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Optimal Condition of Microporous Membrane for Bone
Marrow Stromal Cell Allotransplantation to Stimulate
Wound Healing in Vitro

Eun Sang Lee, M.D., Myeong Joo Kim, M.D.,

Seung-Kyu Han, M.D., Sung Taek Hong, M.D.,
Woo Kyung Kim, M.D.

Department of Plastic Surgery, Korea University College of
Medicine, Seoul, Korea

Purpose: Major drawbacks of conventional bone
marrow stromal cells (BSCs) transplantation method are
mainly caused by direct transplanted cell to host cell inter-
actions. We hypothesized that separation of the trans-
planted cells by a microporous membrane might inhibit
most of the potential adverse effects and induce superior
effect. The purpose of the study is to determine the optimal
condition of the microporous membrane.

Methods: First, BSCs were placed in polyethylene
terephthalate (PET) transwell inserts with 3, 8, or 12 um
pore size, and cultured in 24 well culture plates. After 5
days, bottoms of the plates were observed for presence of
attached BSCs in monolayer and cell numbers were
evaluated. Second, BSCs were placed PET, polycar-
bonate (PCT), and mixed cellulose esters (MCE) transwell
inserts with 3 and 8 um pore size, and cultured in 24 well
culture plates. After 3 days, the supernatants of the media
left in culture plate were analyzed for collagen, vascular
endothelial growth factor (VEGF), platelet derived growth
factor BB (PDGF-BB), and basic fibroblast growth factor
(bFGF). Third, BSCs were placed in 15% and 70% of the
PET membrane with 3 um pore size. All the experimental
conditions and methods were same as the second study.

Results: The optimal pore sizes to prevent BSC
leakage were 3um and 8 uym. The amounts of type |
collagen and three growth factors tested did not show
significant differences among PET, PCT, and MCE groups.
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However, the collagen, VEGF, and bFGF levels were much
higher in the high (70%) density group than in the low
(15%) density group.

Conclusion: This study revealed that the optimal pore
size of membrane to prevent direct BSC to recipient cell
contactis in between 3 ym and 8 pm. Membrane materials
and pore sizes do not influence the collagen and growth
factor passage through the membrane. The most striking
factor for collagen and growth factor transport is pore
density of the membrane.

Key Words: Wound healing, Bone marrow stromal cell, Micro-
porous membrane
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A 47A| Atol R o el oejolle ARt et & A
T= 713882919 2] (Institutional Review Board)2] A}
BasIg o ATl YIRAL V15T BAE B 5
MYe B3 7o) Azelel Felstack
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§5to] 0mLY| BHE B T ukR 500010 st
EEstel WA IS oYsigicE. B4S 50mL WA el
FH &7 3 1.077 Y%= Ficoll-Paque density gradient
solution (Ficoll-Paque, Amersham Biotech, Stockholm,
Sweden)= H7Fslal A0 A 2,500 x g2 30E7F H4HE
2] stk £l & 5 S7IM27F 2o S et
== F3ote] 50 ug/mL gentamyciny} 10% fetal bovine
serum (FBS; GIBCO, Grand island, NY, USA)E *=3}3t
Dulbecco’s Modified Eagle Medium: Nutrient Mixture
F-12 (DMEM/F-12; GIBCO, Grand island, NY, USA) 10
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mLE ARESHo] RS AIRSHAIAL R Hi oA
gentamycin 50 ug/mL, 5% CO,, 100% =7} FA ===
shglom, 2~3entet Bjopele WRBYE. SR ol v
FEH trypsinization 0.2 A|Z55 2|5k F2lE Al
Z52 Dulbecco’s Phosphate Buffered Saline (DPBS;
GIBCO, Grand island, NY, USA) 2 2.7u}] 3]43t & 175
B 450 x g &£ AHIAMS AldYsto] ARt 2
o2 ThA] DPBSR = ¥ Al A5-aA17] 3 S0
o} o|gA FEH A= 3~43] Adujgste] = AFo
Ag319E

7| AAM| 9] %= flow cytometer (Coulter EPICS
XL, Beckman Coulter, CA, USA)Z 15} th

