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ABSTRACT

The effect of 3D printed polycaprolactone membrane
on bone regeneration in rabbit calvarial defects

Lee Ki-Won
Advisor: Prof. Yu Sang-Joun, D.D.S., P.h.D.
Department of Dentistry

Graduate School of Chosun University

I. Purpose
The purpose of this study is to radiologically and histologically compare and
evaluate the bone regeneration effects of 3D printed membranes in rabbit skull

defects.

II. Materials and Methods

A total of four circular bone defects were formed in the rabbit's skull with a
diameter of 8 mm, and each material was applied into the defects. In this study,
the three-dimensional (3D) membrane and scaffold were fabricated by 3D printing
using PCL polymer. In the control group, a resorbable membrane (Collagen
membrane®, Dentium, Seoul, Korea) was used below the defect, and in
Experiment 1 group, deprotenized bovine bone mineral (DBBMC, Bio-Oss
collagen®, Geistlich Pharma AG, Wolhusen, Switzeland) was used as a scaffold. In
Experiment 2, the 3D membrane was applied above the defect, and the
manufactured 3D scaffold was used in the defect. In Experiment 3, the 3D
membrane was only used upwards. After 2 and 6 weeks, the rabbits were
sacrificed, and bone tissue specimens containing bone defects were collected from
the rabbit's calvarials for radiographic and histologic evaluation.

_iv_
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III. Results

In radiographic evaluation of 2 weeks, the hard tissue formation amount was
24.66+12.32mi in experimental group 3, which was more than twice that of the
control group, and the hard tissue formation amount was 19.97 + 3.9mi in
Experimental Group 2. The amount of hard tissue formation in all experimental
groups showed statistical significance to that of the control group (p=0.008). In
radiographic evaluation of 6 weeks, the amount of hard tissue formation was
46.69 + 11.59 mi in experimental group 3, which was more than 1.7 times higher
than that of the control group. The amount of hard tissue formation in
experimental groups 1 and 2 showed statistical significance to that of the control
group (p=0.029).

In histological evaluation of 2 weeks, new bone was formed in the marginal part
of the bone defect, and granulation tissue with consistent thickness was observed
in Experimental Group 2. In histological evaluation of 6 weeks, an increase in new
bone formation was observed under the 3D membrane and between the 3D

scaffolds in experimental group 2.

IV. Conclusion

The membranes fabricated with a 3D printer wusing PCL polymer were
radiographically promoted new bone formation over 2 to 6 weeks, and when the
bone graft material and scaffold were used together with the 3D membrane, more

new bone formation can be achieved.
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3 OAE gasee BdEe] AHA A Ao A¥sL P 5 gtk FALRY
AAe 9% 349 wAd s)Eo] AAl FAT Andl 4LHT Ak TALL 9T A
A AR 540 Fad Fucl A AR, 58, AF 804 2 wgo] nH.
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(lactic-co-glycolic)& E33 thE A FX A vl8) 7| A% Ax=e Aol 3t
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o g PCLS 738 ¥4 9 Aebd 545 7HAA 7H8Ad ol 53, vl
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II. 48 Az 2 Wi

1. 2% "/]Z}?J(Experimental design)

E719 Tzl F 4] ¥ 2AERE A4 8mm AV E FA st A&
W= zbzte] Xﬂaaé A&atrth o] AFelA 3 ZH"EE Ay AEE
PCLE AF&3le] Alzted. 2 dixad 2o ZEE o= resorbable
membrane (Collagen membrane®, Dentium, Seoul, Korea)S AF&3to], 3ol A
AEE FAAE Adetal =4E79 AAY DAHE FAdERE dEs AT
T3k AR 1, 2, 3w el 3xkd " E A S A& A AN ERT =

FAER oW Arx ARESA @%kal, AF 17ol= AES ulel deprotenized
bovine bone mineral(DBBMC, Bio-Oss collagen®,Geistlich Pharma AG,
Wolhusen, Switzeland)& 2=7WEZE==Z A&ttt A8 2wdA & PCLE AAd
A Y E AAHEEE AER Yol AR AY 3delA e AEN Ao
PCLZ Al#¢ 32t =d®d Ao 9eks AEskalth (Fig. 1).

