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Fabrication of Composite Microfibers Using Polylactic Acid/Calcium
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ARAAE Az3AT AxzE 5 vlo]A24F+= 33 VES A 129 43ddd 7325 7KK IdeH,
A A 2242 ECMI fARE 222 73 Uit 23 nlol 24 fo =% CaPo] o] Bold4= A
o] AAL ot ZEUARE EXES Bol| oAl Flo] RIS E3 volaz R 23ME 4%
2 st mAle FFS A A CaPo] EdTe] 7P B PLCPISOIAM Al 2e] Ag7go] 7 FX1H A,
Tt Bl e® 7P AETRE RS RIS

Abstract: The scaffolds for bone tissue regeneration are designed to function as an artificial extracellular matrix (ECM)
to temporarily support cell attachment and guide three-dimensional tissue formation. In this study, composite microfiber
scaffolds were prepared by electrospinning from polylactic acid (PLA)-calcium phosphate (CaP) sol blend solutions with
various concentrations of CaP sol. The resulting composite microfibers exhibited three-dimensionally interconnected
microporous structures, which mimicked the natural bone ECM. Although the average diameter of fibers was slightly
decreased by the addition of CaP sol, the contact angles were markedly reduced from 107° to 70°. The results of cell via-
bility tests demonstrated that PLCP15 containing 15 wt% of CaP promoted more rapid MC3T3-E1 proliferation com-
pared with other composite microfibers. Moreover, PLCP15 effectively upregulated osteoblastic differentiation.

Keywords: polylactic acid, calcium phosphate sol, composite microfiber, electrospinning, bone regeneration.
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I ZopllX e wo] thAERA F2 o] &= AL Urk? 22
CaP ©=0 2 WHEolxl AAAE= AJeh4] XA = A
gst7loll= 71718 AE7t vl @A GA FAR = EAA
o] 3t}

FHZ CaPo] ZAIHE Hetalo] 71714 54 /AR B
gk oluel FAlEe] g7 B E3kE FXIK717] flaiA Al
3174 LA} CaPE o] &3 59 /Mol AR A
Aol AF7F Bol A=HA Utk o]F B he/mlo]AR
A AR A= aEAket s JRE Bk W,
APEAE-H (simulated body fluid, SBF)S.2 F&sl= W 2
Ca-P A4 &ol] Wtz sk Wy 5o 7hds] A
Zd UL o] Aol ofah A} Wie/mpo]lARA]
HE B & FI1E o] Az Faa
NI, 53] e RS 7 CaPrt =2 4
71 CaPoll HJalA] T Fojdth Al S Hols
RIFATH 22 o HF vHe/mbo] A2 A
AA| el CaP o] R S A 02 =% o] CaP A
ol e SE2 FohrA, AR §YoX €] CaP
7o} A Astz Qlal B9 vhe/mlo]l 24 1] Bl
FEA EYEA Kabe EARC] Atk w7141 $
42 8= CaP Aol THWT ol g} YHE71A] 2
| x| = H5 WRemlo]|Z242] ide] Hasitt
=249 mE QS M= 71A1HQ] AAA ST
Alze] 4 4 EskE st HAo] S S Al
T AU A UEH A 729 2AF8RE A|X|A| 9] TiEo]
L5 AL Atk o5 feiA thFe EAF LA ek F
7= A7 AREAL Qlom AAIA Aol ek tiaEAQl
ARl AR E2]EFE A (polylactic acid, PLA), &2
28 28 2Kpolyglycolic acid, PGA), Z7tZg2=
(polycaprolactone, PCL) 5°| 3t} 28y} o] IEAZE A|
ZEoF AR 9] 739 Al EXIsPdo] HEalal FHe] A
JO R Qe 2719 ME F2 9 Aol Ytk Tilol
ATt wetr] B Apos 2EAF emlolazdfe] &
AT ZEES i8] S8l sl ALl
PLA®} CaP Z(sol)yS ol&3ate] A7IApH= i) Y
2 B3 violazdg A4S Axsiech e Sg
oz ERET ohleh Aol rels e
CaP7} ERJEIQ] w0, CaP Eo] Aol mje 25}
QEERERE S EEES LD D EEAT T S
g S9E Cabe] ol AE el vIAE FFS Bk
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Mgk ¥ xfE. Z2=EAHPLA, M,=60000), calcium
nitrate  tetrahydrate(Ca(NOs), - 4H,0), triethyl phosphite
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((C,Hs0);P), alizarin red S(ARS), cetylpyridinium chloride,
dimethyl sulfoxide(DMSO), N,N-dimethylformamide(DMF),
2,2 2-trifluoroethanol(TFE)3 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazoliumbromideMTT)= Sigma-Aldrich Co.
(USA) AlFS 7Ysle] ARE38IIt). Alpha minimum essential
medium(a-MEM), fetal bovine serum(FBS), penicillin-
streptomycin®}  Dulbecco’s  phosphate  buffered  saline
(DPBS, pH 7.4)2 Gibco BRL(USAPIX 74813t} Mouse
calvaria preosteoblast cell line(MC3T3-E1)-> American
Type Culture Collection(ATCC, USA)IA T8+ 2,
QuantiChrom™ alkaline phosphatase(ALP) assay kit(DALP-
250)2 BioAssay Systems(USA)olA] 9] &Fo] AFE-3}S
2 9lo] AR Aokt Bull= ARE SjALlA Feistlom,
F7HAQ1 AA glo] ARkt

