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Abstract

Background: This systematic review aims to summarize the clinical studies on the use of scaffolds in the repair of
bony defects.

Methods: The relevant articles were searched through PubMed database. The following keywords and search terms
were used: “scaffolds,” “patient,” “clinic,” “bone repair,” “bone regeneration,” “repairing bone defect,” “repair of bone,”
“osteanagenesis,” “osteanaphysis,” and “osteoanagenesis.” The articles were screened according to inclusion and
exclusion criteria, performed by two reviewers.

Results: A total of 373 articles were obtained using PubMed database. After screening, 20 articles were identified as
relevant for the purpose of this systematic review. We collected the data of biological scaffolds and synthetic
scaffolds. There are eight clinical studies of biological scaffolds included collagen, gelatin, and cellular scaffolds for
bone healing. In addition, 12 clinical studies of synthetic scaffolds on HAp, TCP, bonelike, and their complex
scaffolds for repairing bone defects were involved in this systematic review.

Conclusions: There are a lot of clinical evidences showed that application of scaffolds had a good ability to
facilitate bone repair and osteogenesis. However, the ideal and reliable guidelines are insufficiently applied and the
number and quality of studies in this field remain to be improved.
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Background
Healing of bone fractures and reconstruction of critical-
sized bone defects represent a significant challenge.
Autologous bone is the gold standard methods for the
treatment of healing bone defects [1] due to stable struc-
ture, little immunogenicity [2], and natural osteogenic
capacity [3–5]. However, the harvesting procedure has a
high complication rate of 10–40%, including hemorrhage,
nerve, and vascular lesions and postoperative pain [6].
Allograft bone, as bone graft substitute, shows good osteo-
conductive power and biomechanical characteristics and
especially avoids the occurrence of complications [7].
However, the amount and quality of bone that can be
harvested is limited, which restricts its use in large defects
[8]. The disadvantages of bone autograft and allograft

implantation have necessitated the development of alter-
native methods for bone repair [9].
A series of bone repair and transplantation substitutes

have been derived with the development of material
science and technology. In the past decades, cell- and
gene-activating material, also known as bone-tissue en-
gineering material, is the third generation bone-repair
material. Tissue engineering material has been made
into the extracellular matrix scaffold. The progenitor cell
can proliferate and differentiate along scaffolds for better
imitating the living situation of the surrounding tissue
[10]. Tissue engineering scaffolds for bone regeneration
have desirable characteristics of biocompatibility, non-
toxicity, low cost, and non-carcinogenicity, with excel-
lent osteoconductive and osteoinductive properties [11].
Biological scaffolds include corals, natural polymers,

and demineralized bone matrix such as collagen sponge,
gel foam, and cellular scaffold. Synthetic scaffolds in-
clude porous metals, synthetic polymers, and calcium
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phosphates (CaPs). Collagen contributes to mineral depos-
ition, vascular ingrowth, and growth factor for bone regener-
ation [12]. CaPs ceramics is one of the most popular bone
substitutes because its chemical composition resembles to
bone mineral [13–15]. This feature enhances appropriate
vascularization and stem cell proliferation and guides bone
regeneration without causing any local or systemic toxicity
[11]. Among the CaPs materials, hydroxyapatite (HAp) and
β-tricalcium phosphate (β-TCP) are ideal substrates due to
their excellent osteoconductive properties [16, 17].
Currently, one of the most advanced methods in tissue

engineering is to transplant porous scaffolds with cell- and
bone-stimulating agents into patients to form a complete
bone transplanting. Tissue engineering scaffolds with
osteoinductor were utilized for better bone regeneration
by inducing bone cells to adhesion and proliferation.
Mesenchymal stem cells (MSCs) can be well described
and standardized, osteogenic differentiation from which is
spontaneously into osteoblasts in vitro when compared to
other mesenchyme tissues [18]. Bone morphogenetic pro-
tein (BMP), which combined with extracellular receptor,
ultimately promote gene expression and induce mesen-
chymal stem cells to differentiate into osteoblasts [19, 20].
In addition, they enhance bone collagen synthesis and
stimulate adjacent bone cells to grow [21, 22]. The perios-
teum is highly vascularized which can provide the cortical
blood supply [23–25] and has been demonstrated to be an
important factor in healing long bone fractures [26, 27].
To our knowledge, there have been several systematic re-

views of scaffold materials, animal study, preclinical study,
and carrier in MSCs for bone repair [11, 12, 28–30]. While
little systematic review of bone-repair scaffolds were re-
lated to the clinical application. To our knowledge, this is
the first report of a systematic review regarding on the
clinical studies for scaffolds of bone defects. Therefore, the
main aim of this study was to examine and summarize
clinical studies on the use of scaffolds in the treatment of
bony defects.

