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ABSTRACT

Effect of 3D printed polycaprolactone composite scaffold for

bone regeneration in rabbit calvarial defect

Baek Jae-Ha

Advisor: Prof. Yu Sang-Joun, D.D.S., Ph.D.
Department of Dentistry

Graduate School of Chosun University

I. Introduction

Infection, cystic lesion, and alveolar defects due to trauma, a large amount of
alveolar bone resorption after tooth loss or implant removal often make implant
placement difficult because of the limited amount of alveolar bone. In order to solve
this problem, guided bone regeneration(GBR) with particulate graft material and
resorbable collagen membrane 1s the most widely used. However, particulate bone
graft materials have clinically limitations in maintaining space and stability. The
addition of collagen to particulate bone graft can achieve GBR by ensuring graft
stability and space maintenance by molding the graft material to adapt to the
defect. In addtion, studies to replace bone graft materials with biocompatible three
dimensional scaffolds are being actively conducted. The purpose of this study was
to compare the new bone formation effect of the PCL/B-TCP scaffold with the
collagenated xenograft and synthetic bone scaffolds through radiographical and

histological analysis.

II. Materials and Methods
Four circular bone defects with a diameter of 8mm were formed on each of the

calvaria of rabbits. Each defect in the calvarium was allocated to 1) control group,

_iV_
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2) Test1, alloplastic bone scaffold made in block form using collagen fiber and
synthetic bone composed of hydroxyapatite (HA) and beta-Tricalcium phosphate(3
-TCP), 3) Testll, Xenogeneic bone scaffold made in block form using deproteinized
bovine bone mineral (DBBM) and collagen fiber, or 4) TestIl, 3D scaffold made by
mixing poly e—-caprolactone (PCL) with B-tricalcium phosphate (B-TCP). A total of

8 rabbits were sacrificed at either 2 or 6 weeks post-surgery.

III. Results

As a result of radiological and histological evaluation, it was observed that the
largest amount of new bone was formed in the collagenated synthetic bone graft in
2 weeks and 6 weeks groups. Also, unlike the control group, where new bone
formation was limited to the boundary of the bone defect, new bone formation was
observed from the boundary to the center in collagenated synthetic bone graft. The
PCL-TCP scaffold group showed the least amount of new bone formation
compared to the control group. But, there was no statistically significant difference

compared to the control group.

IV. Conclusion

Based on these research results, the amount of new bone formation of the PCL/B
-TCP 3D scaffold made of 200um diameter filaments was lower than that of the
SB scaffold (OsteonllI® collagen) and DBBM saffold (Bio-Oss® Collagen).
However, as a result of the PCL/B-TCP scaffold after 6 weeks, new bone was
formed at the edge without an inflammatory reaction, and in some cases, new bone
growing above the scaffold was observed. Also, it was observed that the 3D
scaffold did not be absorbed for 6 weeks and maintained the bone defect space.
Based on this, it is expected that PCL/B-TCP 3D scaffold can be used as an
alternative to the existing bone graft material. Future studies are needed to find
the ideal material ratio, scaffold structure and conditions for new bone formation
through the ratio of PCL and B-TCP, and changes in scaffold structure and

surface treatment.

Collection @ chosun



| =

Al B b st tigk A7 EAE olE 55357 f16ko]
LA FHE 7HA a2 e AAAFAY 3AY =71 EZE=(3 dimensional scaffold, 3D
scaffold) & ©]&3te] ZolAAlE thAlstels A7 7F &3] o] FoxaL gt FH Lo
= YA FolA A9t &7 collagen fibers AF8-3Fo] 3D scaffold FEj2] o] A7}
. W32 ZHo] Deproteinized bovine bone mineral (DBBM)¥} collagen
&3t block  FE|E A 2} gt olF= 2N EETH Aa2[2,3],
hydroxyapatite(HA) ¢} beta-Tricalcium phosphate(B-TCP)Z FA¥ TS
collagen fiber2} &7 $HAsle] block FE|2 A 23 A ~MZ=7} JvH45]. L

ol thdt FHe] AAE=TE FABE S AFE L AR E o] 251 QT
= oA WAEQ scaffolds AT w BE F(metal), 5% T (metal alloy),
S & A (polymer) Al 7HAE AR& 3oy 559 A¢ scaffoldet # Alole] AfZo] A
71A Ho] =] AgrEo] "ol A Hrh 5% Fw9 Aedde old FAEES
= o

ol
iih)

