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Osteogenic Differentiation of Human Mesenchymal Stem Cells: Effects of the compositions

of biodegradable polymers and the initial cell-seeding density
Hyun-Woo Kim, M.D., So-Yeon Joo, M.S., Ho-Jung Kang, M.D., Soo-Bong Hahn, M.D., and Chang-Dong Han, M.D.
Department of Orthopedic Surgery, Yonsei Univeristy College of Medicine, Seoul, Korea

Purpose : To investigate the effects of initial cell-seeding density and the compositions of biodegradable polymer scaffolds on the
osteogenic differentiation of human mesenchymal stem cells.

Materials and Methods : Human mesenchymal stem cells (hBMSCs) were cultured three-dimensionally onto biodegradable polymers
with three different compositions (65/35 PLGA, 85/15 PLGA, PLLA), and osteogenic differentiation was studied by; histology, immuno-
histochemistry, and transmision/scanning electron microscopy.

Results : In terms of the amount of extracellular matrix (ECM) produced, the 65/35 PLGA (23% of the whole volume) was found to pro-
duce more ECM than 85/15 PLGA (21%) and PLLA (13%). Osteoblastic differentiation of hBMSCs was induced in all scaffolds exam-
ined and the deposition of ECM with calcifications started after 2 weeks of culture. The amount of calcium deposited on the 65/35 PLGA
dramatically increased at 4 weeks. On comparing low cell-seeding density with the high cell-seeding density on 65/35 PLGA, calcium
deposits reached similar levels at 6 weeks.

Conclusion : Three-dimensional culture of hBMSCs on biodegrable polymer scaffolds induced bone formation, which was dependent
on the compositions of the scaffolds and the initial cell-seeding density.

Key Words : Human mesenchymal stem cells, Osteogenic differentation, Biodegradable polymers
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A9l A7to] Al F (autografts) ©]9ole &3] FAAX 5%
(demineralized freeze-dried bone allograft), F4F3}el3)
(hydroxy-apatite), <1242 tricalcium phosphate), 4=
< H] #7128 (purified inorganic bone)E B2 & thA] A&
ol MEse} g, Ty o) 5 2 g4 AAE
E R giiE 2UPHR e AZ} 7Pl wel
&4 WA E WOl A 4 itk 1B R R
Zx
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A WS o]zl 7129 AEHE B, AT wyo
A7} APE L 9loH, o]F FoA 7|Ysk=
Z7)A ¥ (bone marrow mesenchymal stem cells,
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BMSCs) = A4 oM ofg] 2 - 244 Alxz 2342 <
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¥k AAE QD A A 9] Aol Al
i gle °V‘77PXI O]a 141011*1-4 B3t oigt A=
nEE AR08 53] AFe] 24 744 Z714 2 (human Bone
Marrow Mesenchymal Stem Cells, hBMSCs)dl th3al A1+
ceramicU] of| A1 €] b'Hot AT ol9le] 79 glE Ao B
AfM T A F5 1M E7IMEE TEA HS o] &5t
Zﬂﬂﬁ FEA A Vﬂlﬂ"ﬂ/ﬂ WA, SAEES] F3he} A3
et 7P AEs AXA ] 24 B 27 AEHF
golH A} STk olF 3 ME OE 24

ZH] AA AN hBMSCsE wiFatlom, T3t zbzte]
AA A & AE Br(1x10° cells/236 mm’) ¢ =& A
T UE(25x10° cells/236 mm’) & HEFALW ] FxHO
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1. hBMSCs2| 2Rt H{QF

I3A Ao 2 95ty FHMF(innominate bone) EFEE
18 W= Shols (™, 4-10M]) 25E F2M(consent form)
e T AEeA A8 AEHe 245 22T 1 g/L7L
o] 9l& Dulbecco’'s modified Eagle’s medium (DMEM-LG
Gibco BRL, Grand Island, NY, US.A.)d] H-FAHTE &

E% A4 Bg)7)o) 1500 rppm e 10827} Fo] A=aS H{EJ
& Phosphate buffered saline (PBS: 137 mM NaCl, 2.7 mM
KCl, 4.3 mM Na2HPO4-7H20, KH2PO4, pH 7.3)°.% 33]
M3, 10% B8 (fetal bovine serum), penicillin (100
U/mL, Gibco BRL)#} streptomycin (100 wg/mL, Gibco
BRL)°] ¥ DMEM-LG wlJdo] So|9E 75 cm® &4

>~

Il

=

Hof &7161 510709 AZFe) FER Y] 37C, 5% CO:
HjF7lol A s AlARTh 49 & Ffrehs AlEs v
w33 W, 0% 3Y 7HASR 257 g S ws)
W4 EMEY] 8 B YAb i gE AlEESiTh o)
39 7HA S 2 ikl wakete] ok §7] nidto] 7SR
0.25% trypsin-EDTA (Gibco BRL)E 37°C oA 587+ A&
dlo] MEZE Felale] A mMsitt?. £2) wigE hBM-
SCs9] ZRAMEZZ] B35S 91317] $8) Von Kossa F4)
3} Alkaline phosphatase (ALPase)?] SAEE =A3190H
2Fo2E Al X& AHeodZrt o]LE At} 6-Well
platesell A Z(3X 10" cells/well) & £538te] Z JA H& =2
(100 nM dexamethasone, 0.05 mM L-ascorbic acid-2-phos-
phate, 10 mM A-glycerophosphate)©] A71E & A wjx
2 2197 wikE & 10% formalin® 2 M| ¥EZS TAAF| L
108 7+ o] 3Lol|A] 2% silver nitrate solution (w/v)Z} Ht
SAATE olo] FRTE o] Wil HARFAS HFo] A3
¥ 714& 71A13 SIStk ALPased BT 24E 98 9
Al Z A AR RZ 7Y, 14Y, 2197 w3t Triton X-100
o2 Az ME £8]E2 p-nitrophenyl phosphate} HH-A]
A EZZ=2 7 (spectrophotometer, 405 nm)Z J Aol oJaf A
A€ p-nitrophenol®] TZEE =49

12

2. AF2E 12X} S18HE 1 hBMSCs2| ATXIRIA YLt

2Pk v odel] AREE AR} SEHE A4 A 8o €
g ey d Azl oa) AgE e, leCOhdes’Jr lac-
tide®] B & WE GeFS dolH A} A2 65/35 (glycolide
9} lactide®] &) poly-DL-glycolic-co-lactic acid (PLGA),
85/15 PLGA (HaE¥AE Mw =100,000-120,000) 2 poly-
L-lactic acid (PLLA)E chloroform®l =4 10% (w/v)S$
OF tHE T ke oekgo] Mk yEA £9E o83t
33k A Ao 7R FAE 300-500 wum 271¢] ammo-
nium bicarbonate YAFE H7I8ITh ol& YA FH9 H|
ZEEA FY T A citric acid HEIEGAo] FHES
B7F AEA W] 9 YAE BEATY IFA 4 Axs)
o 25 S E AASAY YEAE A4 10 um, 77 3 mm
o) YA3 YA B 71EA7)E 300-500 umo] T 90% )
s 7HAtHFig. 1), A4 Alzujeks 918 4T
100%., 90%. 70%, 10% L37&=E AXAE A2 sk phos-
phate buffered saline (PBS)3} vjoRjAE Aol & AZxH
IR} 3R] 24zt M2 T A ZUE(1X10°, 25X10° cells)
o] Mzgegd 100 pLE 578 T AF 60 mm7]9] v
Al A HiEE AlZERAEE 2A17F & 4 mL ¥ E 7Rl
orbital shaker (30 rpm)ZS o]&3fe] w7 A vjksla e
2 Z 34 WAE FFHA

3 ¥k 1599 tetracyclin 2 mg/mL

o
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Fig. 1. Scanning electron microscopic photograph of the PLGA used.

3. = gy Lrat

Zh <k Al71E R wj e A E-AA A 5§ (hBMSCs-scaf -
folds complex) & 10% =4 EE2%elo] 8A]7F o] 1A st
shepl o] § 5 um FAY A% AHE AFsigith H/E
S Aledste] AAA el o] Ax Rxet M35t 529
Az Ao 71434, FAERY 23E #EAT AXA
o Aol wWE AEO S B Ax] 714 S £A 5t
7] 915t H/E 94 AHL Image-pro plus® (Media cyber-
netics, MD, USA) 2 s XA ¢] £3] T AX ¢ A2
o] 7)) AA| ok vl &S St

AAA Well A hBMSCs®] S43+ & 34 wixe] d3< %
7¥et7] 9lsted 65/35 PLGAS] 1x10° cells/100 uL9] HZE
A&t widaisich. 3¢9, 59, 797 DMEMOZ ujgssie
9 39, 59, 7Y, 1097 = FAuAR F7b W gste] 10%
24 ¥2UY 2902 TR 44T el e H/E
A2 Feulgen HAE Ald)st & 4008 33 dn|gstelA zt+
A g Yool 95 Agale] 00625 mm’ WY F AE F
g 2gasi00] o2 534 Wy S4aR

Osteocalcin®l thet x4 3844 A4S o) 5 um F
79 gl AEHAE xylene A & GILE WAHCR
G4 AZOH 05% SASEEGAGIN eIy SusELE
A AL G4 goat serumCE 3087F A 2]E}Th Osteocal-
cinol ™3t YA}8HA|(Takara, Japan)E 3% bovine serum
albumin®] ZFH PBSE 345t 8AI7F F9F Ad2olA] whe-
AZ ¥ PBSZ 5¥7F 33 AlAHEA 5 ug/mL horseradish
peroxidase streptoavidin (BD Biosciences, USA)el| 30%7F
HR2AZTE 3 pg/mL horseradish peroxidase streptoavidin
IgG (BD Biosciences, USA)|A] 3087+ Wke-A17]7 DABS}

=

0.1 mm 20.0kv 1.01E2 3639/99 SE

hydrogen peroxideS ©]&3ted 24} & & Mayer's hema-
toxylin® 2 Z FAEte] osteocalcin®] &S Fat Hnj Ao
2 P

AAAN 8 F Axe] 72 Jxd FRAEEY] £3I%
g Aze] 71d P& AFE] S8kl FAF AAF #v] 7 (scan-
ning electron microscopy, HITACHI S-800, Japan)Z# F3}
ZAAF & 1) 7 (transmission electron microscopy, Philips CM-10,
Germany) < Attt T3 Ha dAv)7ds S8 4&8 A
5501 M PBS (PH 74)%% 9=49 2% glutaraldehyde$}
paraformaldehyde® 2 34 % 133% OsOiZ & IAS Al
gslith ¢FEE &4 T propylene oxideZ %3511 Epon
E3de) Zofst & Fuk AHS S0 yranyl acetate$} lead
citrate2 0% @3 & FIAAAN R AFTh FA
A dv7e 7, 85 5 isoamylactateE X|FAIAH oF 64]
7k Bol| YA HAZ(critical point dry) 3+ TR ion coater (Eiko
IB-33) & 0|83} 300 A FAZE F9E(gold coating) 3+ &
FAF Az drd o2 At F4Ee dwe #EE 9
3 w2t AHE 2% silver nitrate solution (W/V) 2 HH-A]
713 FHTE FFo] W F Von Kossa @4& Algstaich
E3 tetracyclin?t A9 2 S FF dAvHoE st
Aok AR g AFH B el AE-AAA EFAE
05N HCIE Mg & 94 2t em 43dE cresolph-
thalein complexone (Sigma, MD, USA)¥} 8HS-A]A 575 nm
dA FFEE SAGE BE AP 3W AgEAen 1
> Htd FEAAE JERSIY, ALPase S5 34 9
ME-AAA EFA ] 2484 A& A3} AE F2E& 54
Zg A3 A A Al BAA FA8S gHeekalat Kruskal-
Wallis testE AlsJ3tATh
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2 1 T, Wik 25 Al 75128 unit/g) 7P} B FAEE Yehplgl
1. hBMSCs2| Xt HHYD ZEMZE2| 35 &2l o Aoz A9 Wi 33 A F A MAE Ad 7
I ZAOZRY FEE 7 EVIHNEE YA wgEias o} A B2 A BT 7 E7] AlEed vjste] wS-
o, 3¢ F @ AEE FEo] uik FAY wige] Folde S SEE HSAtH(p=0.0188) (Fig. 2).
Aol HAEH 7d F o5 MNEZRE FAFH U2 A EE9]
FAEL) o]lES F A WIAR 21Y T £3 fi=S & 2. XIXIHM el =Ml 2 hBMSCse| 2 8M /T
Von Kossa @4 Alsisls o & 34 wixE A 45 AAA ] 2o w2 AE B x| 7]1- 9] RS v}
otk Walket 33t B4 HAY F Qo] FAEZY Fat 7] 918te] H/E 94 AHE Image-pro plus® &, 248 2
SRIFAY T g2l Afelizs & 4 WiAE A 3 FAIA frefdol AN (p=0.0066) 7Hd =71 AEE
2g Aok AP &2 AS BT A3st dAEA 4% F74 ulokell S W 65/35 PLGAOIA 7P WS Al 2 Alx 9|
T} ALPased] BT &4 A, 7Hd 71420 & A wiA 7140] AZEATHAA H3)9] <k 23%). PLGA 65/35, 85/15

A7 1579 &, APLase @A L7} 47794 unit/gE = A H) (¢ 21%) F =57 BT 228 L2704 PLLA (2H3%)d

Ag AelA e A%l 375 unit/gHTt oF 1300 Z7He9L vlste] B AES) v)Ho] AT 27) 2577 W% ¥ A}
ALPase activity 9 22 QAN H/E 98 4 thrie] AEs 53
10,000 F  mm Fibroblast without OS ok FASHL AL ofte] Ml 71d e BEE 5 Q)
9,000 | 3 Fibroblast with OS UA T FRA L2 F3l= SR WoktH(Fig. 3A). ¥l 45
8000 | ) MSCuithout 05 % ol&8 BE AXAUIN ATES 27 $HE A% W F
_7o00f MeeMmes B4 FARY) AEAS TN Yo ZRAL} FA P
g 6,000 < H3KFig. 3B). 63/35 PLGAS} 85/15 PLGAO|A £A38
< 5000 o 52M 2 (osteoid) o] FF o] I3l AES] 71470
£ 4,000 | 3 um ©|8} 2719] X33} Bho] Ao} itk 657k wjkst
= 3000 AL 1 i AEFE 223AAT AZ Fehe 43 sk A}
2,000 | B9l Bk B o) AES) 7183 P 435 2] B
1,000 F 2] Ath(Fig. 3C). 74 271 MEE 657+ vk $ Von Kossa
0 — = HA A E 65/35 PLGA (A $3]9] 11%) 9} 85/15 PLGA
1wk 2wk 3wk (9%)l HI3ke] PLLA (6%)el4 713 A ko] 43lst 22

Time o] teht PLLAGIA 2 @A4o] el 282 #3sgc

Fig. 2. On the 14th day of culture, highest alkaline phosphatase
activity was observed at 7512.8 unit/g. The experiment with fibrob- o] = &M o=
lasts showed low ALPase activity both with and without the addi- 3. 65/35 PLGAOIIM hBMSCs| 2 &Y RE

tion of an osteogenic supplement (OS). Feulgen 94 A, HZH AZE AAA WYl A 28

Fig. 3. Histologic findings of the cell-PLGA (65/35) complex (H-E staining, x200). (A) Most of the cells maintained their spindle shape
during the first 2 weeks of culture. (B) Cells were observed to contain abundant amounts of amphophilic cytoplasm and a small but defi-
nite nucleus. Amorphous osteoid, acidic in nature, was deposited and these calcific materials were dispersed throughout the ECM. (C)
After 6 weeks of culture, a large amounts of ECM and calcium deposit were observed.
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ACHFig. 6C). Tetracyclin labelingZd =} theksl 3

) . | 29
F 1206 (£1558) 02 oF 230 o)4e] A4S BBV 5 9 /Ish B B B3l HAHYOH (Fig. 7A) AA 249
AT F B4 WAL TFE olF AL S B3] ARl

Fig. 4). Osteocalcinol] th3at HeI %
A2 wf <k 22?’““ U AZO] MEHA EH e osteo-
calcin® WS HAOM(Fig. 5A), 459 65 Foll= tiF-&
o] M EZANA osteocalcin®] HHHNT MES] 7|FoME #
2= h(Fig. 5B, Table 1). FAF Azt dn|7olr AZ HE
29 % W5 At AAA x| FFEo] YA v 71
d E7)(cytoplasmic process)7} 14 7]3o2 AAE ]
Aes GASHFig. 6A). 277 vk Al Al F5 7 20
= e AxY 71AS Fulste] AXA xHd 3

100
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60

40

Number of cells/0.0625 mm?

0
2 H, F9o) utet AEY 7)ho] I8 FEHE o)L 3 5 7 10 12 14 17
M I BHIE 1 pum 37| olaty 19| A3lsl EHo] v Days
A2EE B tHFig. 6B). T3 A} dv|AolA AE nf Fig. 4. When stained with Feulgen, the cell counts on the 3rd and
O 9F ZTHE AT TR ATAL YTV RS ATA 7;h dgys were estimatefd to be 57 §T8.28:63)fa%d 129 f(i1i|.56),
L o o101 6 o] By e showing an increase of approximately 2.3 fold over four days.
7k sl Mf"_—uq chrel o] AR, AE After the cells were treated with osteogenic supplements, there
HAE A= EFE e Bk Axe 7123 3 ngd ohd was a distinct decrease in the number of cells, to levels inoculated.
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Fig. 5. Immunohistochemical staining for osteocalcin ( x 200). (A) Definitive presence of osteocalcin was found in parts of the cellular
cytoplasm on the 2nd week. After 6 weeks of culture, osteocalcin was detected in most of the cell's cytoplasm and diminutive amounts
were also found in the ECM. The intensity of osteocalcin expression within the ECM had increased.

Table 1. Osteocalcin expression within the cells and the extracellular matrix during the culture period. The different kinds of scaffolds
were used and the different initial cell-seeding densities affected the intra- and extracellular deposition of bone-specific osteocalcin.

Culture Period  1.0X10°cells 1.0X10°cells 1.0X10°cells 1.0X10°cells 1.0X10°cells 1.0X10°cells 25X 10°cells 2.5X 10° cells

(weeks) (65/35 PLGA) (65/35 PLGA)  (85/15PLGA) (85/15PLGA) (PLLA) (PLLA) (65/35 PLGA) (65/35 PLGA)
Cell ECM Cell ECM Cell ECM Cell ECM

2 + - + - + - +

4 + - + + + - + +

6 + + + + + + + +
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Fig. 6. Electron microscopic findings of culture. (A) Spindle shaped cells that were attached to the surface of the scaffold and long cyto-
plasmic process that extended toward an adjacent pore were observed after two days of culture. (B) After 2 weeks of culture, abundant
ECM had been secreted and deposited on the surface of the scaffold. Some regions of the ECM had in a reticular form with numerous
deposits of calcified material that were spherical in shape and under 1 micrometer in size, on its surface. (C) After 2 weeks of culture,
copious amounts of ECM was observed, ribosomes and golgi bodies were well developed, and numerous secretory granules were pre-
sent within the cells. From the extracellular point of view, irregular shapes of ECM and collagen bundles were found.

80.0 |

60.0

20.0

-

2 wk 4 wk 6 wk

Time e

Fig. 7. (A) The tetracycline labeling study confirmed calcific deposits after 15 days of culture. (B) These were apparent after 4th weeks of
culture.

AFA BAE Fotol 4F 5 N5t g2 JHo] F43] o #
S7HHE HolF3lti(p=0.0166) (Fig. 7B). M 22 7hsE 1 7] AEe T 249 &3 &
Ae ART 5 JE oA Bl € & glon 53] AL
4. 65/35 PLGAOIIM M= 20 ME 2 8Y R dle T2 ooME 7tg &7] Al EA7F BiEe] 9
27 AEAT Lol mE 2 Y= BEe] st 65/35 A4 PS5 xo AW, £ A7E AR 18R

PLGA® 1x10° cells/100 uL, 2.5x10° cells/100 pL 9 AE AAAWNA A 748 E7 N xS ZAE Bl 2 A3 5
£ 6577 vlFete] H/E 94 HHE Image-pro plus® #4]¢ I AFZA AXAE ol &3 AR wgS sl A, =
A3, Ax g AES 7148 34 Aee FARsTh 271 A AERE] F3hss DGR SRl = 24 34 T
e o wE 438k Ajol& Hlarslr] $15t Von Kossa 33} S Von Kossa FHOoZ A5tk a3k A
AABHE wl, A FE(1x10°) 9 MEHF A 25 FollE A4 T A 2> FHYEE UEPE ALPased] &/ &
33} B4 o] FaiehA HAEA GUoK(Fig. 8A) IF g4 WA A2 7 gl wig- =A R FAX E3y
E(25x10°) 9 MEHFS & 35 thket 37]19 43)3 52 o] F A wio R vl$ wEA FrHE AL L S A
o] AAHUH(Fig. 8B). 6F Fol& AFE P ALFk AEH om ol 149 Fol ST 7P woRA T AAt 2thdke
T Al frAke ol M3lst R3S Bth(Fig. 8C, 8D). Ao R Hol ALPase’t X33t 549 JAo UM &5+
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Fig. 8. Von Kossa staining to compare the effects of different cell-seeding densities on a 65/35 PLGA scaffold (low cell-seeding density:

A-2 weeks, C-6 weeks versus high cell-seeding density: B-2 weeks, D-6 weeks). Although a high cell-seeding density was found to be
effective for initial calcification, the calcium deposits reached the same level at both cell-seeding densities after 6 weeks of culture.

Hsd T SRIStEER AFte] 74 Z71MXE PLGA AAAWAA F

AT 2EA stES v JHE Thgo] 7heskal o Hak Ao 71AE AT g8kt Osteocalcin® & %
& A=At 37l }%J PO R Qlate] 53] A o] v wdAA i F P SRS B F hUEAM £
29 AL AT AXNAZA FEL wolgit) 1 o)t 1 Z1ell wh2} osteocalcin®] = 3¢ el AR AL = 9l
2F s A Aol Hojua ARt FRE 9] The] Agk whg F 2HA FA T o8] SolHow wddny,
golstn] AA UolA Fajdve S4S 7HAT A4 % osteocalcin & 17“4 Ag]st Al719F FEe] glom 7t
(hydrophobic) ¢] £42= QIa} A wjcke] oJHIY AZWH H 7MY ZAE B3t FAAEA o LHTh FHT AR
of wt tekst EHEAS 7 e, FHIde 1EA 7 27 AxE ‘:]*“*4-4 AFA AAA Y RGD HEfOIER
sheh=e] S WA AAAAN ] A EFZ S, 3 9 At wFats v 1.25(0H):DsE Algh 7-g-olvk
£ fEslEE Anrt 2uws o)FoXx Y. B AN osteocalcin®] L o] “ﬂf%lﬂ‘jrl ByE wp glogt? B ol
ARE wEA o ﬂim(gas forming/salt-leaching method) A9} 7ol VitD39] A A §lo]% dexamethasone©] EsHe
o olate] A2 PLGA AAA ] 744, AX #5F ol $ F Z YA AT E PLGA AAAUAA osteocalcino] HEE
Ab AR An) 73 okrﬁé-?—%kg] AEEo] AAAEH & T2 < FEHAT £ osteocalcin W2 YER BFEIHS 0
wof QIATL AZke] Ade] whah Al Ee] 7 FUHeRE Bl o ok wWieF 2 FHH Mgt F4 FF glo] wHaEe & §
AAA 7} 24 E7\M 2] 27] Bzt Fad Agst AAA 4 B Faol A T IIMEE SAEE 3RS
< IAE & AsiTh Es PLGA AXAUAM 2 A4 wiA] & AUATE F FEAY] A wWE A 71de A
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