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2.3 54 &4
Zrag g AlolE gdo] HAx:= HEA  (DV-UI+Cone/Plate type,
Brookfield) & ©¢]&3le] 2%7F 60C=2 LA =% (HTRC-20, Jeio
Tech)Wol A SAH . ZEideAclE o wMFRE TEHIY]
A

Ky

Sal Al B A%e] NEE oz myd F AARAY FAbA
Stk 7
=

a

2874 (FE-SEM; S-4700, Hitachi)& o] &8lth. Z4rle] Ao e 2z
x 9 2+-8-7] AL Ao B3
Thermo-Nicolet) & o] €33 4 em 'Y B350 2 AEE 1283 27 3}

of dojzl 4 grow uehith A8 BAE Am: nE gue ¥
&

2
5]
0
=
Z,
¢
~
c
»

|
2ok A= iH] 200 W) FAIS] KBr ¢S £3ste] Azte 3 =43
o1 background noiser =573 KBr #3237t A3 gtog WA}
OJAtAl N FHA] AF A AolE FAX AL X-d 3dEd

%l
72 (Thin Film-XRD; D8 discover, Bruker)S %3] =43t}

24 MEZEH=E A3

241 AX FTAANE

AEZSA AES 98 daa JEe] ANEE 48 well v ol ¥
2o Sfel wbeze) FAEelA foE zEAEQ] MC3T3-E14 2%
(Subclone4, CRL-2593" ATCC®)E 10° cells/well®] F=2 gt} O
Fog 7o A7]9 tissue culture plate (TCP)o #Z& %9 AMIE
T 37T, 5% COz ditulolg oA thFgh AJF F2tb a Frt. Hl
o WA= 10% A¥8F (FBS; Gold Serum™ Welgene)¥ 100 ug/me
penicillin (Gibco), 100 ml streptomycin (Gibco)®] &% a - minimum
essential medium (a-MEM; Fresh Media™ Welgene)S AF&3ith. 2o}
U AEY 5 SAHSH] fsiA 3 Az 1, 3, 7 A vigE Az
MTS assay (CellTiter 96° AQueous Non-Radioactive cell Proliferation
Assay Kkit, Promega)E 33t 2 H}AHES 7HeEFs| 7]sstd, ajgdH

M EZE phosphate buffered saline (PBS)Z 7} A A F3 & 30
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MTS &90] 735 200 w PBSEAES 2 welld] ¥ & 37C, 5%
CO, QdsFulolE oA 1A]ZF WAt 22 % 490 nm ELISA microplate
reader (Model 550, Bio-Rad)ZE o]& =

=
=
H standard curveE °©]&3te] SAHH FHEE METE AT
d

ALP E4& H7istr]l fldl 48 well vl Ao Eofde FA xS
TCPel MC3T3-E1M 2% 10° cells/well?] %2 &5k wik v
= 10% 2833 100 U/ml penicillin, 100 m¢ streptomycin, 100 nM
dexamethasone (Sigma), 50 pg/ml ascorbic acid (Sigma) Z2]3 10
mM B-glycerol phosphate (Sigma)7} ¥ o-MEM= Alg3c)
MC3T3-El Z==AEe] 235 H7bstr] &) 7d3F wiga Al
ALPE SA3. #ge AMEE Hank's balanced salt  solution

(Cellgro® Mediatech)oll 23] A% % ALP ¢&8&AS o]&dlo] AEES

etk ALP @4 X%+ p-nitrophenyl phosphateZ5EH WE% &
p-nitrophenol®] %S =A3Fo] AAF@ L p-nitrophenol?d] UL T4 =
=4 7] (spectrophotometric plate reader)® 405mme] I}& oA =A%

t}. Protein content™ Bradford assay® (Bio-Rad protein assay Kkit,
Bio-Rad)& ©] &3t ZA It ALP &%=+ pmol p-nitrophenol/ mg

protein/ min 2.2 AR TH

F& mAAES A SATME (2~25 kg 7 1w T8
o

EF (35 mg/kg) @ ALddl (8.8 mg/kg)S &3 &



el AdTE T8 AT v = AEH AEE AYE 3 & = 7
I F39E 717} 4-0 chromic gut®} 3-0 silk (Ethicon) & 3HA=E 533l
th Al5EE YA & F AERE 24 dE2To=Z AR o2 45
B TES IJIUL FFE AERE 10% F2EY Ao 13 &
GAE oEE fdom Gy HeEs] WA SR Technovit 7200