M e

Figure 1. Schematic diagram of experimental groups.
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2. 3249 ZAHA 2T A Z(Fabrication of 3D printed
membrane and scaffold)

PCL (average molecular weight: 45,000, Sigma-Aldrich, St. Louis, MO, USA)&
A ek AAsE o AFR5HITH o] PCL A %= Bio-Extruder AH](3D Bio Printer,
M4T-100, MAT, th+t, $H=)5 AR8st 90%<] PCL¥ 10wt.% B-TCP HetilE =R
Az HAow 3xY =AY e WA Fol syl a%%ﬂzuﬂa(Fused
Deposition Modeling)S AF&3te] A #stct o] Ao = (Computer -Aided
Design) A|ARIZ ARESEo] AAEQQOW, of AJARIZ A ‘41T A= Hsll ot
B 221 @ AU UR 2 % 9gg ANE 4 O ANEE 2 1mm o
AZ 12mme ZAAMZE 2712 AFsg o, 0.8mm FAR AFEAY. % 0T,
9 100mm X9 A 200um =& AMEsle] 4502 HFsle] A ZEFA T
IHdE FAE 200um= 0/90° lay-down patternd} stagger-type©| #-83}911
Pore Z7]+= 300ym=z HFAFZ 2SS THET. o] Ao AlgsleE AlEEE
Ak ero] A A e o AFtet gt AAEEE A 8mme] dd e A7)
2mm FAZR AFEHAoH 2% 80T, ¥ 100mm FHE9 ZHdA 500um =&
AL&8te] 4202 HSele AZFSE Y. ek E FAE 500um=z 0/90° lay-down
pattern®} stagger—type©] Z &3t 1, 300um =719 pore A7 E HIYTF EUES
WEA AZE PCL A9y} ~7)Z =+ phosphate buffer saline(137mM NaCl,
27/mM KCL, 10mM NaHPO, 1.8mM KH2PO4, pH 7.4)° 247+ &<t @1
37CAA 22 48A17F For FAFUEFY 9 & zH ey A~qZ=E PBS
gAoz 3H AHagdch AZE AHI AHE=E AEA(O,) Zalxota oA g 9ot
U 3 opojlaz mH AA-ZIY JIAZ Hsl odd oA &AM O, E2t=UL
oRNe A Z=u4(RF, 13.56MHz) €% ZA3 =Z=2}=0ot (Miniplasma Station,
Daejeon, Korea)2 A|sjE]9lon, uISA o] of&l(reactive ion etching, RIE)E RF
YA AP E st A=) AFsts olYd maods ZAsty] Hall A&t MES
Alg AW oo AAterdar, 2 g2 o33k 2o RF P4 A2 100W,
20sccmoflA 4Ata 7hA /e, 100mTorr ©]ste] ArsddstolA Al-&=Qitt. 3AH
ndgd i7H%C9} A2} E%% 2AHS 7] Hol BYEE 189 24%-5¢h
5 o
=
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3. 3x4 3 YA 7o EA(Characterization of 3D

membrane)

AzE 39 ZdAgE AHwS dAFALA W 4 (Field emission scanning  electron
microscopy, FE-SEM, SU-70®, Hitachi, Japan)Co. = EX3to] 7 dedES =
71 2 e Ze E94 AHAERE Hrbedla, oduA 48 XA 4 (Energy
Dispersive X-ray Spectrometer, EDS)S Al&3slo] /WE YA}l 3}eha AS 435}
At T3 AMZo] X-A 3] d(X-ray diffraction, XRD)H €& =A3}7] 93] X434
E27](X-ray diffractometer, DS~ADVANCE®, Bruker AXS, German)< ©]&3}%
31, Cu-Ka (A = 15418 A) HAMAY 28 ALg3te] 0-40°(20)8 Y= ZAM8HY ).