3171 913l hydroxyapatite(HA), calcium metaphosphate and bioactive glass &< #W
Aglgiet 9 FUHA A5 vEA FFA = ststA g 7| A EAdo] wek
AgE 2AlE ARESHH, =S S EA, ‘IC‘)FE)H A 54S 7HAL o

scaffold A &= Eo] AFEH 1 Attt TFA FFHol= poly lactic acid(PLA),
polyglycolic acid (PGA), poly-L-lactide (PLLA), poly e-caprolactone (PCL), poly
lactic—glycolic acid (PLGA), poly hydroxy-alkanoates (PHA)”7} &xj3%kt}. o] & PCL
< &8 257 59~64°ColA Ay oA wkAAd A PCLS 1% AH7F ¥ o
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STHAE
3D printing, electrospinning(ES), gas foaming %°] vt H< &gz RnddY
(Fused Deposition Modeling) W< o] 83}o] 3D printing3t scaffold A2} A7+7F &

uks] o] Fojxa Qrp. d8§4EEd ¥ (Fused Deposition Modeling)2  rapid
prototyping(RP) 7]=& Alg3ste] €3] s AZde 7l& UMEYAE &3 APl

=3 A F4449 3D scaffoldE WHE 4 91t} Lay down patterno2 A 53|A] wh

571 wZel 71Ee] A7), duHE 44 =24E 7 o tgyde FxE vtso W
ARG Pz = 4 Aok DW Hutmacher 5 PCLE AM&-3te] FDM #2402
A 23k 3D scaffoldoll A AfolAl 29} Z2FHE FAFAIEZF 3D matrix Holl A 52, &
st 9 AxzzS ATt Bas g oH10-13]. skA R, A5 7kA] 7] Eddl A2t o)
AAE o] &3 3AA 2AEES} FHAE o83 2AHEFEE AY HuG A= vE
sy

o] AFolA= E79 FIlE A BdS o] 8319 poly e-caprolactone (PCL) 90%
o] B-tricalcium phosphate (B-TCP) 10wt.%& 4ojA 2= PCL/B-TCP scaffold9]
ANAE JA g E WYAAEH By A BAS B 7€ FEAS Hobst

1%T AAFES BT 2AE=S vwstus ek

Collection @ chosun



II. 29 Al ¥

o,
i)

1. A=
of AFollA= Al 7HA Agel dial] vlud+E Pkt AP 1> A =H
collagen©. & W50 3D scaffold(synthetic bone with collagen, OsteonIl® collagen,

Dentium, Seoul, Korea), 2gd 7 I+ o]&=3 collagenoz wEo(Z 3D scaffold

i

(deproteinized bovine bone mineral with collagen, Bio-Oss®Collagen, Geistlich

Pharma AG, Wolhusen, Switzerland)< A}-8-3) 91 T A me
Polycaprolactone(PCL)2} B-tricalcium phosphate (B-TCP)E Al&3lo] W&oz 3D
scaffold®  AFg3tdth 544 ¥ 9l Collagen membrane®(GENOS.  Suwon,