Apparatebau)E ©] 839 coronal section Weo® Attt xz AH
& HE FAZ 30 7t HEE Anpdlar Multiple Stain (Polysciences)
o7 A & pata ) (Eclipse 80i, Nikon) o & 23t}

2.5.2 TAEAH
E7 BA8 SPSS v12.0 software package (SPSS/PC)E o]-&3}o]
A Ao A EAHEA (one-way ANOVA)S. 2 FAA Fogds AAddon
A g2 Hit (mean) + AA}F (standard deviation; SD)= WEFWTE 1
F3te] 942 Bonferroni test & %3 A5 P value= 0.05°] 3}
A FoAol A= AoE YElY

2 Institute of Laboratory Animal Resources?| ‘Guide
for the Care and Use of Laboratory animal (1996, USA)ol| +3&}e]
TdoH FEAIE At FofHdYg FTEAFTE &S993
(Institutional Animal Care and Use Committee)2] %<1 3dlollA] <=3) 3l

o,

_16_



(@)
@)
2
>
W~
>
ri
O
4
e, ot
A
e
:
oo
>
L
o
op
2
o,
o
b
il
e
o,
rot
il o))

Fig. 2v ZgAddAoE FA X9 nAT2E FAAAN o2 3
Zek Aol ZgAeAolE AR AAdS Ao ol
o wet FAH ok SCa0.00 Al = 7F
A ZE N3 SCa0.05 A5+ gkl
Aolith. 13t SCa0.10 Al &< Al
detal oF 1 me 2 AFo=E o] Fojy

Fig. 3& ZgAdgAlolE A 32 TF-XRDE &3 A &4 Ao
o dAgE Alss & JHe] 2 halo ¥AE A
el A gkt o] A dAg & R ¥ %
AR A FES HE

Fig. 4= ZadgAclE #4298 FT-IR §F29EHS o &3 %
&7 BEAZAoIh. 799 ceml, 951 cem'elA Si-O-Si  symmetric
stretching ¥ Si-OH asymmetric stretching =7} #&E ¢l om
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Specimen

Figure 1. Viscosity of SiOs - CaO solutions after hydrolysis and
condensation at 60C for 4 h.
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Figure

1 ! 1 1 t T 1 1 [} 2
00001

2. FE-SEM photographs of heat-treated non-woven

S10, - CaO  fabrics with four different Ca contents;
SCa0.00, (b) SCa0.05, (c) SCa0.10 and (d) SCa0.15.
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3. XRD npatterns of the heat treated non-woven

S10, - CaO fabrics contained four different Ca contents.
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Figure 4. FT-IR spectra of the heat treated non-woven

Si0; - CaO fabrics contained four different Ca contents.
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10.0um

Figure 5. FE-SEM photographs of heat-treated non-woven
Si0, - CaO fabrics soaked in SBF for 7 days; (a) SCa0.00,
(b) SCa0.05, (¢) SCa0.10 and (d) SCa0.15.
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Figure 6. TF-XRD spectra of heat-treated non-woven
Si10, - CaO fabrics soaked in SBF for 7 days.
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7d

Figure 7. Proliferation of pre-osteoblastic MC3T3-E1 cells
SiOs - CaO

fabrics and TCP as a control. Data are expressed as

cultured

on

heat—-treated

non-woven

mean 6 standard deviation of five determinations. (#*p
< 0.05)
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Alkaline Phosphatase Activity
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Specimens

Figure 8. ALP activity of pre-osteoblastic MC3T3-E1 cells on
heat treated non-woven SiO; - CaO fabrics after 7 d
of culture in osteogenic medium at an initial seeding
density of 10° cells/well. Data are expressed as mean

6 standard deviation of five determinations. (xp <

0.09)
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Fig. 99} 102> SCa0.00, SCa0.10 Al5& 7FES F/aE AEHo 45
TG AY 3 T Ao =4S 400 (Fig. 9)<F 1009 (Fig. 10; Fig. 9
o A-C 2 & AR
T AE7E Gl AEFdE ofu =& AFxA o] AA Jda AEN