Methods
The relevant articles were searched through PubMed
database. The following keywords and search terms were
used: “scaffolds,” “patient,” “clinic,” “bone repair,” “bone
regeneration,” “repairing bone defect,” “repair of bone,”
“osteanagenesis,” “osteanaphysis,” and “osteoanagenesis.”
The articles were screened according to inclusion and
exclusion criteria, performed by two reviewers.
Search terms were selected according to guidelines on

Table 1.
Inclusion criteria

1. Studies on scaffolds used in bone repair and bone
regeneration

2. Clinical studies

Exclusion criteria

1. Studies that used scaffolds in engineering of cartilage
2. Studies in the field of maxillofacial or neurosurgical

defects
3. Studies that used scaffolds in the treatment of

periodontal and alveolar defects
4. Studies only in vitro
5. Animals studies
6. Articles in any language other than English
7. Unpublished literature

Any dispute about whether an article fits the inclusion
criteria, such as study type, scaffold function, treatment
efficacy, and safety, was resolved by discussion.

Results
A total of 373 articles were reviewed, and 20 articles
were identified as relevant for the purpose of this sys-
tematic literature review. The studies included have been
summarized in Fig. 1. There are eight clinical trials on
the use of biological scaffolds including collagen scaf-
folds, complex cellular scaffolds, and gel foam scaffolds in
Table 2. Biological scaffolds usually have good osteogen-
esis, biocompatibility, and security. Four studies assessed
the use of collagen bone scaffolds with osteoinductor [18–
20, 31], which is performed by Calori et al. [31], and com-
pared the efficacy of recombinant bone morphogenetic
protein 7 (rhBMP-7) and platelet-rich plasma (PRP) (both
in collagen scaffolds) in the treatment of persistent frac-
ture non-unions in 120 cases. A lower median clinical and
radiographic healing time were observed in the rhBMP-7
group than the PRP group. Jager et al. [18] treated ten pa-
tients with volumetric bone deficiencies in a study that
used porous collagen I as a scaffold with MSCs and bone
marrow aspirate in a 3-year follow-up. The remaining two
studies [19, 20] evaluated the safety and efficacy of the use
of an absorbable collagen sponge impregnated with re-
combinant bone morphogenetic protein (rhBMP-2).
The study demonstrated that rhBMP-2 is a safe bone-
stimulating agent, which can significantly reduce the
frequency of bone-grafting procedures for the treat-
ment of type-III open tibial fractures. Jager et al. [32]
investigated the potency of bone marrow aspiration
concentrate (BMAC) to augment bone grafting and
support bone healing in 39 patients of volumetric bone

Table 1 Search strategy used in PubMed

Search terms

#4 Search ((#1) AND #2) AND #3
#3 Search “patient” OR “clinic”
#2 Search (“bone repair” OR “bone regeneration” OR “repairing bone
defect” OR “repair of bone” OR “osteanagenesis” OR “osteanaphysis”
OR “osteoanagenesis”)
#1 Search “Scaffold*”
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deficiencies. The result showed that all patients ap-
peared new bone formation in radiographs during
follow-up. Two studies on clinic involved with cellular
scaffolds [33, 34]. Cuthbert et al. [33] reported that the
complex cellular scaffolds with induced membrane
(IM) were used for treating critical size defects of eight
patients. They concluded that the constitution of IM
like periosteum and had a cellular composition and mo-
lecular profile, which facilitated large defect repair. An-
other study [34] evaluated new bone formation after
the application of BMAC and recorded possible com-
plications in 101 bone defect patients. The majority of
patients were not observed to have infections, excessive
new bone formation, and induction of tumor formation,
morbidity, and complications within the 24-month
follow-up period. Philip et al. [35] showed that majority
of ribs treated with gel foam scaffolds re-grew to nor-
mal morphology within 3–6 months of costectomy
compared to those without scaffold. Although

biological scaffolds have good bone formation perform-
ance, the weak mechanical strength is the main reason
for not as a solo scaffold.
Therefore, due to the above reason, synthetic scaffolds

of tissue engineering materials are used comprehen-
sively, which performed good property of new bone for-
mation and mechanical strength. The uses of synthetic
scaffolds examined in clinical studies are summarized in
Table 3. HAp, β-TCP, and their complex materials with
bone-stimulating agents were used in the most of syn-
thetic scaffolds. Six studies investigated the use of HAp
and its complex scaffolds in bone defects. Morishita et
al. [36] reported strong osteogenic ability of HAp scaf-
folds with MSCs after tumor curettage and found no ad-
verse reactions in all three patients. Cells were isolated
from bone marrow and seeded onto the porous HAp
scaffolds in two related studies [37, 38]. Both studies
showed abundant cellar formation along the implants
after several months. Furthermore, Marcacci et al. [37]