Korea)& 2w & Austy] Astel B4ER shyol Agshark

2. Scaffold Al 3}
PCL/B-TCP scaffold= 3D printer(M4T-100, 3Dbio, Daegu, Korea)2 %3] 3D

Yy 7]e el 98§48 Ermd8 (Fused Deposition Modeling)2 AF-&3te] 90% 9]
PCL3} 10wt.%2] B-TCPES &3tsle] dAeldem A2, 2% 63T, £ 100mm
£28 7 gtellA nozzle 715 200um=E FAsto] A Zsiivt. AHHE £
200um= 0/90° lay-down pattern ¥} stagger-type ©] A&¥ Yl Fo A=
TEo] pore Z7|7F 300ume! B TE RS wHEATh Scaffold®] FH= A
W3 FA AxE v 4 (FE-SEM, S-4200, Hitachi, Japan)o. 2 2% cH(Fig. 1).
PCL-TCP scaffold®] 272 8mm, %ol °F 0.8mm=z A 2= ok

St Z 37} collagen® & =o)X 3D scaffold(SB scaffold)+ hydroxyapatite(HA) 60%
9} beta-Tricalcium phosphate(B-TCP) 40%= A &E )& (OsteonI®)el] A A=
A2 2] collagen 10%E H7bste] ESFHZE A LA gepdoz At ¥ QI tH(Fig.
2). o]F& collagenoZ wH50]Z 3D scaffold (DBBM scaffold)= €38 49

HAE YABio-0ss®)oll AAE FHA collagen 10%S #H7bste] EEZ2FPg=
A2 = 3 e o= At E R vH(Fig. 3).
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Figure 1. FE-SEM images and photograph of PCL/B-TCP 3D scaffold.
The surface morphology of PCL/B-TCP 3D scaffold was observed using
FE-SEM(x50). The thickness of the filament was 200um, and the size of the pores

were 300pm.

..... e R
Figure 2. FE-SEM images and photograph of SB(synTthetic bone) scaffold.

The surface morphology of SB scaffold was observed using FE-SEM(x1000). It is

observed that collagen fibers are added to the synthetic bone.

Figure 3. FE-SEM images and photograph of DBBM (Deproteinized bovine
bone mineral) scaffold.
The surface morphology of DBBM scaffold was observed using FE-SEM(x1000). It

1s observed that collagen fibers are added to the deprotenized bovine bone.
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3. &

APsES] A8 & 9 v+ F #g, AFF=9 A4S 2T sEFHA4
3(IACUC) <%l stell g rh(520H s CIACUC2019-S0009) 2 AFdAM = F
25~35kg 10vte]e] AHE7 (New Zealand White)7} AF& % dch z+2; 5upe]® 3
AAo R 27 657w R EFste] AES APt 25 65T olA A7 g whE]H

% ovbele] B/ 5% ¥ BA70EG dAskac,

i

4. A3 A7
E7)9 F7)E 296 8mm AAe 43 @ ALY 442 FAHAL. 42 AnE

Table 1 ¥} Figure 49} Zo] %833

Table 1. Experimental groups

Experimental groups

Control No scaffold
Group Test 1 SB scaffold ( OsteonIl® collagen )
(26 weeks) Test I DBBM scaffold ( Bio-Oss® Collagen )
Test I PCL/B-TCP 3D scaffold

SB : synthetic bone, DBBM : deproteinized bovine bone mineral

PCL : Polycaprolactone, TCP : tricalcium phosphate

Collection @ chosun



Figure 4. Schematic diagram of experimental group.

5. 49 HA
E7] AAnHE d7] 98te] Smg/kg xylazine hydrochloride(Rumpun®, Bayer
Korea, Seoul, Korea) ¢ 15mg/kg ketamine hydrochloride (Ketalar®,Yuhan, Seoul,
Korea)s &3 2 thE Y ZHo FAsA vk3 S, FA5 919 €35 AR
3 H o povidone iodinel @ A%3FAth I F 2% lidocaine HCL(Huons, Seoul,
Korea)& Ab&sto]l =4wd] Aldgh thgol =2E st d3A9S A8k
8mm %79 trephine bur(3i, USA)E ©]&3dto] U7t #gd 449 24EHE &
sttt a9 = AL sidd 44 22l Collagen membrane®(GENOS.
Suwon, Korea)S A-g&3lo] ¥y} B3t tixzatols o AE H8311 ko
w AT 12 Z2EH SB scaffolds 4833, A3 Mo+ DBBM scaffolds
AgstAnt Aga Mol PCL/B-TCP scaffoldE HFZAEHo 4839k 2tz A
2 FAERY Age Fo 54 Z3AF 5-0 vieryl®(Ethicon, Somerville, USA)<
o] &st] FHFY TS Sl %‘1}% AR B F9= 5-0 Blue Nylone
(AILEE, Busan, Korea)< ©]&3lo] @453 AlddstAth(Fig. 5). &+ ¥ 3¥4 &<