A FEE Aol ®Ath SCa0.00s o]
A Aol M= = Aol dolubA] Far ARkl AR uiol A
FZE QA TE dbEe SCa0.10S o] 2 s AlgoA= 2
Aol yepgom daxAE e A= A lacunae (247
o] #AEE= FHAoR nFo] B u osteocyte-like cello] A IS &
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(a)

rak R S

[ .
e _ﬁb’” ous ussue  pewly formed bone
original cutting

position

®) ;

& * 2
fibrous tissue

T &
newly formed bone

mim

Figure 9. Optical micrographs of (a) negative control, (b) bone defect
filled with specimen SCa0.00, and (c¢) with specimen SCa0.10
(original magnification 340) 4 weeks after implantation into
rabbit calvarial defects: Bone margins are indicated by black
lines. Newly formed bone and fibrous tissue are indicated

with black and gray arrows, respectively.
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300 pm

Figure 10. Detailed microstructure of Fig. 9.
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Figure 11. FE-SEM images of (a) specimen P, (b) specimen S,

and (c) specimen PS.
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Figure 13. TF-XRD patterns of specimens P, S, and PS.
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Figure 14. FT-IR spectra of specimens P, S, and PS.
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Figure 15. FE-SEM images of (a) specimen P, (b) specimen S,

and (c¢) specimen PS after soaking in SBF for 1 week.
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Figure 16. Fracture surfaces of (a) specimen S and (b) specimen PS

after soaking in the SBF for 1 week.
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Figure 17. TF-XRD patterns of specimens P, S, and PS after
soaking in SBF for 1 week.
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Figure 18. Changes in element concentrations and SBF pH as a

function of soaking time.
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Figure 21. Optical micrographs of specimens (a) P, (b) S, and
(c) PS after 2 weeks of implantation into calvarial
defects of New Zealand white rabbits. New and old bone
tissues are denoted by white and black arrows,
respectively. Specimen P is denoted by a white asterisk,
and the original defect margin is indicated by two black

lines. (Original magnification 40)
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Figure 22 . Detailed micro structures of Fig 21.(x 100)
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old bone

newly formed boe

Figure 23. Optical micrographs of specimens (a) P, (b) S, and (c)
PS after 4 weeks of implantation into calvarial defects of
New Zealand white rabbits. New and old bone tissues
are denoted by white and black arrows, respectively.
Specimen P is denoted by a white asterisk, and the
original defect margin is indicated by two black lines.

(Original magnification 40)
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Figure 24. Detailed micro
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Figure 25. Histomorphometric results at 2 and 4 weeks post
implantation. Total new bone 1s expressed as a
percentage of the total region of the defect. The wvalues
represent the mean 6 standard deviation of samples (n=4
in each group). *Significantly different from PCL group
at 2 and 4 weeks, respectively (xp < 0.05).
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22 AAZE ANE
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3. 2¥84%

Fig. 26 7] WAte F-H 29 vAlFz2E FAAAA ez 32
gk ARxlolal ((a) S (b)  P5050 (c) P7525 (d) P5050S (E) P7525S),
Fig. 27= w8 AFA749 ZoExE vekd 2ot Alm SollA
A AoE At A4 02~22 m w+3X2EF B 1 FA2> 06
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Figure 26. FE-SEM images of specimens (a) S, (b) P5050, (c) P7525,
(d) P5050S, and (e) P7525S.
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Figure 27. Relative frequency of fiber diameters of specimens
S, P5050, P7525, P5050S, and P7525S.
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Figure 28. TGA thermograms of specimens S, P5050, P7525, P5050S,
and P7525S.
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Figure 29. TF-XRD patterns of specimens S, P5050, P7525, P5050S,
and P7525S.
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Fig. 30= Al , P5050, P7525, P5050S, P75255¢] FT-IR F2=*
EQS ol&3 A&7l BEMARE HAFH AE S, P5050S 1

P7525Sel A sizt E3E ZAR7)7F #FE A 799 cm 1951 cm ol

bl
w

S

X

Si-O-Si symmetric stretching ¥} Si-OH asymmetric stretching ¥ =7}
AZE Y om% 1099 cm o) A Si-O-Si asymmetric stretching ¥ & =
Ack e, ~1634 cm !, 3435 em ol A HO°l sl@aEts &4 ¥avt &
AR om® ~1731 !, 2869 cm!, 2950 cm'olA C=0¢ CH,9
symmetric, asymmetric stretching ¥ =22 z}z} &<l gt}

Fig. 312 A5 & oAtA| ol dFUTF FA g & FALAAAR] A o=
n AT 2E #EE Aioltt. AlE S¢F P7525SAlA = PLGAE 233
BE A7 @438 olFtElolER myE WEH Als P5050, P7525,
P5050Sel A= oA g Afe ofdtEte]E s®o]l wHA gfgkrh 1Yy

B¢

SoletA = Po050SA Zoll A Aol el d4 A go] AFEHAo U
4w Aol A ofm e Fe SAHEA Fdvk (Fig. 7). W2k EDSE
ol-gstel A4 A4E BT AF S, Ca, O &7 SAHPOZHN o]
AR ZHadYAcEe] JFow At g 7)o Zolzt 11 7
w#2YANE Aol A #A4 F &2 AFE wolA Ad

WEI THE g AR P5050°] 4
ol 714 AHA dolwtth. 53 P5050 AlFel dd 329 dAA7]F o
PLGA 5050 -2 8ol ofs) k3] 2.

Fig. 32& A 59 ortAY &4 dFd F TF-XRDE ©|&3 & &
2 Atoltt. A AAA olgElo|EVF Alm SoF P7525So A e ub
Well Al P5050, P7525, P5050SolA = #EE A ekl o] A
TF-XRD A¥= v A2 Aol dAgs Bl
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Figure 30. FT-IR spectra of specimens S, Pb050, P7525,
P5050S, and P7525S.
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Figure 31. FE-SEM images of specimens (a) S, (b) P5050, (c)
P7525, (d) P5050S, and (e) P7525S after soaking in SBF

for 1 week.
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Figure 32. TF-XRD patterns of specimen S, P5050, P7525,
P5050S, and P7525S
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45¢ 12+ (b) P
4.0+ 1.0+
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% 35| Z o8l
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S 3.0r k)
§ & 0.6
g 25} 5
S g 04 S
g g P5050
O 20}k o P5050S
021k —(O—P7525
—@—P7525S
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e . . 0.0 b , .
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Figure 33. Changes in elemental (a) calcium, (b) phosphorous, and
(c) silicon concentrations, and (d) pH of specimens S,
P5050, P7525, P5050S,and P7525S after different soaking
periods in SBF.
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Figure 34. Changes in ionic activity products of apatite in SBF
due to the immersion of specimens S, P5050, P7525,

P5050S, and P7525S.
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2. A% H
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2-propanol (HFIP, Across Organics) &7 10 wt%9 =& %o &
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2.2 olgElo]E AA < HH

2= o ALA A (simulated body fluid, SBF)¢] A xS Q&) F=HFol
NaCl, NaHCO;, KCI, K;HPO3;- 3H,0O, MgCl; - 6H-O, CaCl,, NaSO,&
S A1zl F Tris-buffer & (Tris(Hydroxymethyl) aminomethane,
HoNC(CH,OH)3) 3 IN9] AAb84S 7Fsto] 365CoA pH7.49 458
A o]FEE . Z2 AlA P, PC, PPCE 303 UVE g % 30ml
ofARAl S jol] wigel AZFERE (3, 6, 9, 12 AI7H 1, 3, 7 4) FA AT
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GA & mE Ane LA A7se R4 ARG T edA
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Al (FT-IR; Spectrum One, Perkin Elmer)E
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#8141  Inductively Coupled Plasma-Atomic Emission Spectroscopy
(ICP-AES; Optima-4300 DV, Perkin Elmer)& ©]&3th Als9 wX
A7kl wE ofAbAl ] pHE pHWIEl (DK-20, Horiba)E ©]-&3te] 2z}
AlZkekek 570 Mg E SANL 1 Fs B 2FUAE Ut
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3. 2¥84%

Fig. 352 A7IA o= A2td AlH PO Axdw 4 ARI(Fig. la)
7 Afe #A F¥x(Fig. 3bb)E HAFH. PLGA dHf+ FEASH
FALE wdEo] AL T AL 05~6ume] FEE Fi 26 £ 09
me] 715 H T
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Figure 35. (a) FE-SEM image and (b) fiber size distribution of

non-woven PLGA fabric
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= v (CH) 5 (OH) PVA/Ca 4M
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3
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Figure 36. FT-IR spectra of PVA, CaCl,-2H,0O, and the mixture
of PVA and CaCls-2H>0.
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Figure

37. Low- and high-magnification (insets) FE-SEM

photographs of specimen P after soaking in SBF for (a) 3,
(b) 6, () 9, (d) 12 h, (e) 1 day and (f) 7 days.
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Figure 38 Low- and high-magnification (insets) FE-SEM

photographs of specimen PC after soaking in SBF for (a) 3,
(b) 6, () 9, (d) 12 h, (e) 1 day and (f) 7 days.
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k500 > : : WAL
Figure 39. Low- and high-magnification (insets) FE-SEM
photographs of specimen PPC after soaking in SBF for

(a) 3, (h) 6, (c) 9, (d) 12 h, (e) 1 day and (f) 7 days.
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Figure 40. FE-SEM photographs of the other side of specimens PC
and PPC observed in Figs 38f and 39f; (a) low- and
(c) high-magnification FE-SEM photographs of specimen PC,

(b) low- and (d) high-magnification observation of specimen
PPC.
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(a) Specimen P (b) Specimen PC (c) Specimen PPC

@ : apatite

ks

Intensity (a.u.)
Intensity (a.u.)

Intensity (a.u.)

10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60
20 (degrees) 26 (degrees) 26 (degrees)
Figure 41. TF-XRD patterns of specimens (a) P, (b) PC and (c) PPC
after soaking in SBF for 0, 3, 6, 9, 12 h, 1 day and 7 days.
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5.0F —{J— Specimen P
a) Ca P
( ) —/\— Specimen PC
—@— Specimen PPC
451
=
£ 40+
a
i
£ 35+
B
g 3.0t
Q
2.5+
initial 10 100
Soaking times (h)
c)pH
745¢ ( )p
740+
%« 735+
307 —{1— Specimen P
—— Specimen PC
—@— Specimen PPC
7.25 b . .
initial 10 100
Soaking times (h)

Log (IP)

Concentrations (mM)

=
S
T

el
=)

-100

-104

e
o
T

o
=
T

(=]
[\

““[ —{J— Specimen P

(b) P

—/\— Specimen PC

- —@— Specimen PPC

initial

10

100

Soaking times (h)

| (d) IAP

| Specimen P
—/\— Specimen PC
—@— Specimen PPC

initial 10

100

Soaking times (h)

Figure 42. Changes in elemental concentrations and SBF pH as a

function of soaking time: (a) Ca, (b) P, (¢) pH and (d) IAP.
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Figure 43. Schemes of apatite formation on specimens PC and PPC

with time.
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Abstract

Preparation of the osteoconductive
and biodegradable non-woven fabrics

by electrospinning

Kim In Ae
Biomaterials Science in department of Dental Science
The Graduate School

Seoul National University

The  calcium  silicate,  biodegradable  polymers, and  calcium
silicate/biodegradable polymer composite non-woven fabrics were prepared
using an electro-spinning method, and their formation capabilities of a low
crystalline carbonate apatite and osteoconductivities were evaluated in
simulated body fluid (SBF) and with a calverial defect model of New
Zealand white rabbit, respectively.

The evaluations of the fibers characteristics, bioactivity, pre-osteoblastic
cell responses, and osteoconductivity of the non-woven SiO,~CaO fabric
made by -electrospinning method was carried out. Silica gels with four
different calcium contents were prepared by condensation following
hydrolysis of tetraethyl orthosilicate under acidic conditions. The molar ratios
of Ca to Si prepared ranged from 0 to 0.15. SiO,~CaO fabrics were

heat-treated at 300°C for 3 h after spinning. The apatite-forming ability of
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heat-treated, non-woven SiO,—CaO fabric was evaluated in SBF and tended
to increase with an increasing Ca to Si molar ratio. However, proliferation
and differentiation tended to decrease with an increasing Ca to Si molar
ratio. The sample which had the Ca to Si ratio as 0.10 showed good
osteoconductivity in vivo in the calvarial defect New Zealand white rabbit
model compared to that had the Ca to Si ratio as 0 and empty defect.