Fig. 1 The flow chart of literature selection for the systematic review
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found no signs of pain, swelling, or infection at the
implantation site and no major complications in the
early or late postoperative periods. Yamasaki et al. [39]
compared the effectiveness of the transplantation of
bone-marrow-derived mononuclear cells (BMMNCs)
plus interconnected porous calcium hydroxyapatite (IP-
CHA) on early bone repair for osteonecrosis of the fem-
oral head with those of without BMMNCs and found that
the implantation of BMMNCs and IP-CHA appears to
confer benefit in the repair of osteonecrosis and in the
prevention of collapse. Sotome et al. [40] assessed the
efficacy and safety of HAp/collagen scaffold in comparison
to β-TCP and showed the porous HAp/collagen group
had the highest grade of bone regeneration but also asso-
ciated with higher incidence of adverse effects. The use of
rhBMP-2 in the biphasic CaPs granules with or without
internal fixation in patients of spondylolisthesis did not
exceed grade 1 in Boden et al.’s study. However, statisti-
cally greater and quicker improvement in patient-derived
clinical outcome was measured in the rhBMP-2 groups
[41]. Five studies examined the use of β-TCP as a funda-
mental material and composition to manage bone defects
in clinical studies. One study [42] combined a β-TCP
scaffold with MSCs and showed that the addition of MSCs
resulted in more trabecular remodeling in femoral defects.
Ollivier et al. [43] showed that the addition of rhBMP-7 to
a TCP scaffold is safe and efficient in the treatment of re-
calcitrant bone union. Three studies [44–46] in clinical
studies examined the use of BoneSave, a porous bone graft
substitute made of β-TCP and HAp ceramic. Kapur et al.
[44] showed that 56.7% of cases achieved successful fusion
in 45 posterolateral inter-transverse spinal patients. Two
of studies involved impaction grafting of BoneSave and
allograft, which is an effective method of dealing with loss
of the acetabulum in short- and medium-term studies
[45, 46]. A novel study about bonelike scaffold was
studied [47]. The result indicated that bonelike can be an
excellent bioactive scaffold and therefore regeneration of
the defects was achieved in a rapid, controlled manner.

Discussion
In this systematic review, 4 studies of femoral or acetab-
ular defects, 3 studies of tibial fractures, 2 studies of
large bone defects, 2 bone tumors studies, 2 studies of
spinal defects, 2 volumetric bone deficiencies studies, 1
long bone defect study, 1ribs study, 1 study of knees, 1
post-traumatic bone defects study, 1 various bone study
were included in the systematic review. The common
defect position and the important bone types were
involved in this systematic review. All the mentioned
results of studies achieved a favorable efficacy of bone
regeneration and an increased heal rate of bone defects,
which demonstrated the scaffolds for bone repair played
a critical role of bone heal.

As we know, the complications in scaffold of bone re-
generation fields are an important challenge for the
orthopedic surgery because infectious complications are
major threat to the process of patient recovery. Complex
methods and long-term process were required especially
for effective antibiotic therapy which is a foundation of
therapy. In our research, we added the information
related to complications and adverse event of clinical
studies in Tables 2 and 3. Among the 8 studies of bio-
logical scaffolds, five studies presented the data of post-
operative complication and adverse effect. Therein, major
complications such as fracture, hematoma, pain, inflam-
mation, and infection were the main reasons affecting the
progress of postoperative recover. Among the 12 studies
of synthetic scaffolds, seven mentioned these postopera-
tive results of complication and adverse event. Five of the
seven studies on complications indicated that there were
no major postoperative complications and no signs of in-
fections. Another two researches of the seven reported
only several cases had complications including dislocation,
pulmonary embolism, and fracture. In the BoneSave sub-
stitute, the common complications of donor site morbidity
were involved in these studies. In general, these results
demonstrated that the complications discovered in syn-
thetic scaffolds were less than those of the biological scaf-
folds. This may be due to relatively poor antibacterial
property and bio-compatibility of biological scaffolds.
Current autografts and allografts are considered as the

