graft or not 
based on the differentiation of stem cells into the osteoblast. These re
sults can be confirmed by mineralization and expression ALP and 
bone-specific genes which were reported by some studies. Although it 
has been reported that, stiffness of the scaffold affects stem cell fate and 
seems that softer matrices direct the cells to neurogenic lineages and the 
sifter matrices promote differentiation stem cells to osteogenic lineages 
(Watari et al., 2012), but we have shown that the demineralized and 
decellularized human 3D epiphyseal bone scaffold induces osteogenic 
differentiation and bone mineralization even in the standard culture 
medium. Therefore, it has the potential to be used as a bone graft 
without the need for bone induction agents (Abedin et al., 2018). Since 
the addition of each factor may have undesired effects, reducing the 
number of parameters involved in differentiation can lead to more 
controlled conditions (Heydari Asl et al., 2018). Therefore, matrix 
stiffness is not necessarily a criterion for graft success. Another reason 
that used cancellous bone is its high-porosity with a porosity of 50%– 
90% (Salgado et al., 2004). The porosity and pore size are two main 
properties of bone scaffold and have been reported to facilitate the 
spread and adhesion of cells into the scaffold and affect the mechanical 
strength of the scaffold (Bertoldi et al., 2011). Porosity also is an 
important factor for anxiolysis and provided adequate space for vessels 
(Byrne et al., 2007). In these aspects, the cancellous bone appears to be a 
reasonable bone scaffold candidate. 

Overall results of this study show that the structures and character
istics of xenograft scaffold promote capillary ingrowth and migration 
and proliferation of osteoblasts and also have been confirmed biocom
patible and osteoconductive. In the present study, decellularized xeno
graft cancellous bone has been suggested as the best alternative for 
autografts. Decellularized allografts are less operative compared to 
decellularized xenograft due to limited availability and the exorbitant 
cost of one milliliter of DBM (Stancoven et al., 2013) and thus, mass 
production of decellularized scaffolds from human sources is hard to be 
reached. On the other hand, although great progress has been reported 

in the literature about decellularization and in vitro recellularization of 
human and animal bone tissues, extensive research is still needed to 
clear the advanced outcomes of in vivo implantation. 

5. Conclusion 

Decellularized xenograft or allograft bone scaffolds provide a unique 
natural microstructure that not only has comparable stiffness to human 
bone tissue but also has similar components, porosity and pore size, 
which can promote osteoinduction and osteogenesis, resulting in bone 
mineralization. It is a promising method for bone grafting that can 
overcome many problems of transplantation, including rejection, and 
disease transmission. Based on this review, the decellularized xenograft 
cancellous bone appears to be the best alternative to autograft, as this 
scaffold promotes capillary ingrowth, migration and proliferation of 
osteoblasts, and osteogenesis. Availability, affordability and the capa
bility of producing a wide variety of geometric shapes of this scaffold 
make it suitable for mass production. However, there is limited research 
on in vivo implantation of decellularized xenograft cancellous bone. 
Standardization and quantitative analysis of the outcome of decellu
larized xenograft bone are yet to be done. 

Appendix A. Supplementary data 

Supplementary material related to this article can be found, in the 
online version, at doi:https://doi.org/10.1016/j.tice.2021.101494. 
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