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Evaluation and Comparison of In Vitro
Biocompatibility of Poly (Glycolic Acid) and

Poly (Lactide-Co-Glycolide Acid) on
Mature Spheroids of Tumorigenic and

Non-Tumorigenic Cell Lines

AABBSS  TTRRAACCTT  OObb  jjeecc  ttii  vvee::  The aim of this study was to eva lu a te and com pa re in vit ro bi o com pa ti bi lity and
poly(glyco lic acid) (PGA) and poly(lac ti de-co-glyco li de acid) (PLGA) on tu mo ri ge nic and non-tu mo ri ge -
nic ma tu re sphe ro ids. MMaa  ttee  rrii  aall  aanndd  MMeett  hhooddss::  This is an in vit ro ex pe ri men tal study. Tu mo ri ge nic (C6 gli -
o ma, SH-SY5Y, MDAH2774, MCF-7) and non-tu mo ri ge nic cells [CRL11372, pri mary os te ob lasts (MCPO)]
as well as the ir ma tu re sphe ro ids we re cul tu red alo ne as a con trol gro up as well as in combination with
PGA and PLGA. To tal cell num bers, bro mo de ox yu ri di ne la be ling in dex (BrDU-LI), apop to sis, morp ho logy,
and ul tras truc tu re we re eva lu a ted. RRee  ssuullttss::  PGA and PLGA sig ni fi cantly dec re a sed the number of SH-
SY5Y and C6 gli o ma cells; MDAH 2774 cells al so dec re a sed, but not sig ni fi cantly (p> 0.05). Low BrDU-
LI (p< 0.05) with a high le vel of apop to sis (p< 0.05) at C6 gli o ma and a high le vel of BrDU-LI (p< 0.05) with
a low le vel of apop to sis at MDAH2774 (p< 0.01) we re noted. The se bi o poly mers mostly dec re a sed the
num ber of CRL-11372 cells (p< 0.05), but in di ca ted an in cre a sed apop to sis (p< 0.01) and sig ni fi cant BrDU-
LI (p< 0.05). Bi o poly mers in du ced chro ma tin con den sa ti on (typi cal apop to tic ul tras truc tu re) and va cu o -
li za ti on pri ma rily at SH-SY5Y sphe ro ids but ra rely at MDAH-2774 sphe ro ids. This apop to tic ul tras tuc tu re
was most of ten ob ser ved at MCPO sphe ro ids. PLGA and PGA in du ced si mi lar BrDU-LI dec re a ses among
tu mo ri ge nic sphe ro ids (p< 0.05), alt ho ugh this dec re a se was gre a ter at MCF-7 (p< 0.05) in the PGA gro -
up. PGA pri ma rily dec re a sed BrDU-LI at CRL 11372 (p< 0.05), alt ho ugh the dec re a se was al most iden ti -
cal to that at MCPO for the two bi o poly mers (p< 0.05). A sig ni fi cant at tach ment af fi nity was de ter mi ned
at MDAH -2774 and C6 gli o ma sphe ro ids. CCoonncc  lluu  ssii  oonn::  This study de mons tra ted the bi o com pa ti bi lity of
PGA and PLGA at ma tu re sphe ro ids of tu mo ri ge nic and non-tu mo ri ge nic cell li nes, which chan ged ac-
cor ding to the cell type.

KKeeyy  WWoorrddss::  Polyg lyco lic acid; ma te ri als tes ting; sphe ro ids, cel lu lar

ÖÖZZEETT  AAmmaaçç::  Bu ça lış ma da, po li(gli ko lik asit) (PGA) ve po li(lak tid-ko-gli ko lid) (PLGA)’in tü mö ri je nik ve
non-tü mö ri je nik ma tür sfe ro id ler de bi yo u yum lu lu ğu nun de ğer len di ril me si ve kar şı laş tı rıl ma sı amaç lan -
dı. GGee  rreeçç  vvee  YYöönn  tteemm  lleerr::  Ça lış ma de ney sel ola rak plan lan dı. Tü mö ro je nik (C6 gli o ma, SH-SY5Y, MDAH
2774, MCF-7) ve non-tü mö ro je nik [CRL 11372, pri mer os te ob last (MCPO)] hüc re ler ve ol gun sfe ro id le ri
tek ba şı na ve bi yo po li mer ler ile bir lik te kül tü re edil di. Top lam hüc re sa yı sı, bro mo de ok si u ri din işa ret le -
me in dek si (BrDU-LI), apop to tik in deks, mor fo lo ji ve ul tras trük tür de ğer len di ril di. BBuull  gguu  llaarr:: PGA ve
PLGA’nın en faz la SH-SH5Y ve C6 gli o ma hüc re sa yı la rı nı azalt tı ğı ve MDAH 2774 hüc re sa yı la rı nı da -
ha az azalt tı ğı sap tan dı (p> 0.05). Dü şük BrDU-LI (p> 0.05) yük sek apop toz (p< 0.05) C6 gli o ma da ve yük -
sek BrDU-LI (p> 0.05) dü şük apop toz (p< 0.05) MDAH2774’de (p< 0.01) gö rül dü. Bu po li mer lerin hüc re
sa yı sı nı en faz la CRL-11372 (p> 0.05) de azalt tı ğı an cak apop to zu (p< 0.01) BrDU-LI (p> 0.05) ar tır dı ğı sap -
tan dı. Po li mer le rin kro ma tin bi ri ki mi ni (ti pik apop to tik in ce ya pı sı) ve va ku o li zas yo nu en faz la SH-SY5Y
sfe ro id le rin de ve na dir ola rak da MDAH-2774 sphe ro id le rin de oluş tur du ğu gö rül dü. Bu apop to tik in ce -
ya pı en faz la MCPO sfe ro id le rin de sap tan dı. PLGA ve PGA’ nın tü mö ri je nik sfe ro id ler ara sın da BrDU-
LI’de ben zer azal ma ya ne den ol du ğu (p> 0.05), an cak bu azal ma nın PGA’ da ki MCF-7’de da ha faz la ol du ğu
gö rül dü (p< 0.05). PGA’ nın BrDU-LI ’i en faz la CRL 11372’de (p> 0.05) azalt tı ğı an cak bu azal ma nın
MCPO’ de her iki po li mer için he men he men ay nı ol du ğu sap tan dı (p> 0.05). Yük sek tu tun ma eği li mi
MDAH -2774 ve C6 gli o ma sfe ro id le rin de gö rül dü. SSoo  nnuuçç::  Bu ça lış ma PGA ve PLGA’ nın tü mö ri je nik ve
non-tü mo ri je nik ma tür sfe ro id ler de bi yo u yum lu ol du ğu nu ve bu özel lik le ri nin hüc re ti pi ne gö re de ğiş ti -
ği ni gös ter miş tir.

AAnnaahh  ttaarr  KKee  llii  mmee  lleerr:: Po lig li ko lik asit; mal ze me le rin de nen me si; sferoidler, hücresel
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her mop las tic alip ha tic poly(es ters) such as
poly (glyco lic acid) (PGA) and poly(lac tic-
co-glyco lic acid) (PLGA) are two well-

known bi o deg ra dab le poly mers that play key ro les
in va ri o us phar ma ce u ti cal and bi o me di cal re se arch
and de ve lop men tal pro duct prog rams. The se bi o -
deg ra dab le poly mers hold gre at pro mi se for over-
co ming the chal len ge of li mi ted cell so ur ces for
tis su e re pa ir as scaf folds and su tu res as well as for
drug pe net ra ti on as mic ro o cap su les.1-4  

Pre vi o us re ports ha ve shown that mul ti cel lu -
lar tu mor sphe ro ids (MTS) rep re sent an in ter me di -
ary le vel bet we en mo no la yer gro wing cells and
tu mors in ani mals and hu mans. The sphe ro ids mo -
re clo sely mi mic the re al bi o lo gic en vi ron ment by
pro vi ding cell-to-cell ad he si on and sig na ling. Con-
se qu ently, sphe ro ids qu i te re a lis ti cally rep re sent the
re sults of the drug ef fects by inc lu ding li mi ta ti ons in
re gard to pe net ra ti on, dis tri bu ti on, and fe ed back
mec ha nisms in cell sig na ling. To da te, sphe ro id cul-
tu res ha ve be en the most ap prop ri a te in vit ro mo d-
els to study not only its short-term ef fects, but mo re
sig ni fi cantly its long-term ef fects.5-7

