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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

"o "o "o "o

were used: “scaffolds, clinic,” “bone repair,
“osteanagenesis,” “

exclusion criteria, performed by two reviewers.

patient,

bone regeneration,
osteanaphysis,” and “osteoanagenesis.” The articles were screened according to inclusion and

"o "o

repairing bone defect,” “repair of bone,”

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.

Keywords: Scaffolds, Bone regeneration, Clinical

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
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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
[-tricalcium phosphate (B-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

” o«

1. Studies on scaffolds used in bone repair and bone
regeneration
2. Clinical studies
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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 “osteocanagenesis”)

#1 Search "Scaffold*”

Exclusion criteria

—_

. 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

. Studies only in vitro

. Animals studies

. Articles in any language other than English

. Unpublished literature

N O U

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 (thBMP-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 thBMP-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
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Potential relevant articles
identified in PubMed
(n=373)

Excluded in title and
abstract review
(n=334)

——>

Potential relevant articles
for full review
(n=39)

Articlesnot meeting

inclusioncriteria
(n=26)

Articles meeting
inclusion criteria
(n=13)

Articles identified from

reference lists
(n=7)

Potential relevant articles
included

(n=20)

Fig. 1 The flow chart of literature selection for the systematic review

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, B-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]



Page 4 of 14

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

SaYsi|ge1sa sisAjeue siy|
"SUOIIURAISIU| AIBPUODIDS
J5Y10 pue saunpadoid
Bupyelb-auoq Jo Aduanbaly
2y1 aonpas Apuedyiubis
ued sainioely [eign uado
||I-2dA1 JO JUSWIRDI) Y] O}

10 JUSWIP3I} [0JIUOD 3y}
SAID3) 0} paziwopuel
2lom siuaned 0§
'SaIPNIS 9S3Y} WO} BIEp
paUIGUIOD 3y3 Jo sisAjeue
dnoibgns e wiopad

01 sem Apnis Juaind

(oL1s=u) pjoyeds abuods

[07] "B 19 DISMOYIUOIMS ON Z-dINgYJ Jo uonippe ay | 9U1 JOo 2ADA[QO Yl sywow 7| sain1oeyy eiqi uado uabe||0d 3|qeqiosqy
"2INSO[> PUNOM
SAIIUYSP JO swill 9yl
16 2IN1ORl} BY1 IS0
pade|d sem (sbuods
uabe||0d 3|qeqiosqge
ue 0} paijdde z-diNgy))
juedul Z-dNgyl YL
T-dWGW JO Tu/Bw 05 L
Buureyuod uedwi ue pue
‘eIg} 3Y3 Jo a1nydeyy uado 2JeD JO pIepuels ayi Jo
ue yum syuaned uj a1el ‘T-dINgY! Jo Jw/bul /0
uondaJuUl 3yl bupNpas pue Hujuieluod ueidwi ue
‘Buljeay-punom pue aindely pue 3ed JO piepurlS
Buijela@de ‘sainpadoid syx 3y} ‘a4ed JO piepurls
JO SSUDAISEAUL [[BISAO EINNEIERINEREY]
3U3 PUB SUOIIUDAISIUI 01 PaZIWOpURI UM
Aiepuodss Jo Adousnbauy ainydeJy [eign usdo
ays bupnpas ul a1ed Jo ue yyum sausied sy
'suopedljdwod pue ‘ured plepueis sy 01 Jouadns “Z-dINgYJ JO 3sn a3yl Jo
'3N|ley iempley ‘UodRUI Apuediubis ‘pasn sem A1y pue A194es ay3
‘uonewlwepul buipnipul Jw/Bw 05'L USym ‘pue ajes 91en|eAd 01 sem Apnis (st =) pjoyeds abuods
[61] ‘e 19 J9pUsAOD) SIUDAD 3SI9APE D07 sem Juejdwl Z-dNgyd ayL SIy} Jo 2Amda[qo 3yl sywow 7| sainioeyy eiqi uado uabe||0d 9|geqiosqy
'sydesbolipel
JUaW1eal) Jaye uolssajoud YIM pajenjeAd
119U} 0} pauinial syuaned 2I9M S}NS3Y "SSIDS
IV ‘dn-m0J|0} 1521€] 1B 35eSIP 35eD S|y} Ul pauasald
aAIResNed ay3 03 Joud sapiAne 2le a1elidse mollew
|ea1sAyd Aue 01 SUONDLISI 2U0g pue SOSA Yim
ou a1aMm 3J3Y] ‘dn-mo|jo4 pa31e3al} SadUBPYSP
UIY1IM UONBULIO) SUOCG MAU 2U0g JLIBWN|OA
1UIDIYNS Jo/pue bulesy yum siusied usl jo (01 = u) sauUABYP
[81] '|e 1o Jober ewoleway pabuojold | Auog pamoys siuaied ||y S9UWODINO [eDJUld 3y SieaA ¢ 3U0Q J1IBWN|OA p|oyeds | uabejjod snolod
'SUOIUN-Uou
‘dnoib /-dwguyi 2inyoely Juisisiad
3y} Ul paAIasqo awip buieay 4O JUSWIIRaIY DY} Ul
ojydesbolpel pue [ed1ulD Uelpaw sjuabe Bupenwins-auoq
Snops-uou 19MO] e Yim ‘dnoib dyd ay3 Jo se dyd pue /-dwgyl jo
10 SNOWI3S SB PalyIsse|d S92 (96¢°89) |7 01 pasedwiod Aoediye ay3 asedwiod
2I9M SIUIAS 3SIDAPE ‘plill dnolib /-dWgyl Y3 Jo sased 01 sem Apnis [eaiulp (09 = U (d4d dnoib
pue 21eISPOoW ‘2IAS (9%/£°98) 7S Ul pPa1ndd0 uojun pazjwopuel aARdadsold 09 =U /-dINgYs dnoib)
[1€] e 18 Hoed Buipnpul suonedljdwod |ed160j0IpeI pUE [BDIUID Y10g SsIy) jo asodind 3y sywow 6 < suolun-uou auog buoT p|ojeds usbe|jod
ERIIEIETEN suoned|duwod s)nsay ey uopeing ased) ployeds

