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ABSTRACT

In bone tissue engineering, polycaprolactone (PCL) is one of the most widely used biomaterials to
manufacture scaffolds as a synthetic polymer with biodegradability and biocompatibility. The polymer
deposition system (PDS) with four axis heads, which can dispense bio-polymers, has been used in scaffold
fabrication for tissue engineering applications. A dual-head deposition technology of PDS is an effective
technique to fabricate 3D scaffolds. The electrospinning technology has been widely used to fabricate porous
and highly interconnected polymer fibers. Thus, PDS can fabricate nanofiber-combined hybrid scaffolds using
fused deposition modeling (FDM) and electrospinning methods. This study aims to fabricate
nanofiber-combined scaffolds with uniform nanofibers using PDS. The PCL nanofibers were fabricated and
evaluated according to the fabrication process parameters. PCL nanofibers were successfully fabricated when
the applied voltage, tip-to-collector distance, flow rate, and solution concentration were 5 kV, 1 cm, 0.1 ml/h,
and 8 wt%, respectively. The cell proliferation was evaluated according to the electrospinning time. Scanning
electron microscopy was used to acquire images of the cross-sectioned hybrid scaffolds. The cell proliferation
test of the PCL and nanofiber-combined hybrid scaffolds was performed using a CCK-8 assay according to
the electrospinning time. The result of in-vitro cell proliferation using osteosarcoma MG-63 cells shows that
the hybrid scaffold has good potential for bone regeneration.

Key Words : Polymer Deposition System(Z2IH XZ A|AHR), Electrospinning(¥7[ A}, Scaffold(2/SXIX|
), Nanofiber(-t= A ), Polycaprolactone(Z2|7IZZ22HE)
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Z (Poly (lactide-co-glycolide), PLGA), Zz] &g 4k
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Fig. 1 Actual images of polymer deposition system:
(a) electrospinning parts, (b) deposition
heads, and (c) pressure and high voltage
controllers.

Fig. 2 Schematic diagram of polymer deposition system;
(P: Pressure, T: Temperature, and V: Voltage)
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PDS)e| 1 S= AT V&S ol&sta 3Al L
2 A#E pCL JEAAAS} A7AE PCL U
SARE ARs AT A A 9 IS
7HAE stelHEE QIEAAAE Ashs Aol
o A AgAAA L] vlo] Az FHES] F
5 Atoldll v AR Azbell mE Al S W7t
FAstel 27] Mol BAE gL A
THE FENL F =S &) Aol
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2. M= 2 gt

13

21 M=

o] A= 7)o JAFAAA L} YedfFE Az 3t
=0l Poly( ¢ -caprolactone)©] AFE- HUTh vlo]a =
7] JAFAAALY  AS, PCL (Mn 45,000,
Sigma-Aldrich co., USA)S ARS3F3TE Sigma-Aldrich
(St. Louis, MO)ollAl PCL (Mn 45,0008 T4+
I, AAHEE A FEZIE (CHCL, 99.5%)S T
j &tk Table 1 2 PCLS| EAIS X3 it}
PCLL #7] WARE ]88 Y Af Az
g 7] M=Aolty. M7ALE 91§ PCLENS
ZH|517] 98l PCLE FEEXE ffAA H
oA 4AZE Bk B3 f98 ET AT
AFAE 7HAe d=df AE 98 PCLe &
22X 20 &3A1A 8, 10 © 12 %(ww)e =
A z= At

22 EH HE AAH
= 24 FE T e 32k AFAAAE
A &3zl 918 PDS7F AHE-EATh Fig. 1 & PDS9

AR omAE melETh ARA AL P

Aol zulst] SRt AR AL 9
s Zb% 2 A4 s 34 AFAAA ALL 9

& FH& zaE AU FAP] HZE 24
£ t]23A (NANO MASTER®SMP-3-H, Musashi,
Japan)E Z-aZrol| A3ste] PCL §9& Ao
A A 60 kv 744 8 A AoIsk] 93|
A AY FF AR (ESN-HV60, Nano NC, Korea)
& A8t

[e:

Table 1 Properties of PCL material

PCL

Form pellets

Melt index 1.8g/10min (80°C, 44psi)
M, 45,000

Mol wt M., 48.000-90,000

Mp 56-64°C

Fig 25 339102 A%E AFAXAS 27134
e fel A B O SRS nelzuh
AL |5 2 Aolo] B AYE SO

EX BAEE AT

23 Lt 79 M= oty

B AFoME PCL 1EA ARE FEZ2IEE
FHEof 83|AIA 8, 10 F 12% (ww) & PCL &
FEE M8tk PCL €98 32G9] ZehiE
Zo] A3t 10 ml Z2h=g FAP|A Fhsk] AL
L3k I g A5A 2 HFEE T e
fr AR 98l bt Rl ot BHEAES
Tl HHo] e HASIHLE AdEs fal A
e FEAe oo 2ok VR 5, 10, 15
kvoli, €] TCDE 1 cmo]™, €49 H&e 0.1
mi/holth BE e ALoA $3P=Th

12 ol

b

2.4 In vitro M Z AE

241 MZ diet & oF

ARE JIFAAAL] ME F2 APES TS
13 Osteosarcoma MG-63 A|EZE ©]-83}5 ) M ul
M2 D-minimum essential medium (DMEM,
Hyclone, Logan, UT, USA)°ll 10% <$-EfEA (Fetal
bovin serum, Gibco, Rockville, MD, USA), 1% &=
(Penicillin streptomycin, Sigma, St. Louis, MO, USA)&
HA7Vsle] FHEHAY. HEZ= 37°C, 5% olitsieka
7o) IFulolEdlA 4Y3E FES] wigEA
a8 pHE 23] s A@rzk st wWe
WAE wABAT WgE AEE 025% EHA
(Trypsin-EDTA, Gibco, Rockville, MD, USA)& AH&
ko] wojHoh AEZE dojulz AR 7] A

AZE 4FA% BN Fo AEe] £E AL
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371 A8 0.4% EFHEF (Trypan blue, Gibco,
Rockville, MD, USA)Z A3+ 3 HemacrometerS
AHgEte] AAERETE 24-well plate o 9|3 Zh2t
o] JAFZAAA N 1x10° MEE HF3}9 )

2.4.2 CCK - 8 &4

MZz7F BFd JAFAAAY A= F24& H7}t
3}7] 93] Cell Counting Kit-8 (CCK-8, Dojindo,
Kumamoto, Japan)S AHE3IHTE &%= (Optical
density, OD) @2 wlo|azE ZEHOE #AFY]
(UVM 340, Biochrom, Cambridge, UK)°ll 2]3}] 450
nmel A S = AT OD#LL Aoldle MEY F

9} B ElE BAZ J1A7] wEe 339 QAEX
AA e AE F4 E}E 1, 4, 790 22t 243}

o A3}E Aok

[1zwee

solution concentration and voltage (at TCD
of 1 cm). Scale bars of all images are 10 p
m equally

Table 2 Process conditions of hybrid scaffolds using
Polymer deposition system

3D printed Electrospun
PCL struts nanofibers
250 100
Nozzle size (um) (precision (plastic
nozzle) nozzle)
Pressure (kPa) Avg. 600 -
Temperature (°C) 100 -
(Feed;l?fg 150 Fixed Z-axis
Voltage (kV) - 5
TCD (cm) - 1
Flow rate (ml/h) - 0.1
Solution concentration } 8
(wt70)

31 L M7 24

A7l AP FAE A AAE AW 25 22
+2°CYoH, FEE 42 + 3% 2 A¥S S35}
Atk TCDE WMEAH S S AFAAA A=l

b E#AQA 1 em®E 1A AT Fig 3& ZA
z1e] & Azxd Y= Ao Aot Table
3 oA It TR WE YA B
A< Yepd Aok A71EAe] FAHo] 8 wi%
T=Y o, 5 kv LI 1 cme] TCDoIA
7] HAME YA HdE A2 1599 + 402

o HF AL 686 +

(N )

2172 1708 + 364 nm$Th 23U 10 kv o
wo] 7Z+A" ZEeE 1181 + 658 nmF{ k. g

15 kve] AgY w HF F7ZHL 1089 + 759 nm
Aok 12 wit%e] FENA 5 kv Mg wie 3
+ AAES 2221 + 415 nm{ T 22 10 kv
At weo Ha AL 2] ske] ZAa"E Al
2 1105 + 786 nm%th 183 15 kv AYY
wo] Wit AAL 1091 = 767 nmHck. &4
T SUMESE A7EANE YR He
Aol /S & F ATk T Hgte]l F
7t deolle Y Afe AAo] TaHE EAS
g F I wHA Az" d=AR7E ¢
A A& fASE AL 5k "ok M =
1oz AAHAY. o] AFE EUE 3JjolH
AFAAA S A& 74+ HAAY FAH =4
%2l &9 Fxo} 5 kve| A4 wo]m,
o2 Yk AFE PAEE v A 7Y