32 o

Lt 02X MZe| FE0US et M3=27| g+
HA ALEAP O] N ZEo] PR O 2 FE5A] %= L
AR Alge] A4k 2715 AAsh] g A Aldst
Atk Aol ARG IEA AlEZ FEHiE fIRE
insert 24| /&3] o] H2] A-8-E|= polycarbonate insert
(PCT; Millipore, Billerica, MA, USA).00] A&} Al
7]= 3um, 8 um, 12 im AT}, 24 well vFE-7]of 21219
M&371E 711 PCT insertE 4F¢Jstal 71 ¢tofl zF PCTS
1x10*709] Z4=7| A2} 5% FBS7F 23hE 1mLe]
DMEM/F-125 4 %lth. ti27- 02 A= insertE ARE-SHA|
%L VAN ZE vieskint

24 well vjSF&715 Alzzujet7] ol @ar 57t vjeFstal
=4 2E vy oA gentamycin 50 ug/mlL, 5% CO,,
100% S=7F SA === 519k vjeF 59 = PCT insert
2 I WEES 24 well= 58 A AL 1008] &g&r]|7
Slol| 4] 24 well v &f-8-7] 9] Bictol| F2psto] Ahetal Ql=
NEZEo] U=AE WESHTE ®k 2F 229 AA| Az
£ 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium
bromide (MTT; Sigma, St. Louis, USA) ®'H-& ©]-835}
spectrophotometer 2 =745} tt. 1Heks] AgshH Aolql
+= A2 W¢] mitochondrial dehydrogenase &7} =AY
O] 874 MTT71ES M 9] H]48/d <l formazan
crystal 2 H3H| 7= A=5 S4ck= Aolth W PH
759] z73}o)A DPBSS} Ealsle] 5mg/mLe] L
MTTE&HS TtE & o]= 0.2 uL9 filter2 A%3)al 100
uL Az ujoFeltd 10 uLe] FO 2 96 well A|azufjoFelof|
7F8kaL 3417 9k 37°C 5% CO, vioF7] o)A vieFstict.
0.04 M HCI in propan-2-ol 8- 100 uLE #7}5}al shaker
o] A} 557t 50| & Z ELISA reader® 570 nmoj| 4] 2]
FTHeE W59 Standard curves ARLEE & AA| A

N
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Ch. nEXEte| AMZE MS=7(0f wE
YUK SAHH= Hw

ARk} Aol whek whfjo] AjiESo] AYARRE el
I g eIAREe] AEA e sl HelE EH|EE 4
off Zpel7k QEAlE dobiy] fiste] v ddE okl
ok Aol AR A2 Nl B3l Al insert=4] F 2
A== PCT, mixed cellulose esters (MCE; Millipore,
Ballerica, MA, USA), polyethylene terephthalate (PET;
BD Falcon, Franklin Lakes, NJ, USA) %It} Allg-=7]¢ uk
£ Aol 7 A MEAT W HES] FEYL 91T
AFA| AT (W A7) ATHE vEo R 3umst §
umE 74 Ao 2 Ashch BE A2 A3

= 15%2 ARSI

24 well Wjokg7]o] 9 Q153Et el o] ekt A
9 AFE71E 7HA insertS YL 11 Qbel] 7 it o
1x10*7]19] 24714 A| %7} =3He 1mLe] DMEM/F-12
£ Yotk 3U7 v F 2 mEAjela 1 gkl AR
3L UEEL wello| A A3t 5 upeto] Sixbeojgls
MlzzZo] A=A Bkl welld] Hix|E 718t viAW=
Huo|x w2y} vbAZA oA 7 Ao 2 AARIxE
LA Q= vascular endothelial growth factor (VEGEF),
platelet-derived growth factor (PDGF)-BB, basic fibro-
blast growth factor (bFGF)9] & =4 vlus}ich

mei}

(i)

O

PR kS ZA517] $15] Metra collagen type 1
carboxy-terminal propeptide (CICP; Quidel, CA, USA)
kitE o]-8-dto] HYE4] (immunoassay)s}tict. A
Aejshd 100uLe] 314%E AF5ol (supernatants) & g
CICP AI7F A2 wellofl 71RE 3, 20°CofAf 243t 5
QF wfjeFatStt. wkg-o] E1 & 100 uL2] rabbit anti-CICP
FAE AL 505 7F H7I8E & 100 uLe] goat antirabbit
alkaline phosphatase 232 504 7+ 42|33tk A 18

WA S 33} 405 nmof| 4] ELISA reader® A5t}

2) MR} Yol B
VEGF, PDGF-BB, bFGF®] &7 enzyme-linked immu-
nosorbent assay (ELISA) kit (R&D systems, Minneapolis,
MN, USA) ##& o] 85kick. A|zAte] A Ale] tet 7]
A 9 7|ERLS QY3 BlAfste] 217k SjAE Ak
2 ¥ 217te] 2234 (capturing antibody)7} 213121 242t
o wellol|4] AL&AA|sIITh. M = Zhzho] ek Ast
&4 (detection antibody-conjugate) S 3 7}sto] ThA] AJH
3] Aol 2ol Hyskk. weF 71989 (sub-
strate solution)& 7FshH A& WA ==H], of7]ol| i
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67 22} Z47)2] %‘{v‘&% elel 2 ) S

ol ey
& of| A= nonparametric K—mdependent sample test?!
Kruskal-Wallis testE AR5} L, 2559 Al327|4E
A& nonparametric two-independent sample test$l
Mann-Whitney U-test ®'H-& ©]-8-31%.0H, p <0.050]4
folge Basherh
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ot

7t S71EMEe| 22| 3 HHY
HeEH E571AA IR 7EE gt A ofes
glo] Tl = ler 23] Afulef $ F4IQl A A
JH AfobMlERT 27)7F 23 RS Bt
(Fig. 1). & A5tollA ARGH e 78 AE= 284
AlZo] g3k4| HkS-¢l CD45 (Immunotech, Marseille,
France), CD34 (Becton Dickinson Bioscience, CA, USA),
CD14 (Immunotech, Marseille, France)*] 245 YEFATE
Ll TEXEILY Mz fREodsS 2t M337] a3+
¥ 54 & arAbeat 7 8= AlA & kg1
vk dulid o &2 kel & vl 3 ume} 8 ime] Alg-27]
A ol A= il B2bE A2 S AE wEd
a12om cell debristto] X ¢=d] 8 um Fol|4] debris7}t
ol AL, L Gl G 92 A} 5
Holon tfxatoAs FAAEZ7} uie:
2 A2 AxzF2]o] At (Fig. 2).
MITE o]-&3F AA| M2Z4= 3 ime} 8 um w-of| A= Hj
&7 wfetol] FAHE AlZ7F S EA] AL, 12 um o]
M= 42 x10° + 1.4 x 10°7)7F 24 =Qich tjzto] Ao

E‘l‘ Uﬂ f-al }J\
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3.7 x10* 3.7 x 10° 77} A =t

-

Ch OEXEe| &y MES37(of e wHE 83
QIX} SHHHE H|w
3 ume} 8 umé| AlF-=71E 711 PCT, MCE, PET Al

tf st & ¢33 x] Vol. 37, No. 5, 2010

DR BT weRg7] vete] RakE At ghe
2 = 5 Ut Fig. 3).

o

aEApuke] A A QB e mUd o] A
2 Ajoli 113 Holx| okt

3um Alg37]2 7 PCT, MCE, PET 5 Al 3tAa}
o] YA oF e 717 156+9, 152 +19, 159 +17 ng/
mLYL.0] (p=061), 8 um A|FA7| 0] BFL 247} 155+
7, 151 £25, 156 + 16 ng/mL3It} (p=0.86) (Table 1, Fig. 4).

3% THAPE} 217k0] oA 3 um A[EE712T 8 um
ABa7)E Aolo] EAH FOHE glglt

2) MERIR} o] =X

R AjEre] A o] w2 ARIAE] oA EAS
| ZJolt= AT 4= ¢loleh 3 um A F271E 744 PCT,
MCE, PET 5 Al 31Apu} 0] VEGF Fo] B 717t
137416, 134+ 28, 131 +14 pg/mL%.2. 5 (p=0.80), 8 ym
ABAANE 7P Al AL 70] B 77} 14019,

Fig. 2. After BSCs incubation for 5 days, the microporous PCT membrane inserts were taken out from the culture wells.
Photographs demonstrate the bottoms of culture wells after removing the inserts. (Above, left) After removing the 3 ym pore
size insert. (Above, right) 8 um pore size. (Below, left) 12 um pore size. (Below, right) BSC culture without an insert (Original

magnification: x 100).
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Fig. 3. (Left) Bottoms of the 8 um pore size MCE inserts culture plates. (Right) Bottoms of the 8 um pore size PET inserts

culture plates.

(ng) 180
160
140
120

100 m3y

80 o8y

60
40

20

PCF MCE PET
Membrane

Fig. 4. Amount of collagen in the media.

132 4 24, 137 + 10 pg/mL3A T} (p=0.89).

3 1m AlZ&=27]E 7H4 PCT, MCE, PET 5 At aE2pat
9] PDGF-BB 90| B2 717+ 38+13,38+14, 41+
1.8 pg/mLG1.0.H (p=0.99), 8 um A ZZL7|2 7}2 Al 3L
Hxjub o] Wit 7739412, 41+14, 40+13 pg/
mL gt} (p=0.95).

3 1m AlZ&=27]E 7H PCT, MCE, PET 5 At aE2pat
9] bFGFFe] B2 77t 63+1.0, 6608, 62407
pg/mL3L (p=046), 8 um H|F-71S 7}3 Al aLEApar
o] BHe 747t 65+1.0, 65+1.2, 6.7 £1.1 pg/mL3ict
(p=091).

3% LEAR Z47Fe] oflA] 3 um AlE-=7]E T 8 pm
AEZ71E Atololl A= FAA {0148 =R st
(Table 1, Fig. 5~7).

(ng) 180
160
140
120
100 m3y
80 @8y
60
40
20
0
PCF MCE PET
Membrane
Fig. 5. Amount of VEGF in the media.
(ng) 6
5
4
B3y
< a8y
2
1
0
PCF MCE PET

Membrane

Fig. 6. Amount of PDGF-BB in the media.
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Table I. Amount of Collagen and Growth Factors According to Material and Pore Size of Membrane

Collagen VEGF PDGF - BB bFGF
151 134 2.6 5.6
163 124 4.6 6.9
167 153 5.5 7.7
3p
145 124 34 49
163 160 4.5 6.9
148 125 2.2 59
PCT Mean * SD 156 £ 9 137 £16 38+1.3 63+1.0
155 121 4.5 6.9
162 127 37 7.2
148 147 49 6.0
8u
149 127 22 55
165 170 52 79
150 150 2.7 53
Mean * SD 1557 140+19 39+1.2 65+1.0
125 129 2.0 6.1
178 169 35 75
136 106 24 59
3p
155 120 45 6.0
165 169 5.5 77
150 110 4.7 6.3
Mean * SD 152 +£19 134 £ 28 38+14 6.6+0.8
MCE
178 166 43 7.7
122 107 21 5.0
159 129 55 6.7
8u
118 104 27 6.2
172 150 49 79
156 133 49 54
Mean * SD 15125 132+24 41114 65+1.2
179 132 6.1 74
167 123 6.1 6.7
136 109 2.0 5.6
3u
167 142 44 6.0
165 149 3.7 57
140 133 2.1 57
PET Mean = SD 159 +17 131+14 41+18 62+0.7
135 125 27 5.8
137 138 29 53
172 138 6.2 79
8u
159 127 43 6.8
165 149 4.0 79
165 145 37 6.5

Mean = SD 156 +16 137 £10 4013 6711
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Table Il. Amount of Collagen and Growth Factors According Pore Density of PET Membrane
Collagen VEGF PDGE-BB bFGF
169 141 5.8 6.9
166 137 6.1 6.7
140 111 2.3 6.0
3u LOW
174 140 4.7 5.7
177 150 3.3 6.0
143 136 25 5.8
Mean + SD 162 £16 136 £13 41+17 62+0.5
189 169 6.9 6.8
204 188 74 8.0
197 195 3.0 7.2
3p HIGH
211 195 47 6.8
175 161 24 7.0
202 189 5.1 7.3
Mean + SD 196 £13 183 £ 14 49420 72+04
(ng) 8 (ng) 250
7
200
6
5 150
B3y
! @8y 100
3
2 50
1
0
LOow HIGH (density)

PCF MCE PET
Membrane

Fig. 7. Amount of bFGF in the media.

Fig. 8. Amount of collagen in 3 um pore PET group samples.

(ng) 210

180

Bt DEXE MBUC0| T2 DD MEQIXt St

H|m

A=) 3 um AlF37]1E 74 PET EApae] e

Zlyt VEGF, PDGF-BB, bFGF2e] HH#& Z+zF 162+16 90

ng/mL} 13613, 41417, 62+ 0.5 pg/mLg o 1% 60

T0] b2 712 196 £ 13 ng/mLe} 183 £14, 49+ 2.0, w0
7.2+04 pg/mL3Jt}. Y2, VEGF, bFGF2] <ol 9loiA]

Ak gojat BAEH 2o|7t Ao (2] p= °

0.01, 0.00, 0.01), PDGE-BB®] ofe]| QlojAli= 5414 §-o)4

2 ¢I9lth (p=047, Table 11, Fig. 8~11).

LOW

HGH

(density)

Fig. 9. Amount of VEGF in 3 uym pore PET group samples.
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(ng) 7

LOW HIGH (density)

Fig. 10. Amount of PDGF-BB in 3 um pore PET group
samples.

(ng) 8

LOW HIGH (density)

Fig. 11. Amount of bFGF in 3 pm pore PET group samples.

1]/g7 1A (EGF) U & 47414+ (PDGF) 5 Al
= el M 5= TTH7IE AlEAEA
GEAS0] WIS Foll L dFE AEStE o
Sl A= AREE AL Qlom 3Eu/dARIALS] A= A
SHe o] FojFt). Teu A B Al g EdE
o] M= {714 AWAS FAISHHA 1| o] 2o o]F o]
Aok ghth= oA & wff gt 7HA] AARIANRS Fojdt=
AL 1 avte] AL dek TR RIS S AESE "
Hsl7] 3 52t delivery vehiclex}e] &3 SO0 2
Q8 AAAAAEL] SPYAGA = w] x| g=0]Tk
7|8 EE HAE7IM27E T AR RE =
ol wef of] A2 F37} 7hsshe, YA o= AR
5ol A1, AHAAPE (apoptosis)SHA] il 23H 7|7 AT
T e TS TR AlEZE dHA Qlo] 8F ek
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= o o

=
3 QA olgol We Aorg W
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B wAeAE o] AT ATE Fote] Ao
ool B/ UAZS] S5AS FE vt ek et
2 TN UAIE B4 B M &

=
F2 7T Q] TEAR Hek She SHEAE

]

oJARe) AL Wbk IEAL 1)% o)
oz AzE|et slelzhe A& nat 1 54l zjol7
91 4= olek A= golsHA| 517] $istel ik Bo]
2]o|| = monomer, oligomer, catalyst 52 Z3514| E=d|
71 Eelgo] thErk E3F AYAIRE 25, G50y Hat
H 5ol el of2]71A] additional chemical species
(ACS)7} Az AN AAdE = Uk

wheba] AEAE) FAuof whet alEAbe) Qke] =47
A, WA T Alxer]d, =2 o] AdIAEe
Z1sh ot eHgAd Foll F3dF= vlE = e = Stk
71 stoll AHA L] HuAFE A3

= Atof] ARgRE AEARRS B X144 (hydrophilic)
ojn] FAJo]al Al o] Fojuf o|n] AlaZufEo
2 AFEIE e ASolth AlAte] Ao w=w
PCT®} PET= A|222]713 glo] ThEufFAlZ o] F4]of 4
et A2 Ho Ql=tl PCTY 49 AlzollA Aite
o2 £AEY] olFoly Tt folste s Al=EHUA,
PET= FB %5 o] W50 Al Al29] okl oL 4
ot=s AAHE Zlojth MCES] 7 -f-+= @5Hi Al E
o] HAEE Fo| NEFAS F&sh] Hobe i3
(cuboidal) o] AR} €15 (round)©] 3 BOFE -x|5
ol Al Alsute] EAU MO HAd ol HlE A+t
= 9ol Qb= Qe A=A et ofu 2t 9FA] Auet vE
oF Zo] o5 aLEAPe] Aol A Y| Fol Wk Al
=o| | eha ko] 1stE Alg-o] mef, 24/
Ztolef] o5t WA & St Atay, FUE AAERIAL AlEZL)7]
o] St Fo] thE 4= A om = 57| AN FFol 4
Al A2z 8] FH]Eo] AEAS sk ofl Aot &
S ik 2y 2 Ate] Aa Aol Azl wh
2 Zol= THEA] kglrt

Alzzo] A7) A mktt 21 2to] 7} A4Sttt 100 um W2
o] A7|E Zhe AlEAlEol vl sEAEZe= 2717F EXl
Zto} AHbAQl FE2A] 9] A3 10 um Welo) 7|5 2k




ol 5: AN FEAS] B4 ANE FEo|4

<t e Eote] A oF 1~5 ume| F7]ofw AjzEujjel
HEAEE nm 99]9] 715 23 Qlek” “71%1:54
A5 A=A et et AEIE 7] vhe gleu
An)7d ol oAt 2 Aol7t gl ﬂi Hof
oF 10um He|e] =7|d Zlo= Azbernh. o FReke] Fi
Jefet Ereke] el Aeofl weh 2719 Malrt ol
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