ZAdys AsiA 1 mg/kg Gentamycin(Dong—Wha pharm, Seoul, Korea)s FA}3

2

_6_
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ATt FE 27, 6 W 1Img/kg KCLS E719 Aol FAlste] A7
o E7]19] FolEe #Aus AS AL He Cutting disc bur(Komet dental,

Lemgo, Germany)& At-&3to] 29 95 H&jstA i FH=S A AT
- ! .

il

(A) An elevation of full thichness flap was performed. (B) The four bone defects

were made on the rabbit’s calvaria. (C) The absorbable membranes were applied
under the calvarial defects. (D) Each experimental materials were inserted into the

calvarial defects. (E) Flap was closed with sutures.

FAERE ¥k Tl AHAS 10%  formaldehyded] A3 om Micro
Computed Tomography(Micro-CT) #d& F3 A3ttt Micro-CT #9&
=7 298 A A (KBS, Gwangju, Korea)®] Quantum GX uCT  ©]v]#]
A2~ ¥l (PerkinElmer, Hopkinton, USA)S AF&38ta, &9 AL #AZF 90kV,
FAF 8k % EHaA  H7]E OpmlE Al3EATE Analyze  software
12.0(AnalyzeDirect, Overland Park, USA)S Al&3le] 29 A3S Aapgddez

AFHSED, ol PPl AET U ARsE A4 Ao ¥ Grrsg,
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7. Z28F H7}

10% formaldehydeol] 1A ¥ & HAAS 15% ESAHS A&l 149 FoF &3]3

th &35k & ol whel @egk Fol stk Ewjsiivh EujE = AW S Sum

o] FAR vAHAS wE Ho  Hematoxylin-Eosin(H&E) 23 Masson's

trichrome(MT) 9A& A3t Fst &0 (Leica DM750, Leica Microsystems,

Wetzlar, Germany)S %8l d#S& #@ag]on, dAx v A (Leica ICC50®, Leica
)=

& &3 Digital images AATh ol& F3f A=

Microsystems, Wetzlar, Germany

o x4 §4< A7

8. B

Zb awEl] A dHdgy iFdxE dehdidoh A SPSS 26.0
software(SPSS, Chicago, USA)E AH&staitt. z At Abolol A% #olwld =t
o] & #9l3}7] 18] Kruskal-williams testE A&, ZF 4o SA4 # 2
S $18 Mann-Whitney testE Al &3t p<0.05 & FAZFCZ {238 oz 1+
o, A FEEL 95%0A 53T