LEZAMOIE & &Y. ZFEAuo]E(CaP) =2 4
< F8iA WA AFAQA Ca(NOs), - 4H,0 14.0¢
(C.H;0):P 5.9 g& ol&r2 10 mLol| 24z} &ajA]7] & =
HE 40°CoA 1AZE &<t Aslshar] EFAA WS
FAZATE o] W CaP HF HIEo] 1.67°] H=F 550
At Aot 4R Foll 40 °ColA 244]7F B 60 °CollA 64
S WESAIZAL, AP ES KT B FEAAA HF L
o] o] 80 wivot EE= CaP & 912 FHI3INT)

S ooIaz2MF M= 55 vlelaz4d /1S Ax]
el AR A7 AR = 0-40 kVe] AtEwol 7Fsg
29 &F A (high voltage DC power supply unit, g 3}
EMT, =), 33 E)] (200200 mm, stainless steel)2] #7213+
(collector), ATAREHS AAFA EZ3 = T Ue TAMI
H Z(syringe pump, KDS100, USA), FA}7](gastight and
needle lock type 10 mL, Hamilton, USA), & &FAH vl
(ID=0.41 mm) 522 it 59 vlola 2ol A
71%ARE 18141 WA PLAS TFES DMF 4:1¢] &3H-8)
of &3] Zo|aL, 970l CaP S5 F7Fslod AFeold 122]
7k &<t aksled PLACS] HFE=7F 18 wiv%el L, CaP =
& PLA A tH] 5, 10, 2 15 wt%7t F71E AR S
Azsoiet. Egt vlolAEA o] Alxxde WAE 15 em,
A7FAY 18KV, FAIEE 1.5 mL/hE 37 A17]aL, Ao A
JEE 60% ©lake] Z70lA mlo]a=4d/E A xsiiith
AL 9 Sof] vl Bo Sle B9 rlolARAHRE
Aste] 40°ColA 12417 AFdzxste] JEshe Suls =
F AASAT AFAE Foll =YE CaP] &4 WS
QA 90 °CollA] 117 Bt A E Psi3d