A zpo] = A

ok

PN I poy

O o M orfo o
T

i
F

o
Jo
fo
3:
I
o
fru

Table 3 Fabrication of nanofibers

5 kV 10 kV 15 kV

8 wt% | 1599 + 402 nm | 686 + 382 nm | 678 + 360 nm
10 wt% | 1708 + 364 nm | 1181 + 658 nm | 1089 + 759 nm
12 wt% | 2221 + 415 nm | 1105 + 786 nm | 1091 + 767 nm
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Fig. 4 SEM images of (a, b) PCL scaffold (normal) and
(¢, d) Nanofiber-combined PCL scaffold (hybrid)

Fig. 5 SEM images of cross-sectioned scaffolds fabricated
at optimal conditions (a and b : PCL scaffold, ¢
and d : nanofiber-combined PCL scaffold)

3.2 sto|EE| = AKX HIt
slolHE = AFXA|Ae HwlEE PDSAH]
& o]&3ty 250 ymY =ZF, 100°CY &%=, 600
kPaol H ¥E % 150 mm/min®] °)|FEEE F
Ao FAxRASE AFEHIT. stolBIYE AF
A AL Z7)E 5 x 5 x 2.5 mmo|H, W E
FTZo| =)= 280 + 20 tmE AZEHUTE A7
WAL dE=s 13" AEE A7) EAESIT
Table 2 £ 3lolH = AFAAAL FHEHE

Uehdt, Fig 4 £ PCL QAFA A A$} Table 2 2
IAHZEAE o)&3st] AZ H slo|BIE JIFHA
A el SEM AMRS HoET}H Fig. 4 (a, b=
PCL JZAAAY BHFS BAET Fig 4 (¢, d)
oA AFHNE ZF Fuith 50 FF A7) AR
stolHE = JIFAAAY RFS RAFT 3o
2= JAZAAA Y Bd 2 HHWE 7} Fo
A7) Al 23] DP%OW Uit 124 &

2= Utk Fig. 5 £ PCL UFAA AL A7t
A= AgH s}omﬂE AZAAA L] @ SEM
ARE BAETE Fig 5 (a, b)e PCL FAAA €]
9Hs BYED Fig 5 (c, d) oA ZEE 2zt
ket 50% B9 A7) WA slelBEE QIFHA
A @H BHFE EOEHE} stolBE|E Q1FA

a12A BEEEo Ytk
AFAAA] FAF Zh Fwick 124 229
95l 91*}04 e UF4E AW dojnE=
A7k A==k whekal, PeL B AAA
ARE 8wl £ B} 5 kvel Het
A0Z A HA slo|BFE QAFA
AA7F B £ 3L Btk

Lo i‘r
oH
ol
l’N

3.3 MxZ 4 gt

MAE F24 Frhes PCLAFTAA A9 e E 2+
Zrth 10, 30 2 50% § A7AL B 3o
B = JAFAAAZR FY=Q) sto|BH= AF
AAANL] ME F2 H7HE st 70% oEES
o] g3t FHMA|ANA 4AZE ALJAH AHFES S
a1, PBSE o]g3ly] slo|BY = QAFA|A A THS
AojFE T ufR]o 2413 B Wol HEEo] Z F
2 & 4 Qe o] HES ST FHlE dlo
BT AFAA A MG-63 AES wE3tn 7Y
% ME Z2 HrtE FYSATE AX S
7= Microreader (UVM 340, Elisa, USA)E ©]-&3}
o 450 nmoNA FF=E AU Fig. 62 PCL
AFAAA L 7] WA Azbel] W 3lo]|Hgl=
AFTAAA ] A= %@ Ans RoEt AX F
2l Aol 77be] 1, 4, 7YAE APEFE HE
22 O% FFEJT. A7) PARE ATtol "7}
4E OD 3 PCLAFA A A9 HHHE 2+ =
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Cell proliferation result according to electrospinning time

IPCL
7 Nanofiber-combined PCL (for 10 sec)
Nanofiber-combined PCL (for 30 sec)

mNanofiber-combined PCL (for 50 sec)

A\

06 - [

04 W/

Optical density (450 nm)

A

Day 1 Day 4 Day 7

Fig. 6 Cell proliferation result of nanofiber-combined
PCL scaffolds according to electrospinning
time

mit}h 10%, 302 9 50 B¢ A7 B slolB
= AFAAA 22 480%, 280%, 260%, LB
280% Z7FEIA, 7€92F OD #e 50%2%5¢ A7
Al ® stolBelE QJIFAAAZE 71 =A ek
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