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poly( L-lactide- co-glycolide) (75:25 by mole ratio of lactide to glycolide, PLGA) XA
€ A X3 28371 A5l F35E AXYo 7 AU o5 BAL FotiREA,
A7 9 onARHeos EAAAYNYUY. PLGA & ¥ B9 92 ZAsA Azg
PLGA AAHA| 9] 7]F=E 90% olPoller it 712337 ¥WE 10~30 pm 22)x 713 2

o2& 100 um o]3e] AT VAU EF ¥7|1F BHL 27~31 (m¥/g)d BH UYew
7133 71FAl0l9] AZ L AXst 43sild Age A9 22 $ASA. JF 7)F37) 9
cjele] E4E PLGA £99] $E ¥ 438 448 o yrisle B9 Yol sk ujaad o]
A 2AEAGD. £ AT o3 F Aok 71Fel F= A Yol 43 A=A f3te] s
Hoke syl SAEH) 7ldge ¢+ ddch

ABSTRACT: A novel emulsion freeze-drying method for fabrication of tubular porous poly(L-
lactide- co-glycolide) (75:25 by mole ratio of lactide to glycolide, PLGA) scaffold has been pro-
posed for the application to tissue engineering. Tubular PLGA scaffolds obtained were char-
acterized by mercury porosimetry, scanning electron microscopy and image analysis. PLGA
scaffolds with porosity above 90%, medium pore size ranging from 10 to 30 zm with larger
pore diameters greater than 100 um, and specific pore area in the range of 27 to 31 (m%/g)
were manufactured by varying processing parameters as PLGA concentration and water vol-
ume fraction. It was observed that PLGA scaffolds were highly porous with good interconnec-
tions between pores for allowing cell adhesion and growth. It was suggested that the mecha-
nism of the formation of pore may be related to emulsion unstability rather than emulsion sta-
bility. It might be concluded that this novel scaffolds may be applicable for tubular organ
structures to facilitate tissue regeneration or repair in tissue engineering.

Keywords: tubular porous PLGA scaffolds, emulsion Sfreeze-drying, tissue engineering, pore
structure.
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A4 F71e] A7 e 715& X3 =D A
FHoz A7) 7150 2% oj4o] #ZF Wyo] €
Fut) gl a8y olg & A7) 71Fe At F
T2 APHolojq HIoe MEZZHFH (tissue
engineering)dl] <& UM F7le} HY dF7t g2
3 A= Ak AEZFAFE G M2 e 23
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€ fEdhs SR AEHY ARES W=
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YAz YY1, FAE € HARE F
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4 713 ol ASHI e AR 184 F
9] shvk= poly(e-hydroxy acid) Algel &elge}
o]l = (polylactide, PLA), Ee 2 Zgol=
(polyglycolide, PGA) % o|&2] ZFHA poly
(lactide-co-glycolide) (PLGA) $4%l4l o] o]lg=
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AEEe WAES] i e F dIx, Y 35
ol ZAciujol & FEE 7IAIA A=, AXEd HF
2 gol 7hsd BE A 4, 71F9 vlola
29 vfaz A F£, 37] Y Y& Fo|gh.1SB 4
frot 27t 74 2 Aeks 7189 371 20 im W)
9 YRAE g EYWAE 5L 20~125 qm"" 2
WA ¥ 50~250 /me] Ao BaEqm ot

A=A FolAM v & ey Pol & 5 )
© 71 Yelze Fegde] AAd (F:UE, ¥
#, 71, 258 9 )P o)g o34 AANE A=
sk Be PGA ¥R g¥e” guze &
AL/ AF2H? 2 CO, Y oz A4y
o] 34 AAAE Az ¥ Y93k 2712 958
HZ Zojd g2 528 PGAAZ ¥4 &=, &
) Fo2 xo Fishs WY Fold. 2y olF
WS YRR 4ol WHE F9 d@Ho &4
AEn olF AU +84 4B (P8A, 4%
Az T)& A7MNZ F ke Heold. wEiy 2
AFAM S olE2] dHE FES= N2 Wez
Fryde Ecg olf3ld f3Fgd A=Wy
(emulsion freeze-drying method) 2.2 FH3e}o]
244 PLGA ARAAE Az3An ojge A4S
+2}# 54 (mercury porosimetry analysis), A}
#u]7 (scanning electron microscopy, SEM) %
o]z &4 (image analyzer) 22 §4 A3

4 #

Al B 9@3AQA  L-Zeloj=gl ZEEeoles
Boehringer-Ingelheim (Germany)olA] F¢lslgo
o, /JAJA¢! stannous 2-ethylhexanoate= Wako
Chem. Co.o] A& A3l EF9l (Junsei
Chem. Co., Japan), Wl@dZzzlol= (MC, Tedia
Co. Inc, USA)2} w€¥E (Junsei Chem. Co.,
Japan), #3419l sorbitan monooleate (Span 80,
HAA H(F))e a2 AM-siglt.
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o} 25 EWAE ZeEETolce] ERE 30g2 33
F(30mm 7, 35cm Zol)o Wi AF FlA
60 T2 2417 T 7188 788 AR EF
o] ga=o] Q= stannous 2-ethylhexanoateE
150 ppm& &} FHT JHn 7 1003de
2 msie] 258 165 CTE AS5A ¥ 45A0%
&t WA A% 249 PLGA F5#A= MC
& Y802 D] vdYEE YRz 23 HAIF
Hon WFAZXsA AR A7A] DELEo] BB
At ¥ YL Axo] B3] YerfQA M

%€ PLGAE 5423387 93l A%y =
gvigagal g AMg-sldT. A 71L& Waters
Chromatographs 2000121218 6 zan Styragel®o]
24€ Y9 71F271E 10° 104 1'03_ 9 500 A
ojgich AMS-E 89 tetrahydrofuranojglon 2
E, 7% 2 3343 424 30C, 1mL/min ¥
15 (doo|Qlel. £ BASy| g3l gty
28R BE EFE Ag9T. 3 FAR
PLGAS| £x13 ¥ ¥x13 £¥ = 50000~70000 g/
mole ¥ 1.5~1.9 Hejdl Ao, AAH4e 4
23 YA FEsPG.

REYEiS] PLGA CI34 X|X|de H=. #4345
2 Az o AXA A ¥AEE Fig. 19
vepligid. 4 3= FuYHe E=8 Hz&
o2 Azdct. & AFdME WA 4mm, 97
8mm ¥ Zo] 5cmed F=E AFsYEd IR
= HEEog 23702 3o Ea7l golsAE
#en, Wi B=E 2AHAAA AR Hg 17
€ 3939 AM-3Iglth(Fig. 2).

24 PLGA (2 : 65000 g/mole, BA}3 &%
11.69)& MC dejo] Fx2 ST F o5
ARY T2 e EFIY. o) d¥xAde
Table 1] Yepligich. = v|EgLL 4347]7)
9131 sonicator& AME3IEH 8L 10W,
23 30x 5<¢ 3R o] FAFANA f3A 9
E3E 497] 915 0.1 v/w% 9| Span 808 &%
Ak o] fide AHe) vig -198 ¢ YA
42 YA $& HEE B Pof 283 FY
A7l % 30 mTorr 2 -55 €9 A EAAZ
At AFEA MCE 83 AAAI Y3t
o HA4 dFY o) AxA|A.

*20 A23A A3x 19999 5¢

tiquid Nitrogen Tank

Figure 1. Schematic diagram illustrating of the fabri-
cation process for tubular PLGA scaffolds by emulsion
freeze-drying method.

Inner Teflon Quter Teflon Mold
"

Figure 2. Teflon mold used in this study; (A) assem-
bled and (B) dissembled.

Table 1. Processing Variables for Fabrication of
Tubular PLGA Scaffolds

PLGA volume of PLGA

sa;lrt)ple concentration solution to water  remark
) (W/v%) (v/v%)

1 5 70 not formed
2 5 60 ”
3 10 70 formed
4 10 60 ”
5 20 70 too dense
6 20 60 "

SEMoi| =it 78T BM. #3152 Axygoz
Az¥ol7 34 PLGA AAH& SEMo gz o3
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JSM-840-A, Japan) A& A%tk Lol 2 F
9le] SEM A}d€ NIH 1.59 Image 4 =213
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EHe] FHZZRY contact angle goniometer
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o 4% Az} 160°o|QA}>F

dant o 0F

FEgH o34 PLGA AAAE #3sd
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s o3 =3¥ & A9 &, PLGA 8949
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71¥37], BAAHY 9 713Yed sl F¢&
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Fig. 39l & 479 9JsiA AlFd FEFd <
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Figure 3. Fabricated tubular PLGA scaffoids.

Eo] Ao we oy A % ZAx
€ Table 19] vfepligict. Sample No. 1,2,5 R 6
dMe o3y AN AQHA 4SE Jehin
it} No. 1, 2”1 Aol PLGA £499] 5%7 4
T RolA 71589 Ao] A4E ¥ No. 5, 69
ZB4ele PLGA £99 Fx7l UR Folq 23
A (closed cell) BFele] Ro] LolA £ A7 £3
off 2852 g Hez ey

Fig. 49l No. 391 A A 9] AAQ@]F Aoz
A (A)e d9x, (B)e | A& 8259 4
29, (C)= oY HEE E=Fo HEUE ey
91 o]E¢ image analyser2 EA¢ A, 974
PLGA AAAe] BT 7]3a27]= 15.8+8.2,15.6+
6.1 ¥ 184+7.31 mm2 ZALHAUCL. AAFHY 7|7
o] B 715 71F Alole] dAo] Y3 da R
o] g A FTXE 3 Y ReE Yehgr. ulE
BFE 71327174 9 15 pm i 9jEtn el & A
< 50~100 4m o)) A% #AH T 9t g
7138 vidld E= uield HE2HE WA=
7189 o7l e £ ST/ nYo] dojpAw
M Eu] GAlel ZHA T} JFst RE= ol s
de 471 81 Rz &=t

Table 29l Nos. 354 49] 20354 &4 41
& Yepidth. SEM AR Aol npisiA 2 £ §3)
52 A4 oA AzE FREEge PLGA A
Ade w8 71F=8 o8 /I & 2 713
I & FEAHNE /I3 e Res JEig
. % AAA samplee] BF 71F=e 94~96 %l
A4 A, FF 71¥27]= 141 2 20.94 gam, 23]
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Figure 4. SEM microphotographs of tubular PLGA
scaffolds as sample No. 3;(a) cross section, (b) inner
surface contacted with silicon side, and (c) outer sur-
face contacted with Teflon side.

3 AN A= 27.96 3035 (m¥Yg)2 et
t}. Sample Nos. 33} 48 H|ud] B o] 5 E 43
7} sample No. 3B.t}= sample No. 47} & Aoz

#2{of AI23¥ A33 19994 5¥¢

352 AxWEd A8 FEIEHY dFd PLGA AAA Y A=

Table 2. Results of Average Porosities, Median
Pore Sizes, and Specific Pore Areas of Sample
Nos. 3 and 4

sample  average median pore  specific pore

No.  porosity (%)  size (zm) area (m%/g)
3 94 14.1 27.962
4 96 20.94 31.351

Uehtsd o= PLGA §99 ¥57} 10% @4s
o] o]l A7} F71% Aoz wad. olg &
oA 53 ZA7E image analyser ¥4 ZAzje}
HaE HEA F£2035A £3 ANt 1~4mm
A= HAA J2 olfe A WA=, FFF 22
& Eoz AEHUY] W9 x7]9 PLGA
A Aol 4FHAL /B, F UA=z @
AFzol7|e 1 7183 71 Al 4FE B (in-
terconnection) 9] ZI1n}j3l o] 7| FEL =&0] 3
FaaM 43557 dqRoln ol F AWML 71737
+X% (Fig. 5)9lA 0.1 pm o]3le] Aoz el
A SEM AN E £ A2 8B

Fig. 5ol &3 2A & ol§% 71327 X%
& B33 91t} Sample No. 49] jE-& 4=}
3 e 713A7]E 20~30 2nQl ¥ sample No.
3& 10~20 /) Aoz Jelyc. = 100 tm
ol Az AR ot 7|FAVE 2 F
HrE fAdMx dEEgdRol, PLGA 59 &3
o] Hl2A] AW T£F FeF WLz PLGA
&3t Bt EFHUS 4 738 49 AR
o= & 43 wir}, Whang 52 5 g9 &
Al ZRAVe| Mg EfsIYE olE AN
#BF 71FZ7= 15~35 molglen] @ Aoz:=
300 pm o} 4o A= EAgtin Bt a2y
£ dFMes arAYe]Hqute 732§ sonicator
€ AHE2EN 7 f3dE e =7171 9% w4 E
A BHE Aoz A4, o3 f3yHE o
dExoz Bty Adolmz g4 A 27 &
dol dold 5= Uk R3] AP Aupst
€ 94 A2 ARAFAYA® FPds @
33,3 295 B gi4, WAL W
T ZAFAuA wiglo] 2 YAzte] FAy) vy §
o2 4ztd 4 gir}. £ AN BAY 438 43
A7171 91319 0.1 v/w% 9] Span 80 f-3A4& AL
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Figure 5. Pore size distributions of sample Nos. 3
and 4.

Figure 6. SEM microphotograph of tubular PLGA
scaffolds which is stabilized by 0.1 v/wt% of Span 80
as an emulsifier.

so] Al fad o $AAXY F] SEM A
A& Fig. 69 Yeplidch f3hs /319 o3l
s v 713 2717} djFEo] o 5 mm o]d
2 veht glol AZ7} A2hdr] S48 3719 7180
QoiA]A] ATE B 5 YoM & AT E fate
Hgstrs EUA4st7l PLGA AAA 2 AzHE
Hol oA $AEA ZlqEe & + Aok

a2 =
2 ATNE AN FolA MEA Ee WS
22 2o} B 4 U= Al W Fudde o

34 PLGA AAAE AxzHFdd &85 9
3t #3152 Az os AZHYh & A= P

476

2ol

d 93 Az" PLGA AAAY 7|F=E 90%
ol gololed 3¢l e 10~30 mm 12]x 7}
Z 8 AozE 100 um 0|39 AL BAHAUG. =
 ul7]F W3 e 27~31 (m¥Y/g)ol BA AeH
7133 7134l AR & M 27} Al AR
dAZd 72 A AU BF 71F2719 o
o] 848 PLGA 899 ¥=9 #2318 44¢
WEe 89 U oM =F=HAeH, 10%9
PLGA oM &9 ¥l BEo2 713 & A
& 2¢ F AU

£ ol 93] AxE PLGA AAAE F2
B4¢ Jehlin va3 goldiA Axg & o
dEEst 7139 2717t PGA #3 ¥ vi3d 32
30|45t ¥l71Z AR atks FHol Y42 =
¥ 2 #He 4T3 (salt leaching)3} 2o
Bl £34)71 Aol Qo] vl FRFAENI|ER
F84 oohE - 4FAA, BEA R AARY g%
8-& PLGA AAA ol FAAT | MEsiAA
ZAE 4o 4% R f= 5& AANE F
Ae A= 7T ok & PP ose] Az
AARE FAE FA(F 1em o) AAA=
AzY & oo, = Jed was B3
H A7 83 AHANZ AFs =YL
A fr&3HA AT 5 Sl

A olg9] 713 =d we JEAE] Y, 4%
do W 71AA Az AL, FAA K in vive

- FEAY Tol FYFoIY.

#Ale 2: 8 d7e 238X (Grant No. ;
HMP-97-E-0016) ¥ #%71€A (Grant No. ; 97-
N1-02-05-A-02)¢] Yoz ojFojF&og old
ZAEYUY. £ AYE E94F oA, $A¥UT
Az A4 Aleg B

i

al

iy

Mo

1. R Langer and J. P. Vacanti, Science, 260, 920 (1993).

2.G. Khang and J. H Lee, “The Properties of
Biomaterials”, in “Tissue Engineering: Concepts and
Applications”, eds. by J. J. Yoo and L Lee, chap. 4,
Korea Med. Pub. Co., Seoul, 1998.

Polymer(Korea) Vol. 23, No. 3, May 1999



3.

10.

11
12.

13.

14.

15.

16.

17.

3152 Az WA 9% 72

J. P. Vacanti, M. A. Morse, W. M. Saltzman, A. ].
Domb, A. Perez-Atayde, and R. Langer, J Pediatr.
Surg., 23, 3 (1998).

C. A. Vacanti, R. Langer, B. Schloo, and J. P. Vacanti,
Plast. Reconstr. Surg., 88, 753 (1991).

. L. G. Cima, J. P. Vacanti, D. Ingber, D. Mooney, and R.

Langer, J. Biomech. Eng., 113, 143 (1991).

. R. Langer, L. G. Cima, J. A. Tamada, and E.

Wintermantel, Biomaterials, 11, 738 (1990).

. S. J. Holland, B. J. Tighe, and P. L. Gould, J. Controlled

Release, 4, 155 (1986).

. G. Khang, J. H. Jeon, J. W. Lee, S. C. Cho, and H. B.

Lee, Bio-Med. Mater. Eng., 7, 357 (1997).

. G. Khang, S. J. Lee, J. H. Lee, Y. S. Kim, and H. B.

Lee, Bio-Med. Mater. Eng., to appear (1999).

D. F. Williams and E. Mort, /. Bioeng., 1, 231 (1997).

O. Bostaman, J. Bone Joint Surg., T3A(1), 148 (1991).

J. P. Singhal, H. Singh, and A. R. Ray, Rev. Macromol.
Chem. Phys., C28, 475 (1988).

O. ]. Hollinger and J. P. Schmitz, J. Oral Maxillofac.
Surg., 45, 594 (1987).

G. Khang, J. C. Cho, J. W. Lee, J. M. Rhee, and H. B.
Lee, Bio-Med. Mater. Eng., 9, to appear (1999).

D. J. Mooney, L. Cima, and R. Langer, Mater. Res. Soc.
Symp. Proc., 252, 345 (1992).

J. Klawitter and S. Hulbert, /. Biomed. Mater. Res. .~

Symp., 2(1), 161 (1983).

1. V. Yannas, E. Lee, D. P. Orgill, E. M. Skrabat, and
G. F. Murghy, Proc. Natl Acad. Sci., USA, 86(3), 933
(1989).

walof 23 A33 19999 5¢

18.

19.

20.

21.

22.

24.

25.

26.

27.

28.

29.

3L
32.

seje) 34 PLGA AAA el A=

M. Spector, M. J. Michon, W. H. Smarook, and G. T.
Kwiatkowski, J. Biomed. Mater. Res., 12, 655 (1978).

D. J. Mooney, C. Breuer, K McNamara, J. P. Vacanti,
and R. Langer, Tissue Eng., 1(2), 107 (1995).

J. H. Aubert and R. L. Clough, Polymer, 26, 2047
(1985).

S. Gogleswski and A. J. Pennings, Makromol. Chem.
Rapid Commun., 4, 675 (1983).

L. E. Freed, J. C. Marquis, A. Nohria, J. Emmanual, A.
G. Mikos, and R. Langer, J. Biomed. Mater. Res., 11, 27
(1993).

. D. J. Mooney, D F. Baldwin, N. P. Sub, J. P. Vacanti,

and R. Langer, Biomaterials, 17, 1417 (1996).

H. L. Ritter and L. C. Drake, Ind. Eng. Chem., 117, 782
(1945).

D. M. Smith, D. W. Hua, and W. L. Earl, MRS Bull,
XIX(4), 44 (1994).

A. G. Mikos, G. Sarakinos, S. M. Leite, J. P. Vacanti,
and R. Langer, Biomaterials, 14(5), 323 (1993).

H. E. Healy, B. Lom, and P. E. Hockberger, Biotechnol.
Bioeng., 43, 792 (1994).

K. Whang, C. H. Thomas, K. E. Healy, and G. Nuber,
Polymer, 36, 837 (1985).

A. W. Adamson, “Physical Chemistry of Surfaces”, p.
525, John Wiley, New York, 1990.

. D. H. Everett, “Basic Principles of Colliod Science”, p.

115, The Royal Society of Chemistry, London, 1989.

L. L. Schramm, Adv. Chem. Ser., 1, 231 (1992).

D. H. Everett, “Basic Principles of Colloid Science”, p.
130, The Royal Society of Chemistry, London, 1989.

477