S oo|a2MT 5S4 24, PLAS CaPE FHishks &
9t vleo)az2Adf ¥ 5442 field-emission scanning electron
microscope(FE-SEM, JSM-6335F, JEOL, Japan)} ©|u]=] -
Ay 3 2 713 (Image-Pro Plus, Media Cybernetics Inc., USA)
< o]t WA FE-SEMS 33l dofxl mfo] A=A
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o] AR o|m|A|E o]u]A] A ZR IS o]&-ate]
7, A 58 FoUldt}. FE-SEMS o|831e] E3 v}
o|ARAFO] S AEs] Mol WMa(PyS o]&3te] A
fro] THS 80 B9F AU, HF Al HEHAYES
50 kVZ 24 3te] #2389 Th FE-SEM H4o] A3 &
Aot AMES o]&ale] CaP 9] AR 2Jgt B3t mjola=
A 2] daxAdo WSlE energy disperse X-ray
spectroscopy(EDX)E ©]-&-sto] -4 5kqint. gk H-et wo]
AR e #H 38 FZE = attenuated total reflectance
Fourier transform infrared(ATR-FTIR, ALPHA, Bruker Optics,
USA)E o]-&3fo] £33 34 = (spectral resolution)= 4 cm’
2 I3} 3 (wavenumber)E 400-4000 cm HNA =
AbsISth. & wlo]|A=24f9] MrsleE AR S8 A
A H (sessile drop method)yS ©]-8-3Fth. o] & flallA] A
SRTFE ol &5l] A wHd 3uLe] EUHES WEY, o)
o 48 =H54E H52 54 71(DSA 100, KRUSS,
Germany)s ©]&-at] SA] S748Iieh. 5 vlo]Z24F-9]
71A1A B3-S 10N 82| load celle] F2t= o] = A%
AR 71(TO-101, BIEES, $H=h)F o] &3t Skt
50x10 mm* Z719] AEF 7}t 53] Rbs St Wk
S AMgEe 9% £5E 10 mm/mine 2 s =
A3kt

FAPUNISH(SBF) &% AE. Alxd 5 nlo]a=24
R el §ASE ollEle] E(apatite) F0] FAHHE=AE
Abe] dAs A o] FEE THA = fARIA S
SBFE o] &3l AT o] 89 NaCl, NaHCO;,
KCl, NaHPO, - 2H,0, MgCl, - 6H,0O, CaCl, - 2H,0, Na,SO,
2 (CH,OH);CNH,Z 5759l &alA7]3 | N HCES: ©]&
alod 37°CollA pHE 7.4 BHEolA Alzgict. 34 d9e
&3} vlo]AZAHRE 15 mLe] SBF7F 1%+ el Alel
AAA T2, o] & FEHAIE 3§27 Bl 7] (BioShaker
MBR-022UP, Taitec Co, Japan)ol] 37°ColA 79 &<t WHE-
AlZth 9he- ¢ks Fof] B9 rlo|ARHRE SHRTE ol %
atod AIHBIAAL Z1FollA 1zt

M= MEE =8, PLA/CaP 5§ rlo]a24f 2|A]A] 9]
in vitro A|E E4L ol r] Qi ZZA|ES]l MC3T3-El
AEZE AHEETh BE AlxZuj gl = 10% FBS9F 0.5%
penicillin-streptomycing -3l AE o-MEMS A5
3, ato] AR AdollA o] Al EZ AEES MTT assays ©|
&3to] AT AE vl Hell B9 wlo] A2 A|A]
AE AFHE o] &ate] A7 B BHAI7| 2L, AlESA
DPBS$} a-MEM<: ©]-&-8to] 7} 3314 AlHaiict. 2 5 A
FAUE 24-well platedl] H Plo]AR2HFE Ho] F0L, o
710l MC3T3-E1 M2EE 2x10* cells/wellz2 &3] 37 °Coll
A 78 T YA Y M E AEES H1s] EIA
MTT &5 7t7te] B9} o] A2 AAA| AdellA uief

o olg% T2 A B vlelafel A% 101

| AEe go] FaL N7 F7} wgsisltt. S AlA
stal =S DMSOZ 8iA A rlo]az2Edo|E 2|
7]1(OPSYS-MR, Dynex Technology Inc., USA)E ©]-&-3}¢]