Sphe ro ids, par ti cu larly tho se de ri ved from 
li ver tis su es, ha ve be en ex ten si vely stu di ed for bi o -
com pa ti bi lity tests. Tu mor cells ex hi bit ex tra or di -
nary plas ti city and adapt to no xi o us sti mu li, thri ving
in un fa vo rab le en vi ron ments. The hall mark of can-
cer that pro mo tes en han ced adap ta ti on to en vi ron -
men tal chal len ges is a cons ti tu ti ve up-re gu la ti on of
the cel lu lar res pon se, which lead to an in cre a sed re-
sis tan ce to apop to sis.8-11 Ba sed on stu di es con duc ted
on rat li ver sphe ro ids by Ma et al.12 and Xu et al.13 as
well as stu di es on hu man gli o ma sphe ro ids by Kha -
i tan et al.,14 a num ber of bi oc he mi cal and func ti o -
nal dif fe ren ces ha ve be en ob ser ved, chan ging the
ti me-de pen dent man ners bet we en im ma tu re and
ma tu re sphe ro ids (e.g., glu co se con sump ti on, lac ta -
te pro duc ti on, mi toc hon dri a num ber, cell cycle sta-
tus). Ma tu re sphe ro ids’ cha rac te ris tics chan ge
ac cor ding to cell type ba sed on in cre a sed ti me. In-
cre a se of apop to tic and nec ro tic zo nes we re com-
mon. Pre vi o us stu di es furt her re ve a led that the
stab le cell-cell con tacts and his to lo gi cal en vi ron -
ment in ma tu re sphe ro ids per mit and sup port func-
ti o nal re co very and ma in te nan ce in vit ro.12-14

In the fi eld of bi o ma te ri al re se arch, a num ber
of stu di es ha ve exa mi ned the thre e-di men si o nal
co-cul tu re of bi o poly mers (e.g., PGA, PLA, or
PLGA) with he pa tocy te, NIH/3T3 fib rob lasts, and
os te ob last sphe ro ids. Ho we ver, only a few stu di es
ha ve in vol ved tu mo ri ge nic cell li nes (i.e., ne u rob -
las to ma and gli ob las to ma cell li nes).15-20 In the few
exis ting stu di es, sing le tu mo ri ge nic and/or non-tu -
mo ri ge nic cells we re co-cul tu red with the se bi o -
poly mers over the long term to de ter mi ne whet her
they we re ab le to form a sphe ro id or not.19,20 The -
se cells in fact for med sphe ro ids with the bi o poly -
mers and sub se qu ently con ti nu ed the co-cul tu re
pro cess over the long term. Sphe ro ids be ca me “ma-
tu re ” with the se bi o poly mers. 

In the pre sent study, ma tu re sphe ro ids we re
first for med by cul tu ring them for twel ve ad di ti o nal
days af ter the ir for ma ti on, then they we re in cu ba -
ted with a qu ick deg ra dab le PGA bi o poly mer and
slow deg ra dab le PLGA bi o poly mer. The aim of this
study was to evaluate and compare the in vit ro bi -
o com pa ti bi lity of PGA and PLGA in the ma tu re
sphe ro id, and to pro vi de da ta abo ut the ad van ta ges
and/or di sad van ta ges of using the se bi o poly mers in
the tre at ment of ol der pa ti ents and ol der can cer pa-
ti ents in or der to fill the gaps in tre at ment fa i lu res. 

MA TE RI AL AND MET HODS

This is an in vit ro ex pe ri men tal study. Tu mo ri ge nic
[rat gli o ma (C6 gli o ma; hu man bre ast ade no car ci -
no ma (MCF-7), ova ri an car ci no ma (MDAH 2774),
and ne u rob las to ma (SH-SY5Y)] and non-tu mo ri -
ge nic [hu man os te ob last cell li ne (CRL 11372) and
pri mary mo u se cal va ri al os te ob last] cells, as well as
the ir ma tu re sphe ro ids, we re cul tu red alo ne and
kept in di rect con tact with the bi o poly mers. Cell
num bers, cell cycle ki ne tics, apop to sis, morp ho -
logy, and ul tras truc tu re we re eva lu a ted.

MO NO LA YER CUL TU RE

Rat gli ob las to ma cell li ne (C6 gli o ma), hu man bre -
ast ade no car ci no ma cell li ne (MCF-7), hu man ova r-
i an car ci no ma cells (MDAH 2774), SHSY-5Y
hu man ne u rob las to ma cells and hu man os te ob last
cells (CRL 11372) we re supp li ed by ATCC (Rock -
vil le, MD, USA). In ad di ti on, with the ap pro val of
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the Is tan bul Uni ver sity, Ins ti tu te for Ex pe ri men tal
Me di cal Re se arch (DE TA E) Ani mal Ca re In ves ti ga -
ti on Com mit te e, mo u se cal va ri a pri mary os te ob lasts
we re used for the ex pe ri ment. All ani mal ex pe ri -
ments we re con duc ted by fol lo wing the prin cip les
of Gu i de for the Ca re and Use of the La bo ra tory An-
i mals. C6 gli o ma and mo u se cal va ri a pri mary os te -
ob lasts we re grown in a mo no la yer in Dul bec co’s
Mo di fi ed Eag le’s Me di um-F12 (DMEM-F12, Bi o lo -
gi cal In dus tri es, Is ra el). MDAH 2774 and SHSY-5Y
cells we re grown in a mo no la yer in RPMI-1640 me -
di um (Bi o lo gi cal In dus tri es, Is ra el) and in a mi ni -
mal es sen ti al me di um (MEM) (Bi o lo gi cal In dus tri es,
Is ra el). CRL 11372 cells we re grown in DMEM-F12
wit ho ut phe nol red with 2.5 mM L-glu ta mi ne and
0.3 mg/ml growth fac tor (G-418 sul fa te, A.G. Sci-
en ti fic Inc., Göt tin gen, Ger many). All me di a we re
supp le men ted with 10% he at-inac ti va ted fe tal bo vi -
ne se rum (FBS), 100 units/ml pe ni cil lin, and 100
μg/ml strep tomy cin (all from Sig ma Che mi cal Co.,
St Lo u is, MO, USA). Es tab lis hed cell li nes we re ro -
u ti nely pas sa ged two ti mes a we ek and the me dia
we re chan ged with fresh me dia. Pri mary os te ob las -
tic cells we re con trol led da ily, and me di a we re
chan ged with fresh me dia. Se mi conf lu ent cul tu res
we re used in all ex pe ri ments. Cells in se mi-conf lu -
ent flasks we re har ves ted by using 0.05% trypsin
(Sig ma Che mi cal Co., St Lo u is, Mis so u ri), cen tri fu -
ged af ter ad ding a me di um for trypsin inac ti va ti on
and then re-sus pen ded in a me di um. Cells with
100% vi ta lity we re se e ded on mic ros li des in 24-well
cul tu re pla tes con ta i ning 1 ml of the me di um at a
con cen tra ti on of 1x105 cells/well. Bi o deg ra dab le
poly mers fab ri ca ted as mic rof la ments from PGA
(Bi o me di cal Struc tu res, Sla ters vil le, RI, USA) and
PLGA (90:10, Bi o me di cal Struc tu res, Sla ters vil le,
RI, USA) we re used. Gro ups we re iden ti fi ed as con-
trol (n= 3), PGA (n= 3), or PLGA (n= 3). Thre e dif-
fe rent ex pe ri ments we re per for med to eva lu a te
va ri o us pa ra me ters. Cells we re in cu ba ted with poly-
mers as in the sur vi val stu di es for 96 ho urs.21

BRO MO DE OX YU RI DI NE LA BE LING IN DEX (BrDU-LI) FOR
MO NO LA YER CUL TU RE (IM MU NO HIS TOC HE MISTRY)

Af ter in cu ba ti on of cells with bi o poly mers, 20 μM
BrDU (Sig ma Che mi cal Co., St Lo u is, MO, USA)

was ad ded to the me di um. Mic ros li des we re in cu -
ba ted with this me di um for 60 mins at 37oC, rin sed
with PBS, in cu ba ted with 70% et ha nol, rin sed
with PBS, and on ce aga in in cu ba ted with 70% et -
ha nol. En do ge no us pe ro xi da se ac ti vity was qu enc -
hed using 0.5% of H2O2 in met ha nol for 15
mi nu tes. Sec ti ons we re tre a ted with 4 N HCl for
30 mi nu tes at 37oC to de na tu re the DNA. Next, a
nons pe ci fic bloc king re a gent (Ul tra-V-Block Lab
Vi si on Co., Wes ting ho u se, CA, USA) was used to
pre vent nons pe ci fic bin dings. Mo noc lo nal mo u se
an ti-BrdU (Lab Vi si on, Wes ting ho u se, CA, USA)
at a di lu ti on of 1:200 was used as the pri mary an-
ti body for one ho ur. Se con dary an ti bo di es we re al -
so used, inc lu ding bi o tiny la ted go at an ti-mo u se
(Lab Vi si on Co., Wes ting ho u se, CA, USA) for 30
mi nu tes, strep ta vi din pe ro xi da se for 20 mi nu tes,
and pe ro xi da se-com pa tib le chro mo gen (Lab Vi si -
on Co., Wes ting ho u se, CA, USA) for 20 mi nu tes
in an in cu ba ti on box at ro om tem pe ra tu re. Sec ti -
ons we re rin sed with wa ter and co un ters ta i ned in
Ma yer’s He ma toxy lin to en han ce nuc le ar sta i ning
for three mi nu tes. BrDU-la be led cells in S pha se
had a red sta i ned nuc le us. For ne ga ti ve con trols,
the co ver slips of the sa me gro ups we re pro ces sed
fol lo wing exactly the sa me steps ex cept for the pri-
mary an ti bo di es. The ex pe ri ment was per for med
in trip li ca te. Two blind ex pert his to lo gists eva lu a -
ted at le ast 3000 cells in mul tip le high po wer fi -
elds for BrDU la be ling in dex (the num ber of
po si ti vely sta i ned cells di vi ded by the co un ted to -
tal num ber of cells). Pho tog raphs we re ta ken using
a ca me ra at tac hed to a light mic ros co pe.21,22 

APOP TO SIS

One of the ma ni fes ta ti ons of apop to sis is the trans -
lo ca ti on of phosp ho tidy lse ri ne (PS) from the in ner
mem bra ne to the ou ter si de of the plas ma mem bra -
ne. The ex ter na li za ti on of PS was stu di ed using an
An ne xin V bin ding as say. Bri efly, thre e dif fe rent
gro ups (n= 3) we re was hed with PBS twi ce and re-
sus pen ded in a bin ding buf fer con ta i ning 0.01 M
HE PES, 0.14 mM NaCl, and 2.5 mM CaCl2. A cell
sus pen si on (1 x 105 cells in 100 μl) in the bin ding
buf fer was in cu ba ted with 5 μl of FITC-la be led An-
ne xin V (BD Phar Min gen, San Di e go, CA, USA) and
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vi tal dye pro pi di um io di de for 15 mi nu tes in the
dark at ro om tem pe ra tu re. Af ter in cu ba ti on, the flu-
o res cen ce of the cells for pro pi di um io di de (PI) and
An ne xin V were si mul ta ne o usly me a su red in a BD
FACS Ca li bur and analy zed using the ins tru ments’
ope ra ting soft wa re (Cell Qu est; BD Phar Min gen).
Da ta ac qu i si ti on and analy sis we re con duc ted using
the Cell Qu est and WinM DI prog rams.

SPHE RO ID CUL TU RE

An in vit ro mul ti cel lu lar sphe ro id mo del was es-
tab lis hed using the li qu id over lay tech ni qu e. Bri -
efly, on ce the mo no la yer cul tu res be ca me
conf lu ent, the cells we re trypsi ni zed; and sing le
cells with 100% vi ta lity we re cul tu red over 3%
Nob le agar-co a ted (Dif co, USA) in six-well cul tu re
pla tes (TPP, Swit zer land) con ta i ning 5 ml of the
spe ci fic me di um for cells at a con cen tra ti on of
1x106 cells/well. Sphe ro id for ma ti on man ner and
ti me va ri ed ac cor ding to cell type. Cells for med 40
to 60 sphe ro ids, with di a me ters ran ging from 120
to 300 μm in each well. Sphe ro ids that re ac hed di-
a me ters ran ging from 120 μm to 300 μm we re co-
cul tu red with PGA (Bi o me di cal Struc tu res,
Sla ters vil le, RI, USA) and PLGA (10% PLA and
90% PGA; Bi o me di cal Struc tu res, Sla ters vil le, RI,
USA) bi o deg ra dab le pol yes ters, over 3% Nob le
agar-co a ted in six-well cul tu re pla tes con ta i ning 5
ml of the me di um. Sphe ro ids we re ro u ti nely con-
trol led da ily and rin sed with fresh me di um to pre-
vent ag gre ga ti on; the ir me di a we re chan ged for
fresh me dia as well. Sphe ro ids from the thre e gro -
ups (n= 3) we re exa mi ned da ily and pho tog rap hed
to de ter mi ne whet her they at tac hed to pol yes ters.
Thre e dif fe rent ex pe ri ments we re con duc ted to
eva lu a te dif fe rent pa ra me ters. The al te ra ti ons of
sphe ro id morp ho logy and ul tras truc tu re we re ob-
ser ved un der the light mic ros co pe (LM) and the
trans mis si on elec tron mic ros co pe (TEM).21

BRO MO DE OX YU RI DI NE LA BE LING IN DEX (BrDU-LI) FOR
SPHE RO ID CUL TU RE (IM MU NO HIS TOC HE MISTRY)

Af ter in cu ba ti on of sphe ro ids with bi o poly mers, 20
μM BrDU (Sig ma Che mi cal Co., St Lo u is, MO,
USA) was ad ded to the me di um. Sphe ro ids we re
gently re mo ved from the sur fa ce of the so li di fi ed

agar, and the sec ti ons we re tre a ted with 0.1%
trypsin for an ti gen ret ri e val and in cu ba ted in 0.3%
H2O2. The sec ti ons we re then tre a ted with 4 N HCl
and in cu ba ted in 0.1 M Bo rax. Fol lo wing the was -
hings, a nons pe ci fic bloc king re a gent (Ul tra-V-
Block Lab Vi si on Co., Wes ting ho u se, CA, USA)
was used to pre vent nons pe ci fic bin ding. A mo no-
c lo nal mo u se an ti-BrdU an ti body (1:50; Lab Vi si -
on Co, Wes ting ho u se, CA, USA) ser ved as the
pri mary an ti body whi le bi o tiny la ted go at an ti-mo -
u se antibody (Lab Vi si on Co., Wes ting ho u se, CA,
USA) as a secondary antibody. Af ter was hing, pe r-
o xi da se-con ju ga ted strep ta vi din (Lab Vi si on Co.,
Wes ting ho u se, CA, USA) was app li ed and ami no -
ethyl car ba zo le was used as a chro mo gen. The sec-
ti ons we re co un ters ta i ned in Ma yer’s He ma toxy lin.
BrDU-la be led cells in S pha se had red sta i ned nuc -
lei. The ex pe ri ment was per for med in trip li ca te.
Two blind ex pert his to lo gists eva lu a ted ap pro xi -
ma tely 25 sphe ro ids on each sli de that had be en
iden ti fi ed for the cal cu la ti on of the BrDU la be ling
in dex (i.e., the num ber of BrDU po si ti vely sta i ned
cells di vi ded by the to tal co un ted cells). Me an cell
co unts im mu nos ta i ned with BrDU we re cal cu la ted.
For ne ga ti ve con trols, ad ja cent sec ti ons we re pro -
ces sed fol lo wing exactly the sa me steps, exc lu ding
the pri mary an ti bo di es.21,22

TRANS MIS SI ON ELEC TRON MIC ROS COPY 

Har ves ted sphe ro ids from thre e gro ups (n= 3) we -
re fi xed with 2.5% glu ta ral dehy de in a 0.1 M so di -
um ca cody la te buf fer (pH= 7.2-7.4) and post-fi xed
in 1% os mi um tet ra o xi de in a 0.1 M so di um ca-
cody la te buf fer for 1 ho ur at 4oC. Sphe ro ids we re
sub se qu ently in cu ba ted in 1% uranyl ace ta te for 1
ho ur at 4oC, dehy dra ted in a gra ded al co hol se ri es,
in cu ba ted in propy le ne oxi de for 30 mi nu tes, em-
bed ded in Epon 812 (Sig ma-Al drich, Ste in he im,
Ger many) and fi nally poly me ri zed at 70oC for 20
ho urs. Samp les we re cut on a mic ro to me (Le i ca MR
2145, He er brugg, Swit zer land); 70 nm thick sec ti -
ons we re mo un ted on cop per grids, sta i ned with
5% uranyl ace ta te, and co un ters ta i ned with Rey -
nolds’s le ad cit ra te. Sec ti ons we re exa mi ned using
a Je ol-Jem 1011 trans mis si on elec tron mic ros co -
pe.21,22
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STA TIS TI CAL ANALY SIS

Sta tis ti cal analy sis was per for med using Sig ma Stat
prog ram 12.0 (Ver si on 12.0; SPSS Inc., Chi ca go, IL,
USA). The sig ni fi can ce of dif fe ren ce was analy zed
using the stu dent t-test. All da ta are pre sen ted as
me an±stan dard er ror me an (SEM). Re sults are the
me an of the thre e dif fe rent ex pe ri ments. A p va lu -
e of less than 0.05 was con si de red sig ni fi cant.

RE SULTS

CELL PRO LI FE RA TI ON

The ef fects of the PGA and PLGA bi o poly mers on
a mo no la yer cul tu re of tu mo ri ge nic and non-tu mo -
ri ge nic cell li nes from hu man, mo u se, and rat sam-
p les for 96 ho urs we re eva lu a ted (Fi gu re 1). The
con trol gro up of all cell li nes exer ted he althy
growth for the 96 ho urs of in cu ba ti on ti me. In
com pa ri son to the con trol gro up, both PGA and its
co poly mer PLGA ac ted si mi larly, slightly re du cing
the num ber of cells of rat gli ob las to ma C6 gli o ma
and hu man bre ast ade no car ci no ma MCF-7 for 72
ho urs as well as tho se of hu man ova ri an car ci no ma
MDAH 2774 and hu man ne u rob las to ma SH-SY5Y
for 96 ho urs. At 96th ho ur, the PGA ef fects on the
num ber of C6 gli o ma cells were not dif fe rent from
the con trol gro up, in which the per cen ta ge of in-
cre a se was 104% (p> 0.05), alt ho ugh PLGA slightly
in cre a sed the num ber of cells by 12% (p> 0.05). At
96th ho ur, PGA (107%; p> 0.05) and PLGA (114 %;
p> 0.05) slightly in cre a sed the ra ti o of MCF-7 cells.
In com pa ri son to the con trol gro up, both PGA and
PLGA ac ted si mi larly to re du ce the num ber of hu -
man os te ob last (CRL 11372) cells for all ti me in ter -
vals and for mo u se cal va ri a pri mary os te ob lasts for
48 ho urs. No sig ni fi cant dif fe ren ce emer ged bet -
we en the num ber of cells in the con trol gro up and
the PLGA-in cu ba ted gro up for the mo u se cal va ri a
pri mary os te ob lasts (3%; p> 0.05) on the 96th ho ur
(Fi gu re 1). PGA and PLGA in du ced a sig ni fi cant
dec re a se in the num ber of SH-SH5Y cells; this de-
c re a se was smaller than ot her tu mo ri ge nic gro ups
at MDAH-2774. Two bi o poly mers led to a sig ni fi -
cant dec re a se in the num ber of CRL11372 cells.
PGA and PLGA we re mo re bi o com pa tib le with
MDAH-2774 cells among the tu mo ri ge nic cell li -

nes and mo u se cal va ri a pri mary os te ob lasts among
the non-tu mo ri ge nic cell li nes.

BRO MO DE OX YU RI DI NE LA BE LING IN DEX (BrDU-LI) FOR
MO NO LA YER CUL TU RE 

This sec ti on dis cus ses BrDU re sults of the mo no la -
yer cul tu re of tu mo ri ge nic and non-tu mo ri ge nic
cell li nes from hu man, rat, and mo u se with or wit -
ho ut PGA and PLGA at 24 and 96 ho urs (Fi gu res 2
and 3). Cells con ta i ning nuc le i with at le ast fi ve
red gra ins we re con si de red as BrDU-LI-la be led
cells (Fi gu re 2). As shown in the con trol gro ups of
all cell li nes, many of the cells’ nuc le i we re po si ti -
ve for BrDU; this num ber re du ced over ti me du e to
the en han ced po pu la ti on of cells con su ming the
sa me nut ri ti o nal po ol with BrDU-LI va lu es. Slight
re duc ti ons of BrDU-LI we re ob ser ved for both
PGA and PLGA, alt ho ugh PGA re du ced mo re than
PLGA. Sig ni fi cant ver sus slight dec re a ses at BrDU-
LI we re de ter mi ned at SH-SY5Y and MDAH-2774
cell li nes among tu mo ri ge nic cells. Me anw hi le, a
sig ni fi cant dec re a se was fo und in the pri mary mo -
u se cal va ri a os te ob lasts (MCPO) cell li ne among
non-tu mo ri ge nic cells. In com pa ri son to the con-
trol gro up, the se re duc ti ons we re not sta tis ti cally
sig ni fi cant for all ti me in ter vals (p> 0.05) (Fi gu re
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FI GU RE 1: Al te ra ti ons of mo no la yer cul tu res of tu mo ri ge nic and non-tu mo -
ri ge nic cell li nes in cu ba ted with PGA and PLGA for 96 ho urs. Cells we re ini-
ti ally pla ted at a se e ding den sity of 5x105 cells per well. Sig ni fi cant as well as
subt le dec re a ses in the num ber of cells oc cur red at SH-SH5Y and MDAH-
2774 cell li nes among tu mo ri ge nic cells. On the ot her hand, sig ni fi cant dec -
re a ses in num ber of cells oc cur red at the CRL11372 cell li ne among
non-tu mo ri ge nic cells. Re sults are rep re sen ted as me an ± stan dard er ror me -
an (SEM) using the me an of the thre e ex pe ri ments. 
MCPO: Mo u se cal va ri a pri mary os te ob lasts.



3). Thus, PGA and PLGA se e med to be mo re bi o -
com pa tib le with MDAH-2774 cells among tu mo -
ri ge nic cell li nes, and in con trast to cell num ber
re sults, the sa me was tru e in mo u se cal va ri a pri-
mary os te ob lasts among non-tu mo ri ge nic cell li -
nes.

BRO MO DE OX YU RI DI NE LA BE LING IN DEX (BrDU-LI) FOR
SPHE RO ID CUL TU RE 

Twenty-fi ve sphe ro ids from all ex pe ri men tal gro -
ups (inc lu ding the con trol gro up) we re eva lu a ted
for 96 ho urs. Cells con ta i ning nuc le i with at le ast
fi ve red gra ins we re con si de red as BrDU-LI-la be -
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FIGURE 2: Bromodeoxyuridine labeling index (BrDU-LI) micrographs of monolayer cultured C6 glioma, MCF-7, and MDAH2774 cell lines. Positive BrDU-LI rep-

resents cells in the S-phase of the cell cycle, determined by the red staining due to the use of AEC chromogen. Cells at the micrograph attached to biopolymers

entered the S-phase of the cell cycle; consequently, biopolymers did not negatively affect BrDU-LI. Control, PGA, and PLGA groups are represented by num-

bers 1, 2, and 3, respectively. A. C6 glioma (Original magnification for Control x 40, PGA and PLGA x 100) B. MCF-7 (Original magnification for Control x 40,

PGA x 100 and PLGA x 40) C. MDAH 2774 (Original magnification for Control x 40, PGA x 40 and PLGA x 40). 



led cells (Fi gu re 3). The BrDU-LI va lu es of C6 gli -
o ma, MCF-7, MDAH 2774, and SH-SY5Y we re
24%, 19.2%, 26.5%, and 24% respectively for con-
trol, 20.02%, 16.14%, 23.06%, and 20.3% respec-
tively for PGA, and 22.1%, 17.3%, 25.38%, and
21.68% respectively for PLGA. Both PGA and
PLGA re du ced the S-pha se frac ti ons when com pa -
red to the con trol gro up; ho we ver, the se re duc ti -
ons we re not sta tis ti cally sig ni fi cant (p> 0.05). The
re duc ti on ra tes we re al most the sa me among the
tu mo ri ge nic gro ups for PLGA; only the re duc ti on
ra tes in MCF-7 we re lo wer for PGA (p< 0.05). 

The PGA re duc ti on ra tes we re gre a ter than
tho se of PLGA. Li ke tu mo ri ge nic cell li nes, PGA
and PLGA re du ced BrDU-LI va lu es from 14.1% to
9.52% and 11.54%, res pec ti vely for CRL 11372 and
from 11.2% to 8.02% and 8.55% for mo u se cal va ri -
a pri mary os te ob lasts. PGA re duc ti on ra tes we re
gre a ter than tho se of PLGA at the CRL 11372 cell li -
ne, but the se re duc ti on ra tes we re al most the sa me
at the pri mary mo u se cal va ri a os te ob lasts (MCPO).
The se re duc ti ons we re not sta tis ti cally sig ni fi cant
(p> 0.05) (Fi gu re 4). Thus, PGA and PLGA se e med
to be bi o com pa tib le with tu mo ri ge nic sphe ro ids,

whe re as PLGA se e med mo re bi o com pa tib le than
PGA with non-tu mo ri ge nic sphe ro ids.

CELL MORP HO LOGY WITH LIGHT MIC ROS COPY 

A light mic ros co pic (LM) exa mi na ti on of the mo -
no la yer cul tu re re ve a led that many cells from both
tu mo ri ge nic and non-tu mo ri ge nic gro ups in cu ba -
ted with PGA and PLGA poly mer fi bers ex hi bi ted
cha rac te ris tics of the ir spe ci fic morp ho logy, just li -
ke the con trol gro up (Fi gu res 2 and 5). C6 gli o ma
had a typi cal spind le sha pe with a cen trally lo ca ted
nuc le us. Many cells were po si ti vely sta i ned for the
mo u se mo noc lo nal BrDU an ti body, at tac hed to
poly mer fi bers and pro li fe ra ted (Fi gu re 2A); me an-
w hi le, so me at tac hed to poly mers we akly or did
not at tach, but con ti nu ed to pro li fe ra te. Li ke wi se,
C6 gli o ma cells MCF-7 (Fi gu re 2B), MDAH 2774
(Fi gu re 2C), SH-SY5Y, hu man os te ob last cells (da -
ta not shown), and mo u se cal va ri a pri mary os te ob -
lasts ex hi bi ted nor mal morp ho logy and cell-poly-
mer at tach ment du ring ac ti ve DNA synthe sis. 

SPHE RO ID MORP HO LOGY WITH LIGHT MIC ROS COPY 

The manner and time of sphe ro id for ma ti on va ri ed
ac cor ding to cell type; cell-bi o poly mer at tach ment
ti me and ra te al so va ri ed from cell to cell. The at-
tach ment af fi nity of tu mo ri ge nic and non-tu mo ri -
ge nic cell-de ri ved sphe ro ids to PLGA se e med to be
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FI GU RE 3: Bromodeoxyuridine labeling index (BrDU-LI) results of the mono-
layer cultured tumorigenic and non-tumorigenic cell lines incubated with PGA
and PLGA for 96 hours. Cells were initially plated at a seeding density of
1x105 cells per well. BrDU-LI was calculated by evaluating at least 3000 cell
sections in multiple well-labeled high power fields; the result was formulated
as the number of positively stained cells divided by the total number of cells
counted. Significant and subtle decreases in BrDU-LI were determined at SH-
SY5Y and MDAH-2774 cell lines among tumorigenic cells. On the other hand,
a significant decrease occurred at the mouse calvaria primary osteoblasts
(MCPO) cell line among non-tumorigenic cells. Results are represented as
mean ± SEM. Results use the mean of the three experiments. 
MCPO: Mo u se cal va ri a pri mary os te ob lasts.

FI GU RE 4: Bromodeoxyuridine labeling index (BrDU-LI) results of the sphe-
roid culture of tumorigenic and non-tumorigenic cell lines with or without PGA
and PLGA at 96th hour. Cells were initially plated at a seeding density of 1 x
106 cells per well. Approximately 25 spheroids on each slide were used for
the calculation of the BrDU-LI, which was formulated as the number of posi-
tively stained cells divided by the total number cells. Mean counts of cells im-
munostained by BrDU were also calculated. Results are represented as mean
± SEM using the mean of the three experiments.  
MCPO: Mouse calvaria primary osteoblasts.



gre a ter than to PGA. The at tach ment of MDAH
2774 sphe ro ids to PGA poly mer fi bers se e med we -
a ker than C6 gli o ma sphe ro ids (Fi gu re 5A). Over
ti me, the se sphe ro ids at tac hed to fi bers mo re
strongly than be fo re and lost the ir cha rac te ris tic
sha pes wit hin the sur ro un ding fi bers, fil ling the
gaps bet we en poly mers li ke a tis su e cons ti tu ti on
(Fi gu res 5B and 5C). The at tach ment of SH-SY5Y,
MCF-7, and os te ob last sphe ro ids to PGA in cre a sed
du ring pro lon ged in cu ba ti on. Thus, PLGA se e med
to be mo re bi o com pa tib le to all types of sphe ro ids
than PGA.

APOP TO SIS

Dif fe rent le vels of apop to sis in du ced by the two bi -
o poly mers we re eva lu a ted (Fi gu re 6). The or der of
cell li nes, from high apop to tic in dex to low, was
mo u se cal va ri a pri mary os te ob lasts, CRL-11372,
SH-SY5Y, C6 gli o ma, MCF-7, and MDAH2774 for
PGA at 24th and 96th ho urs. In com pa ri son to the
con trol gro up, the in cre a ses in apop to sis we re sta-
tis ti cally sig ni fi cant for gro ups of SH-SY5Y (p<
0.01), CRL11372 (p< 0.01), and mo u se cal va ri a pri-
mary os te ob lasts (p< 0.05) for PGA at 24 and 96 ho -
urs. For PLGA, the or der was mo u se cal va ri a
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FIGURE 5: Micrographs of tumorigenic (C6 glioma, SH-SY5Y) and non-tumorigenic (primary mouse calvaria osteoblasts) spheroids incubated with PGA and
PLGA. Spheroids attached to fibers, lost their characteristic shapes while surrounding the fibers, and filled the gaps between polymers like a tissue constitution.
Control, PGA, and PLGA groups of all cell lines are represented by numbers 1, 2, and 3, respectively. A. C6 glioma at day 7 (Original magnification for Control
x 100, PGA x 40 and PLGA x 100) B. SH-SY5Y at day 1 (Original magnification for Control, PGA and PLGA x 40) C. Mouse calvaria primary osteoblasts (MCPO)
at day 3 (Original magnification for Control x 100, PGA and PLGA x 40). Cells were initially plated at a seeding density of 1x106 cells per well.



pri mary os te ob lasts,CRL-11372, SHSH-5Y, C6 gli -
o ma, MCF-7, and MDAH2774 at 24th ho ur and mo -
u se cal va ri a pri mary os te ob lasts,CRL-11372, C6
gli o ma, SH-SY5Y, MCF-7, and MDAH2774 at 96th

ho ur. In com pa ri son to the con trol gro up, the in-
cre a ses in apop to sis we re sta tis ti cally sig ni fi cant in
MCF-7, SH-SY5Y, and CRL11372 gro ups (p< 0.05)
for PLGA at 24 and 96 ho urs. The gre a test in cre a -
se in apop to sis for PGA and PLGA was SHSY-5Y
and CRL11372 whi le the lo west apop to tic ra te was
at MDAH-2774. PGA and PLGA we re mo re bi o -
com pa tib le with MDAH-2774 cells among tu mo -
ri ge nic cell li nes and mo u se cal va ri a pri mary
os te ob lasts among non-tu mo ri ge nic cell li nes.

SPHE RO ID UL TRAS TRUC TU RE WITH 
TRANS MIS SI ON ELEC TRON MIC ROS COPY (TEM)

We dis cri mi na ted among ul tras truc tu ral dif fe ren -
ces bet we en the con trol gro up and in cu ba ted bi o -
poly mer fi bers gro ups using trans mis si on elec tron
mic ros copy (TEM) (Fi gu re 7). Ma tu re sphe ro ids
we re eva lu a ted to de ter mi ne the ir do mi nant cell
sha pe and growth pat tern. 

TU MO RI GE NIC SPHE RO IDS

SH-SY5Y Ne u rob las to ma

The con trol gro up sho wed nor mal morp ho logy, as
evi dent in the fi ne-tex tu red nuc le ar chro ma tin, de-

fi ned oval he te roc hro ma tic nuc le i, in tact nuc le ar
mem bra ne, pro por ti o nal or ga nel les dis tri bu ted in
the cytop lasm, tu bu lar struc tu red mi toc hon dri a,
in tact cytop las mic mem bra ne, and many mic ro vil -
li be ing in con tact with ot her cells. PGA and PLGA
in cu ba ted sphe ro ids sho wed chro ma tin con den sa -
ti on typi cal of apop to tic cells and va cu o li za ti on.
Ho we ver, sphe ro ids in cu ba ted with PGA sho wed
this ap pe a ran ce mo re of ten than tho se that we re
PLGA in cu ba ted. So me sphe ro ids in both gro ups
we re ob ser ved to at tach to the poly mers we akly
and we re unab le to ta ke the sha pe of bi o poly mers’
sur fa ce to cons ti tu te a la yer-li ke tis su e.

C6 Gli o ma

The con trol gro up of C6 gli o ma ex hi bi ted nor mal
morp ho logy, cha rac te ri zed by fi ne-tex tu red ovo id
nuc le ar chro ma tin, he te roc hro ma tic nuc le i, in tact
nuc le us mem bra ne, a cytop lasm rich in sec re tory
ma te ri als, in tact cytop las mic mem bra ne and mic -
ro vil lus. Mi to tic ac ti vity was al so ob ser ved (Fi gu re
7A). It was com monly no ted that no mar ked mor-
p ho lo gi cal dif fe ren ce oc cur red bet we en con trol
sphe ro ids and sphe ro ids in cu ba ted with PGA and
PLGA. The in cre a se of va cu o les was no te worthy
for bi o poly mer-in cu ba ted gro ups, in which the
apop to tic ap pe a ran ce was ob ser ved. The num ber of
va cu o les as well as the apop to tic ap pe a ran ce we re
ob ser ved mo re of ten in PLGA-in cu ba ted sphe ro -
ids. In ad di ti on, so me sphe ro ids in both gro ups at-
tac hed to the poly mers we akly and we re unab le to
ta ke the sha pe of bi o poly mers’ sur fa ce to cons ti tu -
te a la yer li ke tis su e (Fi gu res 7B and 7C). 

MCF-7

Nor mal morp ho logy was evi dent in the MCF-7
con trol gro up, as cha rac te ri zed by a fi ne tex tu re of
nuc le ar chro ma tin, in tact nuc le us mem bra ne, a cy-
top lasm rich in sec re tory ma te ri als, pro por ti o nal
or ga nel les dis tri bu ted in the cytop lasm, in tact cy-
top las mic mem bra ne, and mic ro vil lus. It was com-
monly no ted that no mar ked morp ho lo gi cal
dif fe ren ce oc cur red bet we en con trol sphe ro ids and
sphe ro ids in cu ba ted with PGA and PLGA. The in-
cre a se of va cu o les was no te worthy for bi o poly -
mer-in cu ba ted gro ups whi le the apop to tic
ap pe a ran ce was ra rely ob ser ved. The num ber of va -
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FI GU RE 6: The effects of polymers on apoptotic cell percentage of mono-
layer cultured tumorigenic and non-tumorigenic cell lines. This was discrimi-
nated by flow cytometric data obtained using Annexin V-FITC and PI double
staining. The percentage of apoptotic cells is plotted (%). Significant and in-
significant apoptotic indices were determined at SHSY-5Y and MDAH-2774
cell lines among tumorigenic cells, respectively. On the other hand, a signif-
icant apoptotic index was defined at the CRL11372 cell line among non-tu-
morigenic cells. Results are represented as mean ± SEM using the mean of
the three experiments. 
MCPO: Mouse calvaria primary osteoblasts.



cu o les and apop to tic ap pe a ran ce we re al most the
sa me for both PGA- and PLGA-in cu ba ted sphe ro -
ids. Sphe ro ids in both gro ups at tac hed to the poly-
mers, to ok the sha pe of bi o poly mers’ sur fa ce, and
cons ti tu ted a la yer li ke tis su e. 

MDAH-2774

Nor mal morp ho logy cha rac te ri zed by the fi ne tex-
tu re of nuc le ar chro ma tin, in tact nuc le us mem bra -
ne, a cytop lasm rich in sec re tory ma te ri als,
pro por ti o nal or ga nel les dis tri bu ted in the cytop -
lasm, tu bu lar struc tu red mi toc hon dri a, in tact cyto-
p las mic mem bra ne, and mic ro vil lus was ob ser ved
in the MDAH-2774 con trol gro up. It was com-
monly no ted that mar ked morp ho lo gi cal dif fe ren -
ce oc cur red bet we en con trol sphe ro ids and
sphe ro ids in cu ba ted with PGA and PLGA. The in-
cre a se of va cu o les was no te worthy for bi o poly -
mer-in cu ba ted gro ups, whi le the apop to tic
ap pe a ran ce was only very ra rely ob ser ved. The
num ber of va cu o les and apop to tic ap pe a ran ce we -
re al most the sa me for both PGA- and PLGA-in cu -
ba ted sphe ro ids. Sphe ro ids in both gro ups at tac hed
to the poly mers, to ok sha pe from the bi o poly mers’
sur fa ce, and cons ti tu ted a la yer-li ke tis su e. 

NON-TU MO RI GE NIC SPHE RO IDS

Ul tras truc tu ral stu di es of mo u se cal va ri a pri mary
os te ob lasts and CRL-11372 in di ca ted that con trol
gro ups had a nor mal ul tras truc tu ral ap pe a ran ce,
na mely, a fi ne tex tu re of ovo id nuc le ar chro ma tin,
he te roc hro ma tic nuc le i, in tact nuc le us mem bra ne,
an in tact cytop las mic mem bra ne, and mic ro vil lus
(Fi gu re 8A). In par ti cu lar, PGA- and PLGA-in cu -
ba ted sphe ro ids from two cell li nes sho wed chro-
ma tin con den sa ti on typi cal of apop to tic cells and
va cu o li za ti on (Fi gu res 8B and 8C). Ho we ver, PGA-
in cu ba ted os te ob lasts’ sphe ro ids of ten ex hi bi ted
this morp ho logy (Fi gu re 8C). Among the se two
types of os te ob lasts, sphe ro ids of mo u se cal va ri a
pri mary os te ob lasts sho wed a mar ked apop to tic ap-
pe a ran ce and va cu o li za ti on in both PGA and PLGA
gro ups. So me sphe ro ids-es pe ci ally in the PGA gro -
ups-com monly at tac hed to the poly mers we akly
and we re unab le to ta ke the sha pe of bi o poly mers’
sur fa ce to cons ti tu te a la yer-li ke tis su e.
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FI GU RE 7: Trans mis si on elec tron mic rog raphs of C6 gli o ma sphe ro ids. A.
Con trol gro up (Ori gi nal mag ni fi ca ti on x 5000) B. PLGA gro up (Ori gi nal mag-
ni fi ca ti on x 6000) C. PGA gro up (Ori gi nal mag ni fi ca ti on x 5000) n: nuc le us,
v: va cu o le, mi: mi toc hon dri a, mv: mic ro vil lus, (*): bi o poly mer sur fa ce, one ar -
row (↑↑): at tach ment of sphe ro ids to bi o poly mers. Un li ke PGA gro ups, va cu -
o li za ti on in PLGA gro ups was ra rely ob ser ved. Sphe ro ids of all gro ups
at tac hed to bi o poly mers; at the at tach ment po ints, they lost the ir oval sha pe,
to ok the sha pe of bi o poly mers’ sur fa ce, be ca me flat, and cons ti tu ted a la yer-
li ke tis su e.  



Ta ken to get her, ac cor ding to ul tras truc tu ral
eva lu a ti on, PGA and PLGA se e med to be mo re bi -
o com pa tib le with MDAH-2774 than ot her tu mo -
ri ge nic sphe ro ids. Me anw hi le, they we re less
bi o com pa tib le with SH-SY5Y sphe ro ids and mo u -

se cal va ri a pri mary os te ob last sphe ro ids. The deg -
re e of bi o com pa ti lity was gre a ter for PLGA than
for PGA in all sphe ro ids.

DIS CUS SI ON
We co-cul tu red PGA and PLGA with fo ur tu mo ri -
ge nic (gli o ma, ne u rob las to ma, bre ast car ci no ma,
ova ri an car ci no ma) and two non-tu mo ri ge nic cells
as well as the ir ma tu re sphe ro ids. The most re sis -
tant cell li nes and the ir sphe ro ids we re de ter mi ned
to be hu man ova ri an car ci no ma MDAH-2774 and
hu man os te ob last CRL-11372 for both PGA and
PLGA. The most sen si ti ve cell li nes we re hu man
ne u rob las to ma SH-SH5Y and mo u se cal va ri a pri-
mary os te ob last for the se bi o poly mers. PLGA was
fo und to be mo re bi o com pa tib le than PGA for all
cell li nes and the ir sphe ro ids. 

In this study, we used se ve ral comp le men tary
met hods, such as An ne xin-V-FITC/PI and TEM
for the apop to tic in dex. Such ap pro ac hes exp la i -
ned chan ges in the num ber of cells and BrDU-LI.
BrDU-LI by im mu no his toc he mistry only ga ve in-
for ma ti on abo ut cells du ring the S-pha se. The de-
c re a sed num ber of cells co uld be du e to ar rests in
the cell cycle at G0+G1 or G2+M. The ef fect of
the se bi o poly mers on the cell cycle sho uld be tes -
ted using flow cyto met ric PI sta i ning. Se ve ral mo-
le cu lar pa ra me ters re la ted to apop to tic
mec ha nisms (e.g., cas pa ses) sho uld al so be tes ted
to pro vi de in sights in to the un derl ying mec ha -
nisms of the ef fects of the se bi o poly mers. The se
re com men da ti ons can be de fi ned as li mi ta ti ons in
the cur rent study, however our ma te ri al and met -
hods we re con ve ni ent for exp la i ning our hypot -
he sis and tes ting the be ha vi or of ma tu re sphe ro ids
with PGA and PLGA.

Many stu di es aim to in ves ti ga te synthe tic bi o -
poly mers’ bi o com pa ti bi lity by co-cul tu ring sing le
cells with the se bi o poly mers over the long term to
de ter mi ne whet her they are ab le to form sphe ro id
or not. For examp le, Ric cal ton-Banks et al.21 co-
cul tu red rat he pa tocy tes with pri mary rat he pa tic
stel la te cells on a bi o deg ra dab le poly (DL-lac tic
acid) subs tra tum. They fo und that the se co-cul tu -
re con di ti ons en co u ra ged ra pid self-or ga ni za ti on of
thre e-di men si o nal sphe ro ids that ex hi bi ted he pa -
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FI GU RE 8: Trans mis si on elec tron mic rog raphs of hu man os te ob last
CRL11372 sphe ro ids. A. Con trol gro up (Ori gi nal mag ni fi ca ti on x 12k) B.
PLGA gro up (Ori gi nal mag ni fi ca ti on x5000) C. PGA gro up (Ori gi nal mag ni fi -
ca ti on x 7500) n: nuc le us, v: va cu o le, mi: mi toc hon dri a, mv: mic ro vil lus, (*):
bi o poly mer sur fa ce, one ar row (↑↑): at tach ment of sphe ro ids to bi o poly mers.
Un li ke PGA gro ups, va cu o li za ti on in PLGA gro ups was ra rely ob ser ved.
Sphe ro ids of all gro ups at tac hed to bi o poly mers; at the at tach ment po ints,
they lost the ir oval sha pe, to ok the sha pe of bi o poly mers’ sur fa ce, be ca me
flat, and cons ti tu ted a la yer li ke tis su e.  



tocy te-spe ci fic func ti o na lity (CYP-450 ac ti vity and
al bu min sec re ti on) af ter al most two months in a
sta tic cul tu re. Anot her examp le is Bar ra let et al.,22

who in ves ti ga ted the be ha vi or of pri mary hu man
bi li ary epit he li al cells (hBECs) on PGA and poly-
cap ro lac to ne (PCL)-sta bi li zed PGA fi ber mesh scaf-
folds. They fo und that cells for med sphe ro i dal
ag gre ga tes whi le con ti nu ing to pro li fe ra te in the
long term and ex pres sing phe noty pic sta bi lity at
PCL-sta bi li zed PGA fi ber mesh scaf folds. In both
of the se stu di es, cells for med sphe ro ids with the se
bi o poly mers whi le the co-cul tu re pro cess con ti nu -
ed over the long term. Sphe ro ids be ca me “ma tu re”
with the se bi o poly mers. In the cur rent study, ma-
tu re sphe ro ids we re first for med and then in cu ba -
ted with PGA and PLGA. The dif fe ren ce was the
man ner of adap ta ti on.

The con nec ti on of tu mo ri ge nic cells with bi o -
poly mers is com monly used in the era of che mot -
he rapy to con trol the re le a se of drugs for lo cal
de li very. Con trol led re le a se uti li zes deg ra dab le or
non-deg ra dab le poly mers as car ri ers of che mot he -
rapy; poly mer imp lants or mic ro par tic les are imp -
lan ted lo cally to in tro du ce a sus ta i ned so ur ce of
drug for pe ri ods of days or months.23 They are al so
used af ter sur gery as scaf folds, prost he ses, and
shunts.1-4 Af ter re sec ting tu mors rem nants, a sing -
le cell le vel can be left. Alt ho ugh fil ling pro ces ses
using the se bi o poly mers is do ne af ter che mot he -
rapy, un de si rab le tu mor re cur ren ce can exist. Fil l-
ing ma te ri als ma de up of the se bi o poly mers can
pro vi de a nic he for this re cur ren ce. Thus, tu mo ri -
ge nic cell li nes we re al so cho sen in ad di ti on to non-
tu mo ri ge nic cell li nes in the pre sent study. A few
pre vi o us stu di es ha ve exa mi ned tu mo ri ge nic cells’
bi o com pa ti bi lity, but no ne we re con duc ted at the
ma tu re sphe ro id le vel.

In the pre sent study, sig ni fi cant chan ges in
the num ber of cells we re ob ser ved af ter 48th ho ur.
The com pa ri son of the re sis tan ce of tu mo ri ge nic
cell li nes ran ked them in the or der of MDAH
2774, MCF-7, SH-SY5Y and C6 gli o ma. Non-tu -
mo ri ge nic cell li nes se e med mo re sen si ti ve than
tu mo ri ge nic cells; when com pa red among them-
sel ves, mo u se cal va ri a pri mary os te ob lasts se e med
to be mo re re sis tant to chan ges in the en vi ron -

ment. The se da ta are in ac cor dan ce with BrDU-LI
re sults. S-pha se cells increased in C6 gli o ma, MCF-
7, and MDAH 2774. In con trast to the re sults re la -
ted to the num ber of cells, BrDU-LI of hu man
os te ob last was hig her than mo u se cal va ri a pri mary
os te ob lasts. In ad di ti on, the re sults re la ted to the
apop to tic in dex we re con sis tent with BrDU-LI re-
sults. In this re vi ew, PLGA’s apop to tic in dex was
lo wer than PGA’s for 96 ho urs of in cu ba ti on for
all gro ups. In con trast to BrDU-LI re sults, a high
apop to tic in dex was se en in the PGA gro up of mo -
u se cal va ri a pri mary os te ob lasts. A high apop to tic
in dex was se en in the PGA gro up of SH-SY5Y cells
whe re as a low apop to tic in dex was se en in the
PGA gro up of MDAH 2774 among tu mo ri ge nic
cell li nes. High BrDU-LI and low apop to tic in dex
can be the re a son for sig ni fi cant to le ra bi lity of
MDAH 2774 cells to the se bi o poly mers.   

The ma in te nan ce of im ma tu re or ma tu re sphe-
ro id sha pes me ans strong cell-to-cell ad he si ons and
re gu lar sphe ro id func ti on.24 In the pre sent study,
alt ho ugh we used bi o poly mers, sphe ro ids de ri ved
from C6 gli o ma, SH-SY5Y ne u rob las to ma, and os-
te ob lasts lost the ir spe ci fic sha pes, sur ro un ded the
fi bers, and fil led the gaps bet we en poly mers. This
pro cess se e med to be si mi lar to that of tis su e cons -
ti tu ti on and can be in ter pre ted as a dec re a se in cell-
to-cell at tach ment wit hin the sphe ro id. Ins te ad of
for ming in de pen dent ag gre ga te or sphe ro id and/or
spre a ding aro und the me di um, they cho se to at tach
to bi o deg ra dab le poly mers. The in va ding man ners
of C6 gli o ma, SH-SY5Y ne u rob las to ma, and os te -
ob last sphe ro ids were al so no te worthy. If there was
only one PGA or PLGA poly mer fi ber was in the
me di um, the sphe ro ids to ok fi bers in si de li ke pha -
gocy to sis and ar ran ged them in an or der li ke poly -
so mes wit ho ut lo sing the ir sha pes. If two PGA or
PLGA poly mers we re in the me di um, they lost the -
ir spe ci fic sha pe, in va ded thro ugh poly mers, and
fil led the gaps bet we en poly mers. In ac cor dan ce
with the se syner gis tic morp ho lo gic re sults, subt le
dec re a ses in the ra ti o of S-pha se tu mo ri ge nic and
non-tu mo ri ge nic sphe ro ids co-cul tu red with poly-
mers streng the ned this syner gism. 

The re duc ti on ra tes of BrDU-LI in sphe ro ids
we re al most the sa me among tu mo ri ge nic gro ups
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for PLGA; only the re duc ti on ra tes of MCF-7 we re
lo wer than ot hers at PGA. The re duc ti on ra tes of
PGA we re mo re than PLGA in the CRL 11372 cell
li ne, but the re duc ti on ra tes for both bi o poly mers
we re al most sa me in MCPO. Ho we ver, the re sults
of BrDU-LI pro vi ded from mo no la yer cul tu res re-
ve a led dif fe ren ces among tu mo ri ge nic cell li nes
and among non-tu mo ri ge nic cell li nes. Ma tu re
sphe ro ids se e med to be mo re re sis tant to the ef fects
of bi o poly mers than a sing le cell.  

The ul tras truc tu re of sphe ro ids with bi o poly -
mers was si mi lar to the con trol gro up ex cept for the
pre sen ce of in cre a sed va cu o les and ra rely se en
apop to tic evi den ce-anot her re sult that streng thens
this syner gism. The va cu o li za ti on oc cur red mo re
of ten in PGA-in cu ba ted sphe ro ids. All sphe ro ids
cho se to at tach to bi o poly mers rat her than to form
clus ters with each ot her. Alt ho ugh ma tu re sphe ro -
ids pos ses sed hu ge nec ro tic and apop to tic zo nes as
a re sult of the ir age, the ir af fi nity to bi o poly mers
se e med to be si mi lar to the af fi nity of yo ung sphe-
ro ids.

Can cer cells are trans for med cells that chal len -
ged apop to sis to sur vi ve.9 When they are com pa -
red to non-tu mo ri ge nic cell li nes, the ir res pon se to
aci di fi ca ti on va ri es with the ori gin and type of cell
li ne. Pre vi o us stu di es de mons tra ted that PGA and
PLGA deg ra ded pri ma rily thro ugh the simp le hy-
droly sis of es ter bond in to aci dic mo no mers, which
can be re mo ved from the body vi a nor mal me ta bo -
lic path ways. Hydrop ho bi city and mo le cu lar we -
ight both af fect deg ra da ti on. The deg ra da ti on of a
block co-poly mer PLGA is af fec ted by the ra ti o of
hydrop hi lic PGA to hydrop ho bic poly lac tic acid
(PLA).25 Sung et al.26 con duc ted a com pa ra ti ve
study of qu ickly (PLGA, 50:50) ver sus slowly deg -
ra ding (poly ε-cap ro lac to ne, PCL) poly mers, in di -
ca ting that qu ick deg ra da ti on ne ga ti vely af fected
cell vi a bi lity and mig ra ti on of scaf fol ding both in
vi vo and in vit ro. They exp la i ned this ef fect ba sed
on the sig ni fi cant aci di fi ca ti on of the lo cal en vi -
ron ment du e to poly mer deg ra da ti on. Kork maz et
al.27 furt her sho wed that, among the tes ted poly-
mers on mo no la yer cul tu red cells and thre e-
di men si o nal sphe ro ids, PLGA was mo re bi o com -

pa tib le than PGA. Con sis tent with the se stu di es,
PLGA per for med best with res pect to cell at tach -
ment, in va si ve be ha vi or, and ac ti ve mi to tic ac ti vity
in the pre sent study. 

Com pa red to PLGA, the adap ta ti on of cells and
sphe ro ids to PGA se e med to ta ke mo re ti me; the ir
adap ta ti on ra ti o al so in cre a sed in a ti me-de pen dent
man ner. Sen si ti vity to PGA be ca me cle ar at the C6
gli o ma and os te ob last cell li nes. Di To ro et al.28 de -
mons tra ted that the ini ti al ad he si on of os te ob lasts
on imp lant sur fa ces re qu i red the con tri bu ti on of
in teg rins, ac ting as a pri mary mec ha nism re gu la -
ting cell-ex tra cel lu lar mat rix (ECM) in te rac ti ons.
They ob ser ved that ad he si on of os te ob lasts to PLA-
PGA co poly mers two ho urs af ter pla ting was re du -
ced by ap pro xi ma tely 70% by an ti bo di es ca pab le of
bloc king in teg rin be ta(1) and alp ha(5)be ta(1) com-
p le xes but by only 30% by an an ti-in teg rin alp ha(v)
an ti body. The re fo re, the aut hors sug ges ted that be -
ta(1) in teg rins may rep re sent a pre do mi nant ad he -
si on re cep tor sub fa mily uti li zed by os te ob lasts to
ad he re to PLA-PGA co poly mers. Si mi lar to this
study, the cross talk of in teg rins and PLGA can be
the re sult of high bi o com pa ti bi lity of both tu mo ri -
ge nic and non-tu mo ri ge nic cell li nes to PLGA. 

CONC LU SI ON
In conc lu si on, the pre sent study pro vi des a de ta i -
led cha rac te ri za ti on of the in vit ro bi o com pa ti bi -
lity of PGA and PLGA on ma tu re sphe ro ids of
tu mo ri ge nic and non-tu mo ri ge nic cell li nes. PGA
and PLGA we re bi o com pa tib le with the se ma tu re
tis su e-li ke struc tu res, alt ho ugh PLGA was mo re
com pa tib le than PGA. The cha rac te ri za ti on of
cell-bi o poly mer in te rac ti ons and re sis tan ce le vels
at the in cre a sing age of mul ti cel lu lar sphe ro ids can
pro vi de da ta for op ti mi zing the use of the se bi o -
poly mers and the ir risks in the tre at ment of ol der
pa ti ents and ol der can cer pa ti ents. Thus, the se re-
sults may shed light on neg lec ted re a sons for tre -
at ment fa i lu res.
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