il
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1. 47+ 23

1. BAASE B A%
2 LI BL5Foll A A o] o] v
H At Micro-CTE &3l tlza @ 3w A= P4 7] FA= 7HEAtE
FE Al &Zete] FAFR GAEE RS g1 4 v (Fig. 6, 7).
2F ] AdoA HAFT 1< SB scaffold (Osteonll® collagen)] 2] o o
ek, A st Ml PCL/B-TCP 3D scaffoldell
= B ol 812mm’ & M Aol #AEAnh dxTeAE 1067mm’, 23
o= ¢ DBBM scaffold (Bio-Oss® Collagen)ol A1 = 37.32mm®e] <Fo] At} =
st APaghe] AR fFeoldeo]l #EH AT (p=0.008). 7+ wwirt H]uLE}7|
#8te]  Mann-Whitney U test® Aldstdvt. ooy A 1,030 pik
0.029(p<0.05)&  Frojwlgh xfo]7k YAt za A Mikel pat2 0.343
(p>0.05)2 fFougt xpol7h gidh At 1,09 AdFmMitel pik2 0.029(p<0.05)
Frefw gk o7k itk A I ek Mitel pghe 0.686(p>0.05)= Fon| gk zte]
7} sl tH(Table 2).
657 AFoA AT 12 SB scaffold (OsteonIl® collagen)®] 2 AFe] o o
< 80.2omm’e 2 7hg B o] FEEHUT. AT Ml PCL/B-TCP 3D scaffoldol
M Hyt 9ol 20972mm’ 2 7Pg Heol #EAEIY. Rl E 41.90mm®, A
&3 M DBBM scaffold (Bio-Oss® Collagen)oll A= 62.18mm* ] o] #2359},
a2 Az AR Feoldo] BEEJAF(p=0.005). 2 Tkt Hlaskr] 9
3ol Mann-Whitney U test® Aldstdch ooy AP 1,004 pak
0.029(p<0.05) % fremlgh zpol7h AATH a3} APt MeAA pak2 0.57(p>0.05)
2 fFousk zolrt Uk AT 1,09 ALt pat2 0.029(p<0.05) 2 2
u gzl 7k Atk Adet 19 Mikel phd 0.057(p>0.05) = Fw gk 2] 7k g9l
o (Table 3).
2579 657 EF AP 19 collageno] H7ME @A ZFolA 7HE 2 AT FA
o] AdRNeom e Mol PCL/B-TCP 3D scaffoldi= A dAo] 74 2 A Yeby:
t}.

R
Ir
o

Jat

F
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Control

SB scaffold

DBBM
scaffold

PCL/TCP
scaffold

Figure 6. Micro-CT images of new bone formation of the experimental
groups in 2 weeks. (A) Micro-CT image of rabbit clavarial defect. a, control
group; b, SB(synthetic bone) scaffold group; ¢, DBBM(Deproteinized bovine bone

_10_
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mineral) scaffold group; d, PCL/B-TCP 3D scaffold group.

(B)Micro-CT cross—sectional image corresponding to each defect

Table 2. Micro-CT analysis of the experimental groups in 2 weeks

G Volume (mm®) p value
Toups -
(2 weeks) Mean + SD Kruskal-Wallis test Mann_Whitney U test

A B C D
A Control 10.67+3.52 - - - -
B Test 1 40.43+6.11 0.029" - - -

0.008"

C Test I 37.32+10.39 0.029" 0.686 - -
D Test MM 8.12+1.46 0.343 0.029" 0.029" -

SD, standard deviation; TestI, SB scaffold (OsteonII® collagen); TestIl, DBBM
scaffold (Bio-Oss® Collagen); Test I, PCL/B-TCP 3D scaffold

* Statistically significant difference (p < 0.05; Kruskal Wallis test)

* Statistically significant difference (p < 0.05; Mann-Whitney U test)

_11_

Collection @ chosun



Control

SB scaffold

DBBM
scaffold

PCL/TCP
scaffold

Figure 7. Micro-CT images of new bone formation of the experimental

groups in 6 weeks. (A) Micro-CT image of rabbit clavarial defect. a, control

_12_
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group; b, SB(synthetic bone) scaffold group; ¢, DBBM
(Deproteinized bovine bone mineral) scaffold group; d, PCL/B-TCP 3D scaffold

group. (B)Micro-CT cross-sectional image corresponding to each defect

Table 3. Micro-CT analysis of the experimental groups in 6 weeks

G Volume (mm?®) p value
TOups -
(6 weeks) Mean + SD Kruskal-Wallis test Mann_Whitney U test

A B C D
A Control 41.90+6.24 - - - -
B Test 1 80.25+14.80 0.029" - - -

0.005"

