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Fabrication System(tF5 Q18 A| X A #| 2} A]2<®l), Saos-2 Cells(Z A 3E)
x5 =4 of o] JAFAAA= &4 24 B 7|39 75s A A AFHoE ATy
w3 2k FEREo|t AFAAA L AR FollA EE 7}2&%%(P01ycaprolactone, PCL)¥} AFlAbzd-4(B-
tricalcium phosphate, B-TCP)> A3 3 AAAFAE S 7HAL Aot & AFolA = v AT AAA A
2 Al 2~E S o] g3le] 3 29 PCL, blended PCL(60 wt %)/B-TCP(40 wt %), —L2]3L B-TCP ¢lF A A A= A
2tk AdtE AT AAA = FAAEAAN A 2SS FE 60020 um O 2= 30|12 F HI’“EIO*EF
7IAA EA H7ME E38) 3 219 PCL, blended PCL(60 wt %)/B-TCP(40 wt %), —L2] 3L B-TCP ©1-3 ] A 4| 2]
A= BAEHAT AYTF Saos-2 AIEE 0] &3 in vitro ATE st Mx S H F2AT FE A
£ A5 9% 3249 T A A aE 89153tk A 3D blended PCL(60 wt %)/B-TCP(40 wt %)
ATAAAZE 45 AE AAAFAE 2 d=AFd Aol AA sidzol 1S A3sglet w
2} 3D AFH A A Q] Aol 9do] PCL ¥ B-TCP & E3al= ALS &34 & QAL 93 =4y e=
Aol & Aotk

=1

N OH
J?‘J

Abstract: In tissue engineering, a scaffold is a three-dimensional(3D) structure that serves as a template for
regeneration the functions of damaged tissues or organs. Among materials for scaffolds, polycaprolactone(PCL) and [3-
tricalcium phosphate(-TCP) are biodegradable and biocompatible. In this study, we fabricated 3D PCL, blended PCL
(60 wt %)/B-TCP (40 wt %), and pure B-TCP scaffolds by a multi-head scaffold fabrication system. Scaffolds with a
pore size of 600 = 20 um was observed by scanning electron microscopy. The effects of 3D PCL, blended PCL (60
wt %)/B-TCP (40 wt %) and pure B-TCP scaffolds were analyzed by evaluating their mechanical characteristics. In
addition, in an in-vitro study using osteoblast-like saos-2 cells, we confirmed the effects of 3D scaffolds on cellular
behaviors such as cell adhesion and proliferation. In summary, the 3D blended PCL (60 wt %)/B-TCP (40 wt %)
scaffold was found to be suitable for human cancellous bone in terms of its the compressive strength, biocompatibility,
and osteoconductivity. Thus, blending PCL and B-TCP could be a promising approach for fabricating 3D scaffolds for
effective bone regeneration.
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gk F=(Pore) ¥ WF A2 (Inter-connectivity)©] -
3k 3 2} Q1-F- X X A|(Three-dimensional scaffold) A
2+S 9138k, CAD/CAM(Computer-aided design/ computer-
aided manufacturing) 2 A} 37 #12K(Solid free-form
fabrication) 7] ©]-8-3karL Itk 3 Akl lEAA
A= AA =3 AR a4 AlE 7 AR
Z2H(Adhesion), o2)(Proliferation), 1|3 = A
(Bone formation)= 9|3+ A3tel A AsE o=
FCECY 53] F 24 AYS A A1IFHH AL A
S24 34 31FAKSynthetic polymers) ¥ HHA 1T
ZHNatural polymers), 2] AJA| Al2}2](Bioceramics)
5ol Wol AbgH I kO I FolME g4 uEA}
ANee dol el gA &5HH A =55 F
nto] A2 w9l FxEE ALEY] A8 FHE
Aar Pk AGsE 7AA Bt A At
Hla Holdh Aow defA] grh 1 FolA e
F}3Z Z2HE(Polycaprolactone, PCL)©] A =3} 7]
A EAo] A Aoz nuyEohD six)n
7~d(Hydrophobic) A1=2] 54 wiitol AxX F
2 HA s BAEs I gt

H 5o AA Mg JATAAAE A=t
A7F wol s vk A Al A
AT, = FE54 28 AL S
AR 5ol 58 Ao=m duA vl who]
2 AFY A FolAE ARIAFEE(B-tricalcium
phosphate, B-TCP)> ¢-78F Atsl/dS A o=
A stok A Ak IFAA A L] A F Y
o= 2EX] EHA|H(Sponge replica), & = (Salt
leaching), “12]31 52 FTZH(Freeze casting) 5°| )
o} SAIRE o]t Ve Ui AAAo] "Hox
i T AVI7Y vty dske W/eR 3
M= 3 2k AR Al dEAAAE AReks
b %& oS Ao Yok

A Alete] JIEAAA = FA aLd2 A
AARTE AE F2 9 S glo] g AT
Axp7b Bawar ok s add A A
g QIEAAA Y] 7IA A At AA ddz
Hlaske] wjg- ok Ao By 9y P

HL 2 7Y @Y Al=7F &9 PCLB-TCP <l
SA A A ] A Aol @gk A 7F Ebe] xewar o)
t} &3l PCLB-TCP 1-EA A A A B-TCP ¢ F
7FE Q18] PCL o] w3ll& 7HE3hAIZlaL o] 24 AA
A3 AiEsAdel s =5 = e AHEol
B HJATEE 53] 7)Ee] BTCP o FAHES
20 wt % 7HA AlmE EjFate] AT 2 AlE A
o7 QAFAAANE Alzte| ghe) 2
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B oA ds bdF AFAAA A A~wS
o]&-3to] 3 1Y PCL, blended PCL (60 wt %)/B-TCP
(40 wt %) 18]l B-TCP S1-FAAAE A2}3} o
AZE 3 2 AFAAAN FF E FFES Eel
a7 A8l FARAAER G o] AREHAT 1
3 2 AFHA A VAE EAF HILS in-vitro
A F2 2 T JUHE SR = x4

AYozel Ag e BT
2. M2 3 Y

21 M=

PCL & Sigma-Aldrich(St. Louis, USA)l A -1 &}
i1, B-TCP = Berkeley advanced biomaterials(Berkeley,
UsA)lA Frjatdch Al Algke] v Pas A
7131 QEgEA 7= AR EEvE g ol E
(Darvan® C, R. T. Vanderbilt, USA), A Algty] v ¢
AHE 7he] AR HEE ST ARARE
slol=EAZ 2 wEAE R 2~(H7509-100G, Sigma-
Aldrich, USA), 128]a1 AA Algty] vHPAES &4
AN71E SAAZE Zgldledl o]71(408727-100ML,
Sigma-Aldrich, USA)°] AR&-%| At} 3 2k Q1&- =] A| A
o] Az F0] AL old Aol BaE

3D scaffold ‘
\
Layer 4 Layer 3
Fig. 1 Images of (a) a MSFS and (b) deposition patterns
of the 3D scaffold
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22 OS IESXIXIAM ME AIAE
&8% PCL ¥ 3% A=E EAFs7] 9l
¢t=4 7](Super x-V7, Musashi, Japan)9} >=F4
(TCU-02, Musashi, Japan)7} 2]-&% At AA Al
ul ol FX A A= 21];{1'0]-7] Q3 FXEA Za
2 =, 1Ea zb F& 2Exd AL
Zhe ek gk EE A &2 AxE
& o] &AL Lo A FgFh Ay
TAAANE A7 98] -L7§§(Furnace, MF-12H,
JEIO TECH., Korea)”} AF-&% %It} Fig. 1 2 U5
AEFA A A A AF Al z=dle] AAl AP} Q1E ] A]
Ao A 9% 4S5 Hghe BoFa 3l
e & % Aol 28 A5 T E -
al SlaL, Fig. I(b)= & AolA Aztete= dF
AAA ] A HE S HoF= Ablot,

rO 40 oX v T N of

g

23 ASK|X|H e =AM

ﬂ%x]x]xﬂ,] AR sk AT S SAGE
I SF2~ @17 (Olympus CX31, Korea)<
o] -3 3 E‘r ﬂ&% AFAAA L] PN @ 25
A3t Y& 229 B 9 (Sputtering) F A & AFE-5)
ol #& IYE S, 20 kV o] 7 AU
2 FAH A1) 7 (Scanning  electron  microscopy,
Tescan VEGA I LMU, Czech)2 ©]-&3}% T}

24 7|AH #I}

AFAA A 7AA Zegs BFristr] f& S
2% A3 7](JSV H1000, JISC, Japan)E ©] &3}l th.
3% £E5= | mm/min 22 HEHAT. PCL,
blended PCL (60 wt %)/B-TCP (40 wt %) —L¥]iL -
TCP Q1A XA A7]+= 54 X 54 X 3.0 mm’
= stk He s 6‘}71 A8l AFAAAE

247} 370 EHleiT 4 E Ak 4F 94
FE dTAAA Y 4= @Q% T o dof
W SH WP E FHE ol &t Atent

2.5 Mz st 2 upE

AE 54 B37kE A8 ==AlES FARE
Saos-2 A|EE o] &3¢ty wiX&= DMEM(D-
minimum essential medium/high glucose, Hyclone,
Logan, UT, USA)°ll 10% -3-Bl & % (Fetal bovin serum,
Gibco, Rockville, MD, USA)3} 1% A A (Penicillin
streptomycin, Sigma, St. Louis, USA)E #7}3lo] A}
Skt M2 52 H7HE 98 Cell Counting
Kit-8(CCK-8, Dojindo Molecular technologies, Japan)
£ NS ARSI Al ES= 377 C, 5% CO, 157H
olE oA wigFH AT 1Elal WA= pH & =4

g.

a7] 9l FAIR A E AT AT A A A A E
£ 9E3t7] A8 100 o 9 wiY HAGA 4L 5
o F¥3 s di= HMEE 0.25% Trypsin-

EDTA solution(Gibco, Rockville, MD, USA)= A}-&-3}
o] Wt} M¥E 4= 0.4% trypan blue stain(Gibco,
Rockville, MD, USA)eZ A3 Fo
hemacrometer & ©]-83to] ALbE AL AT H A A

upt}h 1X10° cells S =3+ )

26 MZ EM "I}

A2E 3Fst7] oo AAE QAFTAA A=
70% olghsel] 22 F Aol AtH At
T3 PBS ol A 3 3] Ao F9lar, wiA|e A 2 A|ZE

pre-wetting Al 7 Al 7} ?J*X] A A xA & F
2hsk ¢ JEF ST AEXE FTe 7Y §
Sk Qlstullolg ol A vl "]ﬁf’— A= 2w

ot 13 WA FAT 1, 4, 7Ll C
v €} 1:10 o2 EFste] Yal 4 AIZF $ 450 nm
ol A Microreader(UVM340, Elisa, USA)E ©| &
SRS 24w A0 23 2 248 He

shetet.

ol

—

3. 21}

3.1 3 X QAFX|X[A el EM EAM

PCL, blended PCL (60 wt %)/B-TCP (40 wt %), ~L2]
AL B-TCP QIS AAAZE b5 JAFAAA A2 Al
2o o8] AuEgHor AzEJY ZE QAFXA
AAELS A2 2 g4 F25 AdgA Fx3)
Ei I SR ol A=

Fig. 2 &= AZE ATAAAEZY SEM Arzl=
RoFa v}k 1 FAA =, Fig 2(a, b= AZE
PCL A& XA A 9] SEM A& HoJFU Fig. 2(c,
d) = AZE blended PCL (60 wt %)/B-TCP (40 wt %)
QANFA| A A2l SEM Al o]t}. Blended PCL (60
wt %)/B-TCP (40 wt %) <U&A A A= 130°C 9] 4§
255 o833, 50 mm/s & olFEERE A FE
ATH SEM A& Fall, 3k F 9 ulF TS
Tx7F deke 53”011 “‘ﬂl A=A TS & 7+
A AT Fig. 2(e, H= 272 A7 Fol A= B-TCP
Q1-FX X A2l SEM A}ZJOM. WFJ B-TCP ©<l-&
AA A= 1,150°C oA 3 Algke] 24 A2E F3)
PCL Q1 ¥A] A A 18]l blended PCL (60 wt %)/p-
TCP (40 wt %) A&TAA A} TAg F& 2 &=
712 AFEAT 1,150°C e ~E2 B-TCP
o] AA JJo] 1,180°C R} ofge] oAl <A
371 wiizol ot
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Fig. 2 SEM images of PCL (a, b), blended PCL (60
wt %)/B-TCP (40 wt %) (c, d), and B-TCP (e, f)
scaffolds fabricated by a MSFS

18]35 TCP & B-TCP “go] 714 sad o= <y
slar 71AA el A SSgo] 7HE Eva
I HJE®) Qg A A L] A o] o]&H &
Z7L Table 1 oA YEF AT

o [

323 X2 QIBX|X|H e J[AM SN HIL

ATAAA 45 e 2 45 S ES B
S Zolry] 98 $H-HIPE FHS o] &3S
Fig. 3 7} Table 2 = PCL, blended PCL (60 wt %)/B-
TCP (40 wt %) L]l B-TCP AFX A A 2] 7] A 2
S0l g agz 9 35 HoFa 9k QF
A A A 2] 71AA Aol gk A=A, PCL 91
AR A 2] +F A== 184112 MPa ©]al B
S+ 41.8 £ 1.7 MPa, blended PCL (60 wt %)/B-TCP
(40 wt %) AFAAAS 45 A=E 128 £ 1.3
MPa ©]il ¥4 A4 409 + 3.2 MPa, ZLg]il B-
TCP AFA A A9 5 ZFEE= 3.2+ 0.6 MPa ©] 3L
B AGE 15.6+4.7 MPa & =A = ok

1

EEI

i
o2

Table 1 Process conditions of the fabricated 3D scaffolds

PCL | PCL/B-TCP B-TCP
Nozzle 250 410
(pm) (Precision nozzle) (Taper nozzle)
Structure Grid & Diagonal matrix
Feed rate
(mm/s) 210 50 270
Temp. Furnace: 1,150
O 110 130 (holding time:
3h)
Overall Before
size (mm’) sintering:
6.0x6.0x3.5
54x54x3.0 After
sintering:
54x54x%x3.0
P -
ore size 600
(um)
Mechanical test result of scaffolds
¥ ===PCL scaffold
0 —PCLE W %)/ pTCPHOW o) scallold .
~ 25 - -pTCPscaffold P
g
g
#

Strain (-)

Fig. 3 stress-strain curves of the fabricated 3D scaffolds

PCL 21 A X A= blended PCL (60 wt %)/B-TCP
(40 wt %) AFA A A} B-TCP A-FA| A A K.} 7]
AA] FSWolA 3 Roew FriEdnh
blended PCL (60 wt %)/B-TCP (40 wt %) <13-%] A A
= 60 wt %2] PCL Ol 28] 10 MPa 7HA & 459
o] Ao} B-TCP 7} £ o] Qlo] 1 o] FH-E
= B3 E7] Az Aoz stk dhdo] g
TCP QJAFAAA = Aete] g9 zte] §ge U
of gAZE oL Az 54 A we] gad Ao
2 oAZY. F, B-TCP o %ol S7Hgowxn 7
AR 5o & 9IS vAE Aoz wE
otk & 7IAA = AUl A= PCL QIFA A A
7} 7 s A9E e Sl

=
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Table 2 Compressive strength and modulus of the
fabricated 3D scaffolds

Blended
PCL PCL/ B-TCP
B-TCP
ft‘r)erzgﬁsswe 18.4 12.8 32
+ + +
MPa) 12 13 06
ri‘;r;flf:me 41.8 40.9 15.6
+ + +
(MPa) 1.7 32 47

(a) Cell adhesion result of scaffolds

W PCL scaffold
E % PCL (60 wt %) / i-TCP (40 wt %) scaffold
= # -TCP scaffold
=
L] 1
=,
2
£
&
=
= 05
5 : ;
e
v .
: .
Day 1
(b) Cell proliferation result of scaffolds
2.5 PCL scaffold
'E‘ #PCL (60 wt %) / f-=TCP (40 wt %4) scaffold
= o) % -TCP scaffold
=
W
-+
i 15
Z
<
=
<
€ 05
©
0

Day 1 Day 4

Fig. 4 (a) cell adhesion and (b) cell proliferation results
of the fabricated 3D scaffolds
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AzAAA M2 S 2 S J7HE 93
CCK-8 Kit & ©|-&3}%lt}. Fig. 4
Aol AL F2 B FA Hrtel g AdE B
o] 3 A} Fig. 4(a)= 28 1493 2324, PCL
o1 A| A/ A2} blended PCL (60 wt %)/B-TCP (40
wt %) 1A A A 2] &34 (Optical density, OD) %k
o] A& H=3k zow gl 121} B-TCP
N FA A A= PCL ¢15# A A ¢} blended PCL (60
wt %)/B-TCP (40 wt %) S1FAA AR} AE 2

o] @3] = o]Folt}. olfd A= B-TCP
AN=Z7F AE F2RS

Fig. 4b)= AX 2 A32A 1,4, 74 FoF A
E5 QltHlol"el A widsty oD #hs
AdsE BoFa vk JAFAAA S AE F
AlZrol gt met A &Aoo w FIbekgit). o]
FTAME B-TCP JAEAAAY AxE F2E] 7}

& =A HERR

n]

m
lo

B AT e b5 ATAAA Az Al 2HE

4. Zz2E

b

ol gate] thakdt 3414 AFAAAE Azeth
PCL AIBAAAE Aol ol whel g4 A
zoln] v AFAAA A A2 Bal A7

A 2k oA b&ﬂdoﬂ, blended PCL (60 wt %)/B-TCP
(40 wt %) JAFAAAE A=atr] gl 2 7hA &

A ARE 100C o] STEEOlENAM Aol F2UaL
B-TCP 7} PCL ° =i1F EFEES 10 & |4
2 HolFArk 2= 250 um o HAU-Z3
A W Q5] &3 YHE S ATHe=E
blended PCL (60 wt %)/B-TCP (40 wt %) ©1-& %] A] A

of

£ AAstgich olm p-TCP o F& v S7hsHA
H@ PCL ©o] £¢d 4 e FET WF BobA
A AL 7be‘ﬂ Mgz AR 5 gl p-TCP <l
FAAA = 2dol os RG] TS =
th o] wite] st A9 AFAAAE A
st7] A8l HES v Adtste] wkgsof g

AFAAA ] 71AA 543 Ax 2 3 F24
EAS Hrte] Bkt 7144 SHolAE PCL
015 A A 7} blended PCL (60 wt %)/B-TCP (40

wt %)} B-TCP JAFAAA R FHojd 5 =
£ el AT} Blended PCL (60 wt %)/B-TCP (40
wt %) Q1FA A A= 40 wt %2 B-TCP & Eg3}laL
A ?ﬁ— 4%=7F PCL OJ%;X]X] xﬂy_uh ZF

74 9ol = 7~1o MPa = H.il Q
B-TCP AEAAA= 4= ArE UF dobA o}

ARA & 24 A A&at7]dde F5eirha
ALEH T
AL 2 SHo| = B-TCP SIFAA AL AE

5l +
T2 TEo] Hold AL gl # Atk HARE
A Algpe] AFAAA = A Jo] Hojuh 214
=o] wsh wj7hx] CaP S %v‘i— 3] FrskAl
Eole Aog Buxa k) v o) blended PCL
(60 wt %)/B-TCP (40 wt %) ¢1-&A A A= B-TCP ¢ 3
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TCP A 77} Ao
= AlsFE

71€el Lu 9 AFAE®Y] =] w2 A
HAF AZF 7)ure] B WA o= pCL, PCL (90
wt %)/B-TCP (10 wt %), 22|32 PCL (80 wt %)/B-TCP
(20 wt %) ANFAAANE A2sRa 71AH F= 3
7het Al FA AES stk S5 E 3
7} A3}, PCL (80 wt %)/B-TCP (20 wt %) ¢1-8#] %] A 2]
*F Aw7b 26 MPa 2 7HE A HrkE A
Blended PCL (60 wt %)/B-TCP (40 wt %) <1-&=] =] A<}
HlaE] B 10 MPa ©] =A F7FEAAT siH
Zolv= BT A9e Aoz gadc) aEla Mx
2] F7to) A PCL (80 wt %)/B-TCP (20 wt %) 13-4
AA7F ME T2 ATt 7P £ B0 E Ut
At 71E Ao Aol Hluws] & uf B-TCP ¢
Fol T7hgel wEl AEe] FAo] AT = AL
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NFAAA KL =& AE F28 7HA1 L3 T4
TAo] §-4eslral Ak 0

B AFdAE o5 AFAAA AL Al 2=HS
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