570 nmollX o] F3=E SA st H7lsisith
MZE 28ts ¥ #Est S "It 55 vlola=24/ A
AA golxe] MC3T3-El A E8] #8ks-g dobir] i
%27] ZZME $3} A ZA alkaline phosphatase(ALP) &
435 ALP assay kits ©]-8-3to] S48t MC3T3-El
A EZ(2x10* cells/wellyS 14D 7F w3 Fof] M| ZZ1E 3]
3ted 0.2% Triton X-100& ©]8-3fd =o]al, o] o5 4°C
2 5000 rpme] A= 1027F AReste] S e
BT e E A0 A5l EAsh= ALPS 714
Q1 p-nitrophenyl phosphates WH&-A1Z 73-%- ALPe] ©]3)A4]
p-nitrophenyl phosphate”} p-nitrophenolZ. HZHETE, o] w] A}
]+ p-nitrophenol®] FE=E 405 nmol|A] =743} ALP
activityS B 7Fstieh. B3 5.9 mlo] AR A f ARA| Aol
Ae] MC3T3-El Al E9] £33 A&st7] AAshr AlE
37 o] FES) R AES ARS GRS o83l 7t
33t MC3T3-El Al E(2x10* cells/wel)S 14D 7} v oFat
Foll Wix1E A|AskaL DPBSE ©]-8-3t 33] AHa5ict 1
% 4% paraformaldehyde &0 2 1587F 7793} 22 3
312 ARS 29 (40 mM, pH 4.2) 1 mL= 7} wellll ¥ &
2R G7INA 2027F HEAIH T WS- F5 Fofl vk
2 ARS 298 A9 10 wiv% cetylpyridinium chloride
GHoZ AIZF Bt WhEAZ] Fof| o]F &9 FEE ¥
3kE 570 nmollA S5t FES v HEE Hrlsiich
A1

I:LIE

rhu

-

SE opo[aEMR A 2E. A7PIARE 53 vemt
o|ARM e TXAOE AA YoM 3x MEYIE
Al e A2 9] ECMI fALE gt oz} 31517
S 8% fAksl7] wigel Zx2A A ol ZIAFS A
AA| AT opug} 958 ZHEALS Kol Z108 B
JE UTES E Aol s tddt F59] CaP £ PLA
£ Esto] A7APE Exle] o R Bt nlolazA
2 AP, AHEE CaP 9] TS PLA T4 tiy)
0(PLA), 5(PLCP05), 10(PLCP10) 2 15 wt%(PLCP15)°]t}.
A7 wio| A2 72] @742 SEM= o83l A3t
A¥}, Figure 1914 2 ¢ e ZIAE 3202 4%
71ETEE 7L AL, oF Adfe] Bt A7 PLAYH
2.21+0.09 um, PLCP057} 2.06£0.29 um, PLCP10°] 1.98+
0.32 pm 2 PLCP157} 1.97+0.18 pmE CaP 22| 7ol ¢
A Aol F7o] oF7F Zhashe Aol ERIFAL, o=
CaP Z¢] 7l W& A7AF §ollo] A= Fhael] 7191s}
= Aoz FEnh ! 8k CaP 29| 7 Aol s
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Figure 1. SEM micrographs of electrospun (a) PLA; (b) PLCPO05;
(c) PLCP10; (d) PLCP15 composite microfibers.

Intensity (cps)

Energy (keV)

Figure 2. EDX spectra of (a) PLA; (b) PLCPO05; (c) PLCP10; (d)
PLCP15 composite microfibers.

A 5 rlo]l A2 W FA4E CaP =Y AF
HO = QlajA] PLA/CaP &3} rlo]ARAR7T HE2 o E A
ZE A= AS Felsislnt

£33} nlolARAfell] CaP =9 ER13b7] flsiAl EDX
£ o]&ale] B nlo|ARA G BHe YA MstE
AT 2 A3 CaP 9] FH7lel| SJaiA 5 wle]a=
AfrellA Z(Ca)t 1Pl 7191sk= 37t A2 o] Yt
= Aol WA= S tHFigure 2).

S opo|a =Rl S2EEE A VAN |sd. 55 1t
o] R o] ¥ A4S ATR-FTIRS ©]-8-3514] 400-4000
cm! HEIeA AT Figure 3004 B & e Z2AH
ZE vlo]|azupedfollA PLA 38R} AREl Al C-
H stretching vibration®l] 7|913}= 54337} 2994 2 2943

ZEH, A42E A1Z, 20183

IS o R A e R

Transmittance (%)

4000 3400 2800 2200 1600 1000 400
Wavenumber (cm™)
Figure 3. ATR-FTIR spectra of (a) PLA; (b) PLCPOS5; (c) PLCP10;
(d) PLCP15 composite microfibers.