4, 2438 % E(Animals)
FE AYe Ay FHEUY £33 A3 52 2AYEgN FEAISIANY A3 9
Aele AA AYsATHCIACUC0I8-A0007). % 129ke]e] e

(25730 k% o Al ALIAAT. 4Y FEES TAAL 4

6rkely 25T 65T 07 Prlth o F 3etelel E/7h 49 F AAbsten.
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5. &< 3 A (Surgical procedure)
5 mg/kge] xylazine hydrochloride (Rompun®, Bayer Korea, Seoul, Korea)# 15 mg/
kg ketamine hydrochloride (Ketalar®, Yuhan, Seoul, Korea)S 3 =59 3938}
of E71¢ HAntHAE FEstdth vH § Fe F9E ARG IHE QER 4
=3ttt 2% #Egkel HCl(Huons, Seoul, Korea)S AF-&3ste] H&ntHAE Al st oL
AEH A 3 calvariad A THES =FA AT 97 8 e trephine burE o] &
ato] 4719 EAERES calvariaol FAAT. 1 F 98 ZHETE NE UE
“411‘7“% Aol wpep Z47ko] A AuE
slH o 2 resorbable membranes A}%é}‘}iﬂ‘r. % Ag 1TddE AsER o
DBBMCE #-&3t3laL, 43 2wolA = el
el A8t AF 3w =
A 1, 2, 37 el 339 ZH"EE A S
®(Ethicon, Somerville, USA)Z 1437 3] Z9S A ) ']é}i 4-0 Blue
Nylon(AILEE, §-4F, st=p)o 2 73 & B FAFUHFig. 2A-D). & % 3¢ &< 7
9 oS 98] Gentamycin(Dong-wha pharm, Seoul, Korea) 1 mg/kg% <55 s

a 258 65 Foll ST

2
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Figure 2. Surgical procedure. (A),(B) Four sites of bone defects were formed on the

® was applied under each defects. (D) Each

rabbit calvaria. (C) Collagen membrane
materials were applied to the calvarial defect. (E) 3D printed membranes were placed

on the defects except negative control site. (F) Primary suture was performed
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6. WALA 83 3 7}H(Radiographic evaluation)

27 2 67 Fol, BEVE AL, B9 FAFAAN 224ES e =
AL AFASAY. 2HAFES 10% EELUs| = 1AHZIL Micro-CT
(Micro-Computed Tomography) Z2Z1e =2 EXgLEUrk  Micro-CT 2AAYE&
7| 2R ATA(KBSL  #F, ¥=)°9 Quantum  GX  pCT  o|HA
Al 2"l (PerkinElmer, Hopkinton, USA)& AF&3ste] #det 90 kv, &7 88 ka 2
A =7] 90 me] Z7olA FdFHT 2WE olv[A = Analyze AXZE 0]
12.0(AnalyzeDirect, Overland Park, USA)& A}&3slo] 3x¢9o = AFAEAoH
RE BEs BE yUne AER YA FEstd A2 x4 FuE Prketiith

AMES Fepde] 2ojetdnh 5 m FA
2 g#d A#HE  hematoxylin and  eosin(H&E) <23 Masson's
trichrome(MT) @xo=z At dAH2  FstdAn H(Leica DM750, Leica
Microsystems, Wetzlar, Germany)< Al-&3te] ZZstx o g A#3¢ 1, txE o]u]
A= gAY du)4d 7 2 (Leica ICC50®), Leica Microsystems, Wetzlar, Germany)=
Abgste] 255k gTh

8. A ¥4} (Statistical analysis)
Zh age] Ak Hit(mean)d XFHAHSD)E WEFW AT dlo]H = SPSS 180
Statistical analysis system(SPSS, Chicago, USA)S. & FA135}t}. Aga 7+ 2ol 9
EAA o948 Hre7] 98 Kruskal-Williams A< 43515 12, Mann-Whitney
el 7 Ao FJa 1He FAA FoA8E Felsdth p < 005 BAALE
|

T Aer AFHden, A8 £ 95%0A Ao
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1. A3 A3

1. 33497 =ZdAH"E AHgy 2AZFz9 EAHYL

A 3} (Characterization evaluation)

Figure 3< PCL/B-TCP 27/ Z=¢9] SEM o]u]A (A% 2 JumH)E wolEUc) o
A= AFE ~AZe7t 78 7)F FRE A FHE Y-S BodFEth PCL/B
-TCP 2/ Z=29] 7|3 =Z7|= Addo A 712 2 A 2o ¢F 300um Wr = AAH
27| &= 0] (Fig. 3B, 3E), de}wlEe]

2 7del welh oF 200 ym YR Z AAEH 2%
=(Fig. 3A)¢F ¢F 500um YW= AAH ~7/1E=(Fig. 3B)= T&3 4 At} 334
AR ¥ A A4 oF 200 ym UM E AAE 2AEEE AAEda, 33k 2HE
H 2AZ2=E A4 oF 500 ym UHIE AAY 2AZ=2 AFEAY. =3 PCL/B

-TCP 2MEZ=tE AX 39S Vebdt 339 Zdgd 2oty A7 E = 9o )
EolA Ho o2 FAHAHFig. ba). 72t Bewl=o] A xH-S vfirg il
o9 #9245 (TCP) 9 %Zﬂ—t— EDX& ARg3to] gelstitt. o] eju oA Ca™
24 #ds B s sold = ddth(Fig. 4A, B). T3 200 pm ¢ 500 pm A A ¢

rr
iy

N
of

PCL Al Eo &4 38 B-TCP 9] AR F2E XRDE #4139 thFig. 5). B-TCPO)
SAA F8 mIs 3Rk g d Ahat 3R ZAFE AT EEY AHEH
A &l & & QAL o] Aif= PCL a@Ato]] B-TCP JAE & 2J=A== 535l
ol
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Figure 3. Field emission scanning electron microscope (FE-SEM) images of 3D
printed membrane and scaffold. The surface morphology of 3D printed
membrane and scaffold were observed using FE-SEM (x50, x30). A, 3D
membranes were layed by 200um of filaments; B, Upper view of 3D membrane
using 200um filaments; C, Side view of 3D membrane using 200um filaments ; D,
3D scaffolds were layed by 500um of filaments; E, Upper view of 3D scaffold using
500um filaments; F, Side view of 3D scaffold using 500um filaments.
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Electron Image 1

Electron Image 1

ull Scale 73 cis Cursor. 0.068 (152 cis)

Spectrum 2
C:CaCO3
0:5i02
Ca : Wollastonite

kel Scale 73 cts Cursor: 0068 (173 cis)

Spectrum 1
C:CaCo3

Figure 4. Energy Dispersive X-ray Spectrometer Analysis (EDX analysis). A, SEM

micrograph and EDX spectrum of 3D membranes layed by 200um of filaments; B,

SEM micrograph and EDX spectrum of 3D scaffolds layed by 500um of filaments.

Bar=200um

_

1000 — o ’.ﬂ\\ ,'Tili (\VJ \ 4 500pum (plasma)
M g b N ~
500 — i CRE i P N \““-.,v,_-" '\.\/'/ LV \\wm,ﬂk“—wﬂ R Sps v N
0 H
1000 .. 200um (plasma)
500 | 3 it '
20000 P H B-TCP
10000 / J \ ‘ \
0 'l\-..ﬁ_f\_‘f A FNL L — \M__,A._/“ S~ ]
T ] T
30 35 40
Position [*28] (Copper (Cu))

Figure 5. High Resolution X-ray Diffraction Analysis (XRD analysis). XRD patterns
of the 200um PCL filament (blue), 500um PCL filament (green), B-TCP (brown).
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2. WAL A 84 3714 3 (Radiographic evaluation)
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2) 657% ZA3}(6 weeks)

67 Fol % Aeol FolAAy 399 ZAYH ANEES EaA Be ozl
A Az o] 7 A A F4d =3 DBBMCSF g7 3a- A" E Ao uhs AFE-gk A
A oAl Aol 7 Bol P ATh(Fig. 7).

[e]

uhS o] g3k Ael 19 AxF PJAFS 52.67+4.49mm

zA AT 272545357 v aLste] §-o)&kA 5uf
x2e g

, ) b 9reks AbgeE A9 AxA HA
o] 46.69+11.59m'= w2 H T 1.78) o)A wetw 3x9 W vty 339
Y HE ANEEE FAO AFEE AT 25 AxF PA o] 4425 £ 6.61mel A
o2 YEltHTable 2). & 2te] AT 1, 29 Ax2 JAFS A2 TATH #
S HolH(p=0.029), A7 1A FAHSR fFoatA 7 B & HzxH o]
FAAEA Ob} AFT 2, 3% AR FAHSE FoF Aolw= HEEA % H(p=0.200,

= o
p=0.486) Hgt A7 2wy AF 3uwAtolol® SAITTH o R fogt Aole FHHA &
A THp=0.886).
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C : 3D scaffold + 3D membrane

Figure 6. Micro-CT images in 2 weeks. After 2 weeks, the bone tissues were
harvested and immediately fixed using 109 formaldehyde. After fixation, the bone
tissues were subjected to Micro-CT analysis to evaluate bone regeneration at the
clavarial defects. A, control group (No membrane and scaffold); B, experimental group
1 (DBBMC and 3D printed membrane); C, experimental group 2 (3D printed scaffold
and 3D printed membrane); D, experimental group 3 (No scaffold and 3D printed

membrane). DBBMC: deprotenized bovine bone mineral.