C Test 1T 62.18+7.98 0.029" 0.200 - -
D Test I 29.72+5.65 0.057 0.029" 0.029" -

SD, standard deviation; TestI, SB scaffold (OsteonIl® collagen); TestIl, DBBM
scaffold (Bio-Oss® Collagen); Test I, PCL/B-TCP 3D scaffold

* Statistically significant difference (p < 0.05; Kruskal Wallis test)

* Statistically significant difference (p < 0.05; Mann-Whitney U test)

_13_
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CHOSUN UNIVERSITY

Control

SB scaffold

DBBM
scaffold

PCL/B-TCP
scaffold

Figure 8. Histologic observation in 2 weeks experimental groups using H&E

staining (A) The bone paraffin sections were observed by histological evaluation

_15_
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using the H&E staining(40x). (B) In control group, a small amount of new bone
and irregular connective tissue was observed at the margin of bone defect (100x).
(C) In the SB scaffold group, a large amount of new bone was observed around
the absorbed SB scaffold during the demineralization process, and this process of
new bone formation occurs equally at the boundary or center of the bone defect
(100x). (D) New bhone formation was observed at the boundary of the bone defect,
and bone formation was also observed in the center (100x). (E) New bone
formation was weakly observed at the boundary of the bone defect, also bone
formation was insignificant in the central part.

OB, original bone; NB, new bone; CT, connective tissue.

_16_
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Control

SB scaffold

DBBM
scaffold

PCL/B-TCP
scaffold

Figure 9. Histologic observation in 2 weeks experimental groups using MT
staining (A) The bone paraffin sections were observed by histological evaluation

using the MT staining(40x). (B) In control group, a small amount of new bone and

_17_
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irregular connective tissue was observed at the margin of bone defect (100x).

(C) In the SB scaffold group, a large amount of new bone was formed at the
margin of bone defect compared to the control group (100x). (D) New bone
formation was observed at the boundary of the bone defect, and bone formation
was also observed in the center (100x). (E) New bone formation was weakly
observed at the boundary of the bone defect, also bone formation was insignificant
in the central part.

OB, original bone; NB, new bone; CT, connective tissue.

_18_
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CHOSUM UNIVERSITY

Control

SB scaffold

DBBM
scaffold

PCL/B-TCP
scaffold

Figure 10. Histologic observation in 6 weeks experimental groups using H&E
staining (A) The bone paraffin sections were observed by histological evaluation

using the H&E staining(40x). (B) In the control group, maturation of new bone in

_19_
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the bone defect was observed, and very thin new bone was observed along the
lower part of the bone defect, but the amount seemed to be small (100x). (C) More
new bone was observed around the SB scaffold compared to the control group, and
it was observed that space maintenance was formed while maintaining the
thickness of the skull (100x). (D) The amount of connective tissue decreases and
new bone formation was observed between them, and it can be seen that new
bone formation was occurring while maintaining the thickness of the bone defect
(100x). (E) At the boundary of the defect, it was observed that new bone
formation was formed up and down with PCL/B-TCP 3D scaffold, but the new
bone formation in the center was insufficient (100x).

OB, original bone; NB, new bone; CT, connective tissue.

_20_
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Control

SB scaffold

DBBM
scaffold

PCL/B-TCP
scaffold

Figure 11. Histologic observation in 6 weeks experimental groups using MT
staining (A) The bone paraffin sections were observed by histological evaluation

using the MT staining(40x). (B) In the control group, maturation of new bone in
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the bone defect was observed, and very thin new bone was observed along the
lower part of the bone defect, but the amount seemed to be small (100x). (C) More
new bone was observed around the SB scaffold compared to the control group, and
it was observed that space maintenance was formed while maintaining the
thickness of the skull (100x). (D) The amount of connective tissue decreases and
new bone formation was observed between them, and it can be seen that new
bone formation was occurring while maintaining the thickness of the bone defect
(100x). (E) At the boundary of the defect, it was observed that new bone
formation was formed up and down with PCL/B-TCP 3D scaffold, but the new
bone formation in the center was insufficient (100x).

OB, original bone; NB, new bone; CT, connective tissue.
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