Table 1. Contact Angles of Composite Microfibers with
Different CaP Contents

Microfiber Contact angle (°)
PLA 106.8+4.2
PLCPO5 87.3+£3.9
PLCP10 73.1+2.7
PLCP15 70.3£3.6

emollA] FEE AL, C=0 stretchingoll 71915+ 4 ¥=
7} 1747 em'ol|A] F2E|JATE? B3 PLAS] C-O-C stretching
o s|Fsl= F=A7F 1086 cmolA FA= ). CaP7t =9
Holl oJall A 34763 1644 cm oA CaP2] -OH & % &
2Hg EEAke]] 711shes A2rt 3RS, 58] 821 em?
X= HPO/©l 7IQIsh= #=a7t #2= e 22yt CaP
o 71918k tE EAYIES PLA EAY I} SEE oA
gRlo] E7Fsatitt.

E3F vlelAR2ARF AR A ] M7 2 FH Ak Al
o] Rtz 4ol B2 IS & 5 JdoH, 53] 154
AAAN ST TR AAAZA] AREE]7] fl8lA Hi=
Fsorst EAolt), o5 AL XA <] §}shHA
Wt olue}l I ol ofsiA FES S S loH,
2 315438 Bole XXA7F Al 2e] F-2ks) 84k (spreading)
of o frEldt 2es IR drh mepa B9 nlo]lazA
fr W] TS Frsh] fEid 2857 58S A
A7} CaPe =940l oJaliA B9 mlo]a=ZAf Ax|A¢] %1
FAo] MAEAEE 213 F UJATHTable 1). S 254
IEAZ AEF PLAY 7S 106.8°F 52 HEZFS B
O}, CaPE FHrahs 58 mlola24/-2] %% PLCPOS=
87.3°, PLCP10Z 73.1° @ PLCP15= 70.3°2} ko] CaPo] 3+
o] F71ETE EHE o] o HolAe o] #FH AT

TS CaPol EYol WE 53 mfo|az2dfo] 7144 &

B
e ox > rlo f
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Table 2. Mechanical Properties of Composite Microfibers with
Different CaP Contents

. Young’s Tensile strength  Elongation at
Microfiber modulus (MPa) (MPa) break (%)
PLA 26.243.5 3.4+0.5 58.7£6.5
PLCPOS 38.5+2.9 4.3+0.7 56.8+3.7
PLCP10 55.9+3.8 5.8+0.7 52.3+3.4
PLCP15 57.2+5.1 6.1+0.4 49.2+4.6

d WSk golry] flsix 3H R SHE 7IEE §
A AI9=(Young’s modulus), 217715 (tensile strength) 2 Itk
Al&-(elongation at breakys =7 35l] Table 20 Q5T
7IAA Z3xe] 578 A} CaPe] T4l oaliA] E3} mio]=
2AE] 71A1A B0 vl e the Zlo] #EE U
E3] CaPe o] 10 wi% 7R = e A9t a7t 7)
w43 7k 1 ool ket TS H O}, 1t
A& CaP o] S7tel| wet Hadhes S Bt
ol H wlo]A2AFrol &9 (stress)o] 7 }Oﬂzqﬁ tﬂtﬂo] A
71 &% CaP7h ALiAL AbEd 208 T A 9
Adete] F72AQl A SV fdske Aol 7I8lshs Ao
e =
SBF && ME. AFAE7}F AA] Holl o]2o] HIAL
ol e 224 AFTE Agsh] feie Ase] 39
of we} fAKgE ofulElO| E Fo] YA Eofof sl o] & o}
el E Fo] F4 Ao @4 fAke ol FEE Tt
2= SBEZ o]43lo] Aga oz Aas 2= 9rhlo = o]
Al el o] Zx2]dl tigh A5 BAEd SBF 34 2
As Fal AR FH] FHEE oHERIE 5 B 4S5
& = Utk Figure 4914 & = Sl= 2139 PLA vliola=

W

ARl 87 79 Fol el ohriol. o] Ao
P9 9lh. 2eh Ca7t EYE B3 vlolAzA frol

A= olBtERo| E Fo] @/do] AAEUN, CaPol E= o]
74 B& PLCP15 ZTHAA] 7P 2o ofo) olglelo|EV}
ARE Ag GRIT F AT ol EF vlo]A2A4fl =
YE CaP7} olgtelol E A A4S 915 AP =
(nucleation site)E A|&-sl7] o] EYE CaPo] o] B
T opuElo] E Fo] A&} kK= Zlo|th

S& oo a2™RIMe M= A AEx2FE A
A= Mo A7 At 715S FXIAACK gt
e 23} mlo|AZ2A44 ARIA|2] MIEAH 4 (cytocompatibility)
S ol 7] YA in vitroo| A PHR-22 Il F(calvaria)
g A ER] MC3T3 ElS o]%_g}oq E39F vlolA=4
Jollxe] /35S MTT assay WHOE ARSI Figure
54 B e 47‘434 RE ‘:ﬂ%"ﬂ’ﬂ A7l whet A7}
AL o] ERIEN, 53] PLCP15OIA Al2e] A7
L5t 7P wE As RISl o] AN ZIAE

224 AL B3} npolaz e AZ 103

Figure 4. SEM nicrographs of (a) PLA; (b) PLCPO0S; (c) PLCP10;
(d) PLCP15 composite microfibers after immersion in SBF for 7

days.

16
/1 PLA
_ 4 PLCPO5
E ,, || === PLCP10
St PLCP15
S 1.0
s
o 081
o
S 06
go
3
2 041
<
0.2
0.0

7 days

3 days 5 days

4h 1 day

Figure 5. Proliferation behavior of MC3T3-E1 cells incubated on
composite microfibers as a function of culture time (#=5).

g] )\6113-,{_1':1:% C co]alzoﬂ 1:1—0 ol ?‘% o m_:,_ aPQI E?ﬂ]
Zo| 71 we LCP15°1]/‘1 7 wETE 2S5 U9
o}, B3 CaP] E=oll oJsiA tha F7HE ERe] AR%
Aol o o]:E' F= Aoz ddEofRn 6

53} wpo]| A2 F AdellA <] ZJ—HN«I J4AETS Sl

3171 $18lA4 SEME- o831 Mare] RE 2] 9 A9} X]
AA Abol9] 4522 FEAS T BE B rlojazd
+ XA A A MC3T3-E1 A|22¢] F2 9 ghibo] A5 )
3L, TSk uleF Al7bel| whEl Aot 2 AdAekal Sl Aol &
23tk Figure 6). 53] CaPe] =1%o] 71 WS PLCPIS

53} vlo]AZ A folA 7S WhE 2R o] Sy
9}1 vk 59 SHE] ZZA)E7} PLCP15 XA A A
it A= Aol A ol& Ade B vlolaz

M AAA EQE Cab] $5F AAATY 8 22
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100 um

Figure 6. SEM micrographs of MC3T3-E1 cells grown on (a) PLA; (b) PLCP05; (c) PLCP10; (d) PLCP15 composite microfibers for different

periods of time.
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Figure 7. Intracellular ALP activity of MC3T3-E1 cells cultured on
composite microfibers (n=5).

I fAkeE sFshA 2A4ddl] 71015k AL JhdE|e] Frh 2
NZ Esls ¥ 23| U2, 23 vlo]azd{ Al
HiFE 32 Q= <9 MC3T3-El Ml 3o B35S vhaing wr
< BaA ERIE 5 ik L FollA] ALP

] SAHS 7] 2FAE w3} AU ALPY] EHS =
Aote] Mxe] ®slsS Hrkel] flslA g AREE W
Holoh. webx B9t wlo] AR A Aol A 9] MC3T3-El Al
xo] B35S ALP €48 FllA Hrisiden, o A3

ZEH, A42E A1Z, 20183
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Figure 8. Quantification of mineral deposition in MC3T3-El cells
by ARS staining on composite microfibers (n=6).
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