_’]3_

Collection @ chosun



Table 1. Micro-CT analysis after 2 weeks

Volume (mm°)

Group : P Value' :

(n=4) Mean + SD Control Experimental Experimental Experimental
1 2 3

Control 1253 + 0.87 - - - -

Experimental 1  63.62 £ 11.81 0.008x= - -

Experimental 2 19.97 £ 3.90 0.008x= 0.008+ -

Experimental 3 24.66 + 12.32 0.008x 0.008x 0.841 -

Values are presented as meanzstandard deviation.

Control group (No membrane and scaffold) ; Experimental group 1 (DBBMC and 3D
printed membrane); Experimental group 2 (3D printed scaffold and 3D printed
membrane); Experimental group 3 (No scaffold and 3D printed membrane). DBBMC:
deprotenized bovine bone mineral.

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

_’]4_
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Figure 7. Micro-CT images in 6 weeks. After 6 weeks, the bone tissues were
harvested and immediately fixed using 109 formaldehyde. After fixation, the bone
tissues were subjected to Micro-CT analysis to evaluate bone regeneration at the
clavarial defects. A, control group (No membrane and scaffold); B, experimental group
1 (DBBMC and 3D printed membrane); C, experimental group 2 (3D printed scaffold
and 3D printed membrane); D, experimental group 3 (No scaffold and 3D printed

membrane). DBBMC, deprotenized bovine bone mineral.

_’]5_
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Table 2. Micro-CT analysis after 6 weeks

Volume (mm®)

P value
Group
(n=5) Mean = SD Experimental Experimenta Experimental
Control
1 12 3
Control 27.25 + 5.35 - - - -
Experimental 1 52.67 + 4.49 0.029% - ) -
Experimental 2 44.25 + 6.61 0.029% 0.200 - -
Experimental 3 46.69 = 11.59 0.057 0.486 0.886 -

Values are presented as meanzstandard deviation.

Control group (No membrane and scaffold) ; Experimental group 1 (DBBMC and 3D
printed membrane); Experimental group 2 (3D printed scaffold and 3D printed
membrane); Experimental group 3 (No scaffold and 3D printed membrane). DBBMC:
deprotenized bovine bone mineral.

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

_’]6_
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% 7} 2 3} (Histological evaluations)
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A3} (2 weeks)
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Figure 8. Histologic observation in 2 weeks experimental groups using H&E and MT
staining. The bone paraffin sections were observed by histological evaluation using the
H&E (A, B, C \D) and MT (E, F, G, H) staining (40x). A and E, In control group, a
small amount of new bone was observed at the margin of bone defect (40x); B and F,
In experimental group 1, a large amount of new bone was formed at the margin of
bone defect compared to the control group (40x); C and G, The experimental group 2
confirmed that the thickness of new bone was formed similar to normal bone thickness
under the membrane (40x); D and H, In the experimental group 3 , new bone and
connective tissue was formed at the margin of bone defect (40x). Black arrow heads,
margin of bone defect; OB, original bone; NB, new bone; CT, connective tissue; G,

bone graft.
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Figure 9. Histologic observation in 6 weeks experimental groups using H&E and MT
staining. The bone paraffin sections were observed by histological evaluation using the
H&E (A, B, C D) and MT (E, F, G, H) staining (40x). A and E, In control group,
the formation of new bone was limited to the margin of bone defect and mostly filled
with connective tissue (40%); B and F, In experimental group 1, a large amount of new
bone was formed around bone graft material (40x); C and G, The experimental group 2
confirmed that the new bone was formed at the margin and center with more ossified
bone than the 2 weeks group. (40x); D and H, In the experimental group 3 , the new
bone with continuity was formed at the margin of bone defect, but the thickness of
newly formed tissue was narrow(40x). Black arrow heads, margin of bone defect; OB,

original bone; NB, new bone; CT, connective tissue; G, bone graft.
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