spjoyeds [ealbojolg Z ajqeL



Page 5 of 14

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

Junasopsd

-padNpUl, Ue Se pagudsap aq
Aew 21021941 pue Jiedal
109Jop =bue| Buney|oey
d|joid Jendsjow pue
UoISodwo Jejn|jed e Lum
wina1souad S|quuasal | YL
'd ueyy

1921yl Apuedyiubis sem

| ybnoyyje Abojoydiow

‘pawiopad sem A1IADR DSIA JO
UOI1eN|eAS Je[NJ3jOW PUE [eUOndUN
‘d [easAyderp Ayyeay yum
pa.Jedwod a1om UOISsaIdxa J010r)
yimolb pue ‘uonisodwod |je2
‘so1sua1oRIRYD [RDIBOjOYdION
‘anbIuydal W 3yl yim

(8 = U) S103949p dUOq aINleu

[€€] e 32 WaqyInD N Je|lwIs paJeys sanssii yrog P31} UM SIDJIP 3ZIS (PO SH9aM 8-9 Jl1ewNes3-1s0d p|ojeds Jejnjj@d xa|dwiod)
‘pjoyeds Weoy (96 Inoyim
3503 Ul uonesauabal Jlamols “Abojoydiow
e 0] pasedwod AW01D1S0D pue uonessusbal qu 1oy
JO Syuow 9 uyum 3jyold Alleoiydesboipes pazAjeue
[e2160]OIp.I [PULIOU JESU B O} SIaM SIUBNRY 'SISOIODS
21elauabal ployeds weoy |96 olyiedolp Juads3jope Ul ‘P|OJeIS OU YUM
Jo uswade(d Aq pareals sqiy AW01291502 Ja)e ‘Ployeds ou (squ €€ = u) syuaned
-dnoib |eln ay3 ul syluow 9-¢ 1sulebe Ajjeaisonad-enul G| PUB p|oyeds weoy
ul Abojoydiow [eutiou oy padejd pjoyeds e yum 196 yum Aw01031500
Ma16-31 squ Jo Aiofew Jeyy uolelsuabas qu asedwod JUSMISPUN OYM
[s€] e 19 dijyd N pamoys elep bunnsal ay| 01 sl Apnis ay3 Jo wie ay | syuow 9 (squ 1S =u) syuaned 9| P|OJ4edS WIeoy [99
‘dnoib usbe|jod
9y} 03 35e3U0d Ul dnoib
VH 3Y3 ul Jalpes paseadde pajen|eAs pue pajuasald
Builesy suog s19|dwod pue 24e DYING Yum parean
uolleulio) auog aAnesdoisod yam syuaned g€ Jo
2y ‘buijeay suoq ul | awodno diydelbolpel
e 01 anp A126ins uoisiAaI pue [euonduNy ay |
WUsMISpUN s1usied om| ‘Bulieay auoq (LT =U)p|oyeds yH
‘dn-mo||0} yoddns pue buiyelb pue (z| =u) p|ogeds
Huunp sydeiboipel auoqg 1uswbne 01 uabejjod> yum (6€ = )
SUOI12123S PUNOM € Ul uollewlJo} auoq JVIg Jo Aousrod aya syuaned sspuapyap p|oyeds dey
[z€] e 1o Jaber ‘ewoleway bunsisiad | M3U pamoys suaied ||y pa1ebnsaAUl APNIS Ay SYIUOW 9 < 2U0Q J1IBWN|OA pue abuods uabejjod
"2INsop
puUNOM SARIULRP JO
aWli} 33 18 aIn1oel) Yy}
19A0 pade|d sem Juedull
saineyy T-dNgY! YL T-dwayl Jo
2I9ASS 353U} JO JUSWIIRDN} SUOIIBIIUSDUOD OM] JO
2y} Joy uejdwi abuods U0 Yum pareubasdu
uabe)|0D 9|gequosae ue abuods usbejjod
YIM pauiquiod Z-dwgyd 3|geqosae ue pue
Jo Aoediys [eaulp syl JUSWIe3JY [03UOD BY}
ERIIEIETEN suoned|duwod s)nsay ey uoneing ased) ployeds