The non-woven calcium silicate/poly(e-caprolactone) (PCL) composite
fabric was prepared using the electrospinning method and its
osteoconductivity was evaluated. A 17% PCL solution is prepared using
1,1,3,3-hexafluoro-2-propanol (HFIP) as the solvent, whereas the SiO,~CaO
gel solution is prepared via a condensation reaction following the hydrolysis
of tetraethyl orthosilicate. PCL and SiO,~CaO gel solutions are spun
simultaneously with two separate nozzles. As controls, pure PCL and SiO,-
CaO non-woven fabrics are also made by the same methods. The three
non-woven fabrics were exposed to SBF for 1 week and resulted in the
deposition of a layer of apatite crystals on the surfaces of both the SiO,-
Ca0O and PCL/SiO,-CaO composite fabrics, but not on the PCL fabric. The
fracture behaviors of the non-woven calcium silicate fabric was brittle but
that of the non-woven PCL fabric was ductile-tough. Meanwhile, the fracture
behavior of the PCL/calcium silicate composite fabric was intermediate
between that of the calcium silicate and PCL fabrics. The SiO,~CaO and
PCL/Si0,~CaO composite fabrics had excellent osteoconductivity in calvarial
defects of New Zealand white rabbits within 4 weeks. On the other hand,
the pure PCL fabric was observed only the inflammatory response.

The effects of poly(lactic-co-glycolic acid) (PLGA) degradability on the
apatite-forming ability of electrospun PLGA/SiO,~CaO composite fabric were

investigated. Two PLGA copolymer compositions with low and high
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degradability were used in experiments. They were dissolved in HFIP, and
each PLGA and SiO,~CaO gel solutions were spun simultaneously with two
separate nozzles under electric fields of 1 and 2 kV/cm using two syringe
pumps with flow rates of 7.5 and 5 mL/h, respectively. As controls, low
and high degradable PLGA and non-woven SiO,~CaO fabrics were also
made by the same methods. The five non-woven fabrics that were produced
were exposed to SBF for 1 week. SBF exposure resulted in the deposition
of a layer of apatite crystals on the surfaces of both the SiO,~CaO and the
low degradable PLGA7525/Si0,-CaO composite fabrics, but not on the low
and high degradable PLGA or the high degradable PLGA5050/Si0O,~CaO
composite fabrics. The results are explained in terms of the acidity of the
PLGA degradation products, which could have a direct influence on apatite
dissolution.

A novel method to coat electrospun PLGA fiber surfaces evenly and
efficiently with low-crystalline carbonate apatite crystals using a poly(vinyl
alcohol) (PVA) vehicle system carrying calcium ions was presented. A
non-woven PLGA fabric, which was prepared by electrospinning, was coated
with a PVA solution containing 4M calcium chloride dihydrate (specimen
PPC). As controls, pure non-woven PLGA fabric (specimen P) and fabric
coated with a calcium chloride dihydrate solution without PVA (specimen
PC) were also prepared. Three specimens were exposed to SBF for 1 week
and this exposure led to form uniform and complete apatite coating layer on
the fiber surfaces of specimen PPC. However, no apatite had formed to the
fiber surfaces of specimen P and only inhomogeneous coating occurred on
the fiber surfaces of specimen PC. These results were explained in terms of

the calcium chelating and adhesive properties of PVA vehicle system. The
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practical implication of the results is that this method provides a simple but
efficient technique for coating the fiber surface of an initially non-bioactive
material with low-crystalline carbonate apatite.

The calcium silicate, calcium silicate/biodegradable polymers, and pure
non-woven polymer fabrics were fabricated by electrospinning and the low
crystalline carbonate apatite was successfully formed on their surfaces
through the bioactive calcium silicate and PVA vehicle system with the
calcium salt. These electrospun non-woven fabrics, which had good
osteoconductivities and biomimetic structures, are believed to be suitable for
use in applications such as the guided bone regeneration membrane or bone

graft materials.

Key words: electrospinning, non-woven fabric, osteoconductivity,
biodegradability, low crystalline carbonate apatite, calcium silicate,
calcium silicate/polymer, PVA vehicle system.

Student number: 2008-30630
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