gold standard treatment for bone defects and mostly
harvested from the iliac crest. However, the disadvan-
tages of donor site morbidity, disease transmission, and
susceptible to infection limit its application. Therefore,
tissue-engineered grafts had been driven to the investi-
gation and development of synthetic and biological
bone-tissue engineering applications. The third bone
grafting material, which is the mixture of scaffolds, cell-
and gene-activating grafts, is the new biological bone
repair material.
An ideal biomaterial should stimulate or induce the

differentiation and proliferation of stem cells and osteo-
blast cells to heal defect sites [30, 48]. In eight clinical
studies of biological scaffolds, collagen, gel, and cellular
scaffolds for bone healing were included in the review.
Collagen is a natural polymer for biomedical application
with resorbable properties [48] and showed sufficient
osteanagenesis [18–20, 31]. Gelatin has many advantages
that included biocompatibility, biodegradability, cost ef-
fectiveness, common availability, and more accessible
functional groups, making it a suitable material for bone
tissue applications [49]. The utility of cellular scaffolds
also facilitated bone defect repair [33, 34]. Most of bio-
logical materials tend to have weak mechanical strength,
so it is rarely used as a single bone regeneration scaffold
in tissue engineering and usually combined with other

Zeng et al. Journal of Orthopaedic Surgery and Research  (2018) 13:33 Page 11 of 14



materials of good mechanical strength for repairing bone
defects. The composite scaffold of HAp/collagen showed
the highest grade of bone regeneration [40].
Twelve clinical studies on synthetic scaffolds were in-

volved with HAp, TCP, and their complexes for repairing
bone defects. HAp is the most important inorganic com-
ponent of bone tissue with widely available bioactive and
bioresorbable trait [7]. Four studies [36–39] pointed out
that HAp had strong osteogenic ability for bone healing,
and adverse reaction and major complications were not
seen. The BoneSave, a matrix of HAp and β-TCP, are
ideal biphasic porous ceramic bone graft substitutes due
to their excellent osseointegration properties, but con-
cerns have been raised as to their ability to maintain
their structural integrity under load [44–46].
Furthermore, several tissue engineering materials such

as collagen I, TCP, or HAp are currently available clinically
as bone substitutes and can be used as scaffolds in com-
bination with the bone-stimulating agents to expedite
bone healing. MSCs can be spontaneous differentiation
into osteoblasts. The discovery of BMPs appears to be the
most selective for expedite gene expression and osteo-
blasts differentiation [50]. Among this, rhBMP-2 and
rhBMP-7 are used in a variety of complex orthopedic con-
ditions. In several clinical studies [18, 19, 31, 41, 43],
BMPs had the greatest efficacy as bone-stimulating agents
for bone defects treatment. The periosteum provides the
cortical blood supply in healing critical size defects. The
technology of induced membrane (IM) serves as a conduit
to contain cells or bone graft for bone regeneration [33].
Most of the systematic reviews in bone repair are related

to animal experiments or preclinical trials. There is almost
no systematic review for the clinical application of bone-
repair scaffolds. In Crowley et al.’s review [12], only five
studies about scaffolds for bone regeneration are related
to clinical trials. Therein, three of these studies related to
small numbers and four of the studies had no control
group and all of the studies involved short follow-up time
of several months and even weeks. In summary, it lacks of
representative and convincing to demonstrate the clinical
studies of bone-repair scaffolds. However, all the 20 arti-
cles included in our review were related to the clinical
study of scaffolds for bone repair. Only four studies used
small samples less than 10 numbers. Over half of the
number had one or even more than one control group.
The follow-up time also increased from a few months to
more than 1 year in most of studies. All of the results
reported positive results for clinical bone regeneration.

Conclusions
Tissue engineering materials are currently available clinic-
ally as bone substitutes and can be used as scaffolds in
combination with the bone-stimulating agents to expedite
bone healing, which has made great progress comparing

to a decade ago. Application of scaffolds in clinical field
showed a good ability to facilitate bone repair and osteo-
genesis. However, significant challenges still exist in clin-
ical studies due to limitations and translational difficulties
which prevent their implementation into clinical practice
[51]. Currently, application of scaffolds on clinical field
showed a good ability to facilitate bone repair and osteo-
genesis in our systematic review. This systematic review
provided an ideal and reliable result for the further
progression and development of clinical study, which will
promote other researchers and readers in this tissue
engineering fields to comprehensively understand the clin-
ical results of scaffolds for bone regeneration and applied
these achievements for the further clinical practice. In
addition, the ideal and reliable guidelines need to be
sufficiently applied and the number and quality of studies
in this field remain need to be improved.
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