(panunuo)) spjogeds ed1bojolg Z a|qeL



Page 6 of 14

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

[V€] '@ 39 YupusH

suonedldwod ¢

"U93S 10U 2JIM 153D 8|l
3y} wouj uonelidse mouewl
3U0g 9y 01 anp Aupigiow
pue uo[eWIO) Jown] JO
Uo[IdNPUI ‘UoIeWIOY dUOq
MU SAISSIIXS ‘SUOHIU|
‘suoped)jdwod panaIasqo
2lom swuaned g AluQ

(21 = u) A13bins Jayuny

Ul Jo(/ | = U) SIS9YIUASOR150
Buunp JviNg yum paregnoul
(PloJJeds) [eua1ew uonnisgns
2uoq Jejn||2d aAieIado-enul Jo
uondiospe [ed0] ay3 Aq 1o (g/ =U)
uoIssa1dwodsp 310D e Jo ed se
uonda(ul [eJ0| e eIA pauliopad
sem DVINgG Jo uonedidde ay
‘suoned|jdwod piodas 0} Se ||om se
DVIAIG Jo uonedidde ayy Jaye
UON1eWIO) SUOG MU 31eN[eAd

01 sem Apnis ay3 JO 9AIDS(GO Y|

sypuoW -z

(101 = U) S90UPQINISIP  PlOYedS [eliRlew UoNIISNS
Buljeay auoq snolep  dUOq Jejnjed daneisdo-enu)

ERICICIEN

suonedldwo)

synsay

e L

uoneing

o5eD) ployess

(panunuo)) spjogeds ed1bojolg Z a|qeL



Page 7 of 14

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

[6€] '€ 13 pfesewes

[g€] "2 12 ovenp

[£€] " 3 DoeDJe

[9€] e 18 eAysUOW

suoled|jdwod
aAnesado-1sod 1o -enul ON

ON

“UOID34Ul JO ‘Bul||ams
‘uted jo subis oN pue
suopedljduwod Jofew oN

ON

pa10a19p 2iaMm syusned a1y}
pue 3UOZ UOKISURIY BY1 Ul
2uog ay1 Jo AydoiuadAy

01 1uaNbasgns pPaAIasgo
SEM UOIS3] D130JD3U0)S0
3U1 JO 3ZIS 3Y3 Ul UopdNpPal
e ‘dnoib JNWING 243 U]

“Aibins

J191Je YIUOW pu0d3s ayy Aq
S9UOQ 150U DU UM SSDRUS1UI
2y3 1e uoneibaul poob pue
siuejdull au1 Buoje uoneuoy
Sn|jed JuepuUNGe Pa[eardl sueds
o1ydelbowoy pandwiod pue
sydeiboipes ‘syuaned aa143 e uj

‘A19bins Jaye syuow /
01 G PaLINd20 dUOq

150y ay3 pue jueidwi sy}
u9aM13q uoisny 233|dwod
2315 uoneuedwi ayy 1e
PAAJ5GO J2M UONI34Ul IO
‘Butjlems ‘ured Jo subis oN
'spolad aAleladoisod aie|
10 Ajlea sy} ul pa.indd0
suoned|dwod Jofew oN

syuaned asayy

Ul P910U 2J9M SUOIIDES)
9SI9APE OU PUE PUNOJ SEM
[enusrod bulesy s1eipawiw|
"96eI2IND JowNy JSYe ALARD
2uoq sauaned ay1 || 01 pasn
sem dyH paJ2aulbua-anssiy ay |
"PaWIYUOD

sem ‘AlIAIIOR D1ISe|goa1so ybly
Aq paouspIAe se ‘syuejdwil ayy
Jo Ajige o1usboa1so buoas ay |

‘Peay

[BJOWID) Y1 JO SISOIIDUOSISO
104 Jredas auoq Aes uo
VHD-dI YHIM 991)-|90 pue
SONWIAG JO uoneiueidsuedy
941 JO SSOUANIIYD

9Y3 pa1eb1ISIAUL dARY AN

‘PaAOWRI
Apusnbasgns sem pue
Alliges [ed1ueydauUl

104 Ajleniut papiroid
SeA UONEXI) [euI91X3
'S91IS UOIS3)|

a1 1e pajuedwi pue
spjoyeds a1nedeAxoIpAy
snoJodosoew uo paseid
2J9M S||9D 33U

"OAIA X papuedxa

pue MOLIBW SUO]

WOJ) Pa1R[OS] UM

§||92 Jonuaboidoansp

‘sjuaied

pa1eN[eAS SUBDS

1D pue sydeibolpel
[pUORUSAUOY) “adeys
pue 9IS JO SuIa}

Ul 3DSP SUOq Syd
yorew o1 paubisap
SP|OJ4edS DIWeldd
dyH snosod oluo
papPaas pue aInynd
Ul papuedxa asom
BWOJIS MOLIBUW UOQ
s1uaned ayy woly |9

S)NSa1 SAISSCO
0} pasn a1am sabeul]
Aydeibowoy paandwiod pue
sydesboipes uteid [euas
‘syuejdut

palaauibus-anssiy buisn
sjown} auoq [eay 01
sojwelad dyH uo
Uol1eWIO) XLijeu

auoq Aq pamol|oy
$)SB|O31SO Ol
91B1UJIYIP O} PADIOY
219M §||90 MOLIRW

auoq spuaned yoes

wIol) pauleIqo sOSW

pesy

[RIOWID} Y3 JO SISOIDDUOSO

4O VHD-dI 994192 Yim

(sdiy 6 =u) syusned g pue

VHO-dI YHM SONINING pasn

syuow 71 < oym (sdiy og = u) syusned gz

syuow G| < (€ = u) s3yep duoq abieT
(¥ =u) s123J9p
sieak 69 sisydelp suoq abJe

SYIUOW €H—67 (¢ = u) slownl auog

VHO-d

dvH

plogeds
Diwesad dyH snoiod

dvH

ERUCIEIEN

suonedldwo)

synsay

el

uoneing (9dwies = u) ased

plogess

SP|Ogeds JIBYIUAS € ajqel



Page 8 of 14

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

[ey] "|e 19 Jauods

[ev] '8 38 J2INIIO

[L¥] e 18 uspog

[0v] ‘[e 19 swo105

eILIYIAYLIe Delpied | pue
‘wsljoquwis Areuound
L pue uonesofsip ¢

uonedldwod diyinads oN

suoled)duwiod oN

ON

3UIU [[e Ul pUNO) Sem
Bulispowal Jejndagel |
(S00>d)

syuaned jo sdnoib yioq
U99M1I3q PIAISSTO Sem
Buieay 19949p auUoq Y3
Ul 9dUIBYIp JuedYIUbIS v

"uolun auoq
JURJLID[ED3I JO JUSWIeI]
SU1 Ul JUSDIYS pue dJes S|

‘Buiyeb auoq Aue Jnoyum

"L-dINGYI YuM pauIquiod
SgdD4 jo uonedydde ay|

‘Pa1231UNOdUD
SeM /-dINgY4 10 SgdD4 JO
uonedldwod didads oN

'sdnolb z-diNgys aya ul
PaJNseal Sem SWodINo
[eDIUID> paALRp-1Uaned

Ul Juswarosdull 1axdinb
pue Ja1ealb A|ednsiels

‘| 9peib pasdxe 10U

pIp sisayisijojApuods
asoym syuaned ul
uonex|y [euIdIUl INOYIM IO
yum uolisny auids Jequun|
|esa1ej049350d D1ydeibolpel
paonpul sajnueib sded

diseydiq ays yum ¢-diwgyy

‘dnoib do1-g ay3 ur ueyy
dnoub j0D/dyH snoiod
9yl Ul Jaybiy sem s109)a
9SIDAPE JO DUIPIdUI 3Y |
“(Aj2AnD3dsal #5700 pue

#0000 =d) dnoib ¢>]-g snoiod
3y} ul ueyy dnoub joD/dyH

snoiod ayy Ul Jusnbaiy
2JOW Sem uoljesauabal

auoq Jo apelb 1saybiy ay |

'sdiy 3ybis Jo xis ul

paANDD0 peay [PIOWR) dY3 JO
95de||00 219A35 ‘dnoib |013U0d

QY3 u| "95dej|0D aAISUIXD

[eu1) DS snobojoine
papuedxe Joyie
Bulureiuod ‘Aiseidolyue
diy [e101 UOISIASI

Buunp s1949p [elowa)
01U uonejuejdwil Jo
Ayjenb buiesy asedwod

(Plogeds se) sgdDi ue
UM (101oNpUI01SO
se) /-dNgy! Jo

1eib pauiquuod e
YUM 129)9p Auogq
ay1 Jo Buljiy pue
‘a1e(d BUBDO| B YIMm
uollexi} uolunuou
'SpUS 2U0q Y1

JO SUONEDILI0IAP
puUe 1USWapLgep
Buipnppul ainpasoid
e YUM paleall

alom syuaned ||y

‘(3pIs/ WD 01)
sajnuelb dd1 %0y pue
dvH 909 Jo Bbunsisuod

13144BD B UO PaJIIAIIPP
Sem ¢-dINgy! Jo

Bw oz ‘apIs yaea up
(6 =u) uonexy

[BUIDIUI INOYIM AJUO
-dNgyl pue ‘(1L =u)
HYS1/¢-dWaus ‘(S =U)
UORIUBWINIISUL MIIDS
dpIpad HYSL /yelboiny

‘syueidwil oYy Jo

K19jes pue Adediye ay3
91en[eAs 0} pawiopad
2Iam 31Is [ed1buns ayi Jo
UONBAISGO pU 5153}
poo|g pue sabewl Aei-X
‘dD1-¢

uosiedwod ul passasse
2lam [0D/dyH Jo

K194eS pue Adedia ay|

(6=U) dD1-¢ pue (6=u)
dd1-g /OSW snobojoine

SYIUOW 7| UM $109J9p [RIOWIDS

(0z = u) uolUNUOU INIdel

SYuow /7 Fl |eIgn 1uen[ed3Y

syuow /z-71 (Sz = u) sisayssijojhpuods

(€9=u)
doL-d pue (€9=U)
10D/dVH YuMm siowny suoq

SY9aM 7 pue 8| ubiuaq Ag s129)9p auog

plogess 4D1-g

ployess Sgdoi

ployeds 4D 1/dvH

ployeds ausoduod
uabe|jod | adAy/dyH

ERUCIEIEN

suonedldwo)

synsay

el

uoneing (9dwies = u) ased

plogess

(PanuuoD) SP|Oyeds JIBYIUAS € djqeL



Page 9 of 14

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

[ov] ‘e 39 woig

SUONEDO[SIP 7 ‘2Inidel) |

Apnis wisy

-uoys ur A1sbuns diy
UOISIAS 1 %2035 auoq
JO $SO| Yyum bBuljesp jJo
POLISW SAIIDIYS Ue S|
yeibojje pue anesauog
Jo buiyesb uonoedu
“(SUONedOISIP 7 ‘21ndely |)
2Jel alom suonedduod
‘uoneJbiw uejdwi ou
SEM 2194} PUB SUOISIASI
-21 OU 3I9M I3y

'S95€D JO
9/°9S Ul PIASIYDE SeM
UoISNJ [NJSSDING 'S958D
4o Ayliofew abJe| ay3 Ul

$3INSEAW SUIODINO |[e SSOIDR

U93S 2J9M slusWwaA0IdwI

"SSOUSAIDBYS Yl
$5955 0] Pasn oM
Bupyeld uopdedw ul
2ARS2UOg pue Yelbojje jo
saInIxiu Buisn aAesauog

Juaned yoes 1oy S|gejlene
sydeibolpes [euids Jusdal
1S0W 2y} Wolj N0
paLlIBD SBM UOISNy JO
uolen|eas |esibojolpel
‘e1RD UONDRJSIIES
juaned pue swoydwAs
Bupsisiad ‘snieis suom
‘abueyd Jo uolssaidwil
|eqo|b uaned ‘ured

(6=U) syusuodwod
Pa1USWRD PAAIRDRI 6 pue
(€ = u) syusuodwod
Je|ngeIade pajuswadun
sieah ¢ panedal siuaned ¢ (dyH/dD1) nessuog

(S = u)s1ojop
leulds asiaAsURI)-1a1UI

[F¥] e 12 4ndey  ApIgJow 91IS JOUOP PIOAY aAe1ado-150d JuedyIubIS 10} S9|eds anbojeuy SYIUOW Of |B1918|049150d (dyH/dD1) aneSauOg
‘B3R 109J3P
3y ul uonesauabal
2U0q S5955E 01
sa|duwes panslial
3y} UO pa1dNpuod
2JOM SJUBWIAINSEAW
ouswoydiowolsy
pue sisAjeue
[e2160j0151Y ‘Adodsouniw
“J9UUBW P3J|OAUOD uono32 buluueds
‘pides e Ul panaiyoe ‘dn-mo||04 |ed160j0IpeY
Sem $12949p 3y Jo ‘uisanuelb
uonelsusbal alojIRY) pue 341 JO sonsuaIrIeLYD
'92eJNS S1I UO S||90 aU0q uondiosas pue saiuadoud
JO uoneRUSIRYIP pue SAIIDNPUO031SO pue
‘uonesajosd ‘uonesbiw yeib yIjpuog jo
ay1 buimoyje ‘pjoyeds Jloineyaq |eaibojolq (L1 =u) aauy
SAI1B0I] JUI|[90X 3} SS3SSP 01 SBM IOM 3y} JO SIIYHULROISO
[/¥] |8 39 sauanno N ue se pajde ayI[puog Juasaid sy Jo wie ay| syuow 7| Juswedwod [elpaly p|OJyeds ayijpuog
‘dnoib
|02U0D 2y Ul Juaned
| Ajuo pue ‘dnoib “(dnoub |0Ju0d) auoje
|eu1 ay3 ur syuaned a1eydsoyd-g Jo (dnoib
ERIEIETEW suoned|duwod S)nsay JeuL uoneing (3)dwes = u) ased p|oyeds

(PanuuoD) SP|Oyeds JIBYIUAS € djqeL



Page 10 of 14

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

[S¥] B 32 3SNOYUYM

“APNIS WISI-WNIPaW Ul

Yeibo|e peay [eiows) Yum
uoIdUN[UOD Ul PasN Usym

wnjngelade ayl Jo buiyelb

uoldedwl Joy [eus1ew

d|gelja] B S| 9ARSaUOg

“uoidyul dosp

10} | puUB WnN|Nge1ade ayl

40 Buluasoo| ondase 1oy

N pasiAal Uaaq pey jualed |

‘syulodpua se uoneladoal
pue 12NJIsU0d 3yl

40 ued Aue JO UOISIASI
‘Jusuodulod Jejngeisde
3U} JO UOISIASI YIM
pawlopad sem siskjeue
diysioninns iaiapy-uejdey|
“AOMINS Y1eay 7145

PUB 'SHO 'SdVS 241 LM
pue Ajjediydesbolpel dn
POMO||0) 319M SIUSNIRY

(6 =U) s;usuodwod

Po1USWID PAAIRIAI 6

pue (€ = U) susuodwiod

1P|NQRISdE PaIUSUWISDUN

SIeak / paAledal syusned ¢

(dvH/dD1) aresauog

ERCIEIEN

suonedldwod synsay

el

uoneing (odwies = u) ased

plogess

(PanuuoD) SP|OyeISs JIBYIUAS € djqeL



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

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 B-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 B-TCP as a funda-
mental material and composition to manage bone defects
in clinical studies. One study [42] combined a B-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 B-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.
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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
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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 B-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
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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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