(293 — ole) b 9 falw alxo gy Yo
1PV sl o o lads Akl

Wb S0l s gl (was plod yatiiods 91,590/ (i8N g WIS (b (0 3 9a0lS Canm 518

ol
Sl pai pms oo (PH.D . Lilao agdl *Ph.D. 6L e oyboousdl ol gugen M.SC. Lo 0 5 1,05
"Ph.D.

S 3y owdige 05,5 ¢ cwdige g (b 0. ¢ ylpasl oy )

Oledeol o Il ()9l Cuny 09,5 ¢ Jolw pole Claiog 55 50 (IR dloa (5)9ld Canyj 0aSiing}y <)y, oKy -V
oyl
o'

elahe.masaeli@royaninstitute.org 5 m.ebrahimian@eng.ui.ac.ir : Jstue sdiwy s g oSl oy #

YWAVIANY i pdy 2, YWWAVIEN Y el jo 7,6

onS

ok slo o > e a5 S slitass G315 L el jselSyl slaie s el 5 b gy cal 5 e
L85 8 Az gl 0550 (s Gl

lgesl gl 5l eolatul b ol (6 puSeluil oy 55uelS 3L (S iUl Colan g cwgas] (e anlol jo aias aisle Pl 6,54y,
oo plos Jedl 5 (Splie cullad (salgiige 5 0l Sl GELTL At dos b crlie Cols a5 (S

S yslgigasl (65001555 o MTS (55051 (SEM) sy (59 5501 o5sg S bawgs i iy ol (55 ol by o0l sl Sk
L85 B e 95

Sz BB lieeds Sajaeels (oSl Calan (558 4 35 o938l b oS ol (i (i Culae a5l b rgls

4,0 PELYEVIYE o QUAEYIAL 5 oles aygly GialS 4y join joods 40 31,5630 S35 0o )0 O (0938 izmen il oo )33
dhr 53, aske o sl oL MAP2 SiLii |y S sligiper] (5500155, 5 SEM Sy S skt Sl 55 555
Wilazdly pled a4l gl Jolo 4 digy Coylo

Sl Cg (mlio Judly 5 815 o0 0 1595V plS b (s sl G lo a5 ol lid egh cnl gl 1g S Az
055V nlS (y emas pled (plais Gl ol sla sk (31,5 ¢ 28l cwaige gualS (19

IPAY b o o led A Al (B3 — oode) b § Jabo dlowo YrA


mailto:m.ebrahimian@eng.ui.ac.ir

Oan 9 Sl 0 15n)

e 3904y 815G/ gV gl b (0 HguelsT Cawy sl

ey S rocky (5SSl pon o sl (5 yocly Slge
Al SSY L asle goumin fgian L
b g PLGA) sl SUSLE SasY L «(PLA)
cole s 2hb ke PCL)  (g5Ys 6
Ple g cq Lol il ad; Sy vac glacan)ls
S e ok slacenls Gl (s 5 (plioed (S5
Sl (V) Sl (65908 5 Camn)l i) )3 p90 252 4
Slge a8 wloasde (nl p 353 )15 50 (Wl
3 RS SloediiS n b odd Cogl (s ey (SujgalS
St S Ghle g SSe el il elde
Sl iz onl o yls Al glajerdy 4 o
ey S Ol (3150959l (b S jeelS il
olid odel Cavoas bt oS solaiwl Cdl wdige
5 ) Pl ey (BT L eSS 5l o &S 0
5 Sl ol Lol S oo i 1) 395 s pdyanl b
Oeizas oo QI GIS sezg Jdsa o sulas
Ol 59, oad cas PCL2 (gla Joboo w0y 5 (S
anils SRl Al ol b aalie ) 5 CajerelSsil
g lug, lwg 488 Oigo gadlae o (A) cul
6ol glaslos 45 el onis ooy Lis 5 il Kon
b Gl e sy, (SAYYAND plis L
Shiginl ples 093 Sl aenST81ST Sy S
(Odontoblastic)  _csdgssesl 5 (Osteoblastic)

Q) il sals L
bug ad)S plxl Gl o &Sl 4 axg b
Slacanls 005 p (G (G259 B dns
pled oy p yskaeas PCL/Graphene ;5.5
saalie (DPSCS) lais b sols slo Jolus (suas
S Giogh (nl 55 5850 Bas & (opw) (el o
L PCL/Graphene slacew,ls lanl .cé 5 13 L

5 Sopd a5l g oad ol 35 Sy calitte sy

rra

FUREN
5 Sl oo slaylSel, gl eslinul L ojg
5 b sllan)ls i) ol jo ele slacd iy
OlFse gl 5l as aleass b S8sS egtas
Sddge 05 osliiul (gras sloisy (Nl Glerea
5 Jobs obml @ culid ©)900 (cuae S8L (pwaige
Ca)ld Sy gy b obmly (Joke L8, e ol
o (e Pls s Sy reebs b seghans
DB aiej o3l aline Celior Cenyls ol (s g
b asb oo Extracellular Matrix (ECM) Jslo
ST Solex G o el ples g 0 (Jlast 5l wlgn
(Gl e (Gl wl ol
Syge Ply> ez 5l clie L2aS plSoetul 5 (oL,
(VL)) aasl o JT o) gmas oyl SO gl 5l
wonys 5l sl S5 aY S (Graphene) 818
IRy eeiVlgsS s oo b (gshl> g0 a5 ol
oz 5l 60,8 pazie Gla Sy sl G35 Wiles S
S adlbee Yol Sl s (S cole
4 bled 9 YU gless cobld asile (81,5 055 (ole>
slodsbe (oras nled Wlg oo « S Slagnily n i
Lidy dgup 1) (omae sl ole 85 g 0l g solo
@ iz Voo f Jlo jo 318 iS5l e (0-Y)
aox I as wsslon G815 lao )5 g (elo> (ow)
5o osliinl 4l oo o] 42 g5 9590 () slao S
SF55950 )10 gl (LBl cwiige o)l cSl
Orzed 3,8 o)Ll gl g 05 le, slapiew
BB sosn slaggesl jo GILS A5 eal ()18
au¥ YU (SO Sl colas ey g 009 (Job Coon
(F) ail oo cnas Sl gwdige 1 owlin

Jeloar crae S8L i o)l (b o
3leslaiwl icuas Cdl 4y o dy SGop Sl ol

1FAY 3ub F osled A Wl o Sgh — oode) S8l g Johw dlxo



ObLKen 9 S o185

e JoM0d (815 oIl g Y9 gl (b (0 HeuelT sl

o) o (b = (S0 8 0152 (s

XRD olfis lawgs balic Syl axsl il gsS!
e 55 el UNISANTIS XMD-300 Jos
N by ol g FOKV olfiws 5y ol s

bt HEle asis cye s obal sl L
ssbiecpay ol eoliiwl FTIR el balas
S Fe e etM-1zge Job ooguxe o FTIR 2l
Thermo- 8,4 ziw cib oKiiws bawgs adiges als
b ags el jeas csle 1S10 Jaw Science
moslail ows 3 b lo Saigd 5 o)y ekaied
2955 55 5 Slge oty Cle eled gl 5
oS 0 ool it S ¥ oaze bl ok b oyl!
545 csle DFK23UBI8 Juo owyss 4 e
ot IRl g 0skad Sl gyl nSe CblB L o]
Slr 2l oskd lad aygly yge3T 05 0)k8 (ulod ey
Gl 28,5 alnil Gilises abai a5 baiges | Sy 2
oBiws 5 slabais jloz by 5l (So S Colae (o)
009y ool 5o b eolaiwl IS el a8 csle Keithly
gy oo 03t Bl lo o Cuaglin

3 e i Gl 1 i U o I (g5l 05Lof
Boyb maw soslail 4 lacan)ls ol da Jolo coiS
) el VoOaedy wind oty ails YT Jolo oS
O 288 18 onl ks oy Ve Iy 040
V shls (PBS) slawd 3L Joloo [0 adds A Do
A3 (Grmlogty il eabo ) Sgm T 20
S T lsaly 4 byl ey S Ly A
b oo (auitnnd 4o ¥ o3l G 50 ools Ll
Lo b 5y ailed SO Sy lacewls PBS Jylos
(HighGlucose DMEM)  _oiidlie Jsgore ciS
G35 iz s 20y0 Ve g Sism il wo )0 ) (gl

Glp 5l 090 dlge adsTax8 5 18 ,55LsSl o (FBS)

1FAY el F osled A Wl (g — oode) 8l § Jokw dlome

DPSCs sla Jols (prws -0l ol daseie olowds
oo Wl coae pled oyl 9 diad ools et oyl (g9,
Sloslainl ol g sl (nl (55, Co)ls Lawgs
85 B oy 050 o cnl & DPSC sl sl
slodsls plo & Cund Jolul quytws »opdle &5
057 e Jeke laos; 4 ples Cobl ool
g axdls 1) glazmals g Slgzinl (oras o 2)7 (B9 rad
03lo i 093 5l (6508 Wi 3, 9 2l el rizen
YT I W Cowddy ol coles ;0 .00 4) S|
sl cyz 31,5 Dlpdeil (oYL Jwilsy cacms lis
sty 5o ehot ok slodshe o gras ples

by 9 dlgo

lasl PCL/IGraphene co jamolipili slid colw
ph e 65 Pl 53 (Ohal s g HELT6 pos
aoys o0 bl b (oW Merck) (DMF) ol
plom j0 el VY Soeas g ool eusSTy (W/V)
dol> )l Gammilimge b 35 13 Sogul
PCL/NAN0  _uj5lS slie colo jolaieay ol
Aevor JsSdse 039 L PCL ol, (Graphene
D> 0 a0 Vo (W) cdale L (LT Sigma)
L O3S ol slapgmibiwgn g w2 J> DMF
¥ ooeay PCL Jole ;o aoye O bV S35 days
ol o Wgd o el b owsal 00y oo cels
Akd L Gelis glagis 09,0 logel slaslne
S (o8 Lo glos 53 g Wad (65 LB e by
lodiges (P 5l i polie z9> lp ol
Vo o sles 10 35 sl 0 59y il Sy Doy
JrsS 09,8 olsied wad Sas o 5 il as o
i g alie (b, 4 el PCL ol

Yéo



Oan 9 Sl 0 15n)

e 3904y 815G/ gV gl b (0 HguelsT Cawy sl

Syl b M ls o wlfiws jo laaiges
Electron (SE) Secondary) agl (slayg xSl
S50 2leS)n b oy SorSl g5y Soe gl
25 gy 5l D) Mo eoils wah as Ll
oBiws aliwsgay alBs N+ Soedy s (sSws S
laJoho (oolid Cou) (o) 2 Sz o plnil IS 4Y
3 shhiecnay Wgd CuilS mhaw 55, sk Wb la
YV sl aoye Ve Jeli oo cends el
Slindyjo s mowsd  wps ol wepe
Slawd 5,0 @O 5 (NaZHPO4)
5w i eolatwl adds Ve cuway (NaH2POA4)
by slocbile jloslitul b 5ol Oldee e
ad plil (oyo Ver g A Qe CA (Ve F0) gl

Do S laore sled jo lediges g

DPSC slo Jfolw wac juloi

ooetdlpe cutS Lo o Jobo S8l G 59, P L O
Lo s 5 3550 o515 4 ok o7 Jbej
NB + 1% ) ac plo laome b copiilpe coisS
(Pen/Strep + 1% NEAA + 1% L-Glu + 1% ITS
(Olpl «SSem by, DFGF (100 ng/ml) 5>
shh a) la,giS 59, & CdS 5 o 8L Lages
FGF8b 5 (ulp! «SSsm by, (100ng/ml)
Lz 4y 59, F Soeay 5 (oleT Sigma) (10ng/ml)
clS lase 5l cews pled 0,90 b aial adlsl g ples
0,99 STl ey ol (gn LSS g, 4w 52 o Jsle
Sz weye Fadalle Bl b ladske nles 0j9, VY

ey gl 55011 5 o S

Jate ldJsle awa DNA 4 a5 (;lJT Sigma)

\£A

B (6,3 eSSl ei8 Gibco eS L

DPSCs slo folw cois
A oolitul endilie Jyere cotS lame 1 Jolo

S9y Jokw 0+ v+ Gl lacansls 8,5 byl 51

Al eSS wls VY Gy b o Q.,.M_;)b).ma.lam

bcw o 59) ool Sdplio colled (o 0

(MTS assay)
Lol 5355 (3o 5 Selstio Callsd oy 1 ssbiieny
oSy el MTS euS 5l Gl slacan,ls (59,
Jelee a5 &0 pl 4 .ol solatul (S ,0l) Promega
st (PMS) cldsugie 05L8 j9a> 0 MTS
FAr oogamme jo ,8L Slawsd Jole jo a5 WS o oy
©i> S egisdsiSinl oflws Liwg legl 000 b
P MTS fse3l jslaie (ol &y 09 g 0ailes ()] (5598
gy )5 ploel Joho ciS 5l G Vg B lags,
b giind al> o Sy 5l o5 Sl ©)900n0 plox]
Lo (sl MTS Jglows ol yane; o Jsbo sise PBS
el F U Y Goed NF e 4 L5 s
6o i Zale jo s S 18 55l a0 ikl
sk 55 15¥1 oSs Lawgs la Jol (55, MTS gloxs

A o\.\.”‘j_'} )...aj.wl.s fa. Ty

CEM) (g (95 295w p500
Shledske )18 5 (oulid CSu; (owyn jshitens

OB S e ) s (odug) (F95S DgSg S
SEM, VEGA, TESCAN, Czech ) 3, cs3,sle

18,18 5 ey 4 jeboas o eolawl (Republic

1FAY 3ub F osled A Wl o Sgh — oode) S8l g Johw dlxo



ObLKen 9 S o185

e JoM0d (815 oIl g Y9 gl (b (0 HeuelT sl

sl GLLIEFTIR b (o)
vaeis Gl FTIR e el 5l gagh cpl jo
roeh 9 LS gL ol bl o iiSen
e ab 5 sba
oo olael o atls Sy aw Gl SV S
oL o gy as il oo YA o YAPO VY cm-1
oiles )l g "CH2 glawign S oles )l 092 g oouo

Cawloads oolazwl

Gloaige 4 baye gl o Sy 4w (nl A
Error! ) osgi e oo 5o 31,57 565Ye 8 L
&> »lpls (Reference source not found.
Sy sllad g pale ey slad b o Syl
youds A5 Soelpdy g gad 0dyd 31 TGl (gol>

el asls (S5 iiSem 31,5 LPCL

A s
| 5
A % f‘
Jw A N o
COVISRSSRESINGESSRE L { Tl S0 SR | ... O
-~ - -
s jopas
B
: 2 . e atiee
N W V‘.\L N b '|"

@i sla cils (B (oS0l axal 1y lagSI (A Y S
0dd (6,8 LB S e salus FTIR

L jgeols slolid twgt] lino oy 10

gs’l.wgdq] Slime A-Y S8 e, ls cole 5l

1FAY 300 o osled A wl> ((Ang % — ods) B § Jolw Ao

@obBl 5l s sk sl Sl plsieds ol
Microtubule-associated protein2 2) MAP2 «J,l
pled polais! Silis) lgeas (0! Chemicon)
ook Cons 5l G jsbate nl 4ol oolial coae
VX e b adsl ool (T L 5, ald ) Saeay
Doty e 9 28,5 15 o5 tle 4z o ¥ gles o
Goat anti mouse ) 44l gob ST L cels S
a>,0 YV sk o (IgG-FITC, 1:600, Millipore
el Sy aled o w18 5leSil o o5 il

8,5 sl lae (gloo jo ad 80 Vo Doy alun

ool LT
5 oolaiul b asols ol b (gylel oy y jslaieas
S I e R
30,5 90 5l i sloools anslie (glp w0 F
byl 506 One-Way ANOVA ()Ll el

Al esliiul weype W gyl g maw jo (a8,hS,
g.,é)f loL?u‘ SPSS )‘)S‘ Y )1 oolaiwl L ‘_g)La] ,.Il.,T

U sblic W) axdl ol a5 (owyp

gl
Al s bwgi sujseels slalie (ol b
IS o ol b as 85 138 dalllas 550 (Sl axil
Sgds o 0dplice S job 4y .cewl ol ooly ylas A-)
8 g ST YVAY (315 sloamio asls S oS
ol oas lalae o 815 ssje il L oas ol
RO A - U =R RGN PSS G £ RSO PRy P Lo
Oolite laaoys b oSy gblis gy osS
Goysk isle blae a5 el ol sasasylid 81 54l

a3l alice

Yey



Oan 9 Sl 0 15n)

e 3904y 815G/ gV gl b (0 HguelsT Cawy sl

gl slolis (K i cold (o) 5o
Sl culae 6, ol mls C-Y S
L GBS peba wasee glas | dilize glacen)ls
s balie (Sl calow pordy o (15w A8
2 el (S Sl cglan e ol azily iyl
ol 55 (V) 4 g, Seslail 6=G.L /A alal, Ll
Sye L ScmM-1 s 5 Lbls, Gyee O ala,
Colio By A M cas p 09,55 g0 o alold
Mie Gyxe G g OM2 v py Lid o6 ghaio
©) oy e p Lie (S Caglie usSaa
b datin @i 4 4y L ods el o ol
ox sk Slelllas (gl PCL-BYG it dow o

PCL 1%%G

ol agly g mSelasl olfiws 5l solawl b Ly v
olas B-Y U jo o eols lis bl ol ow)
bowo)ls pl mhw b ol led saugly as wisls
R s NAYHC A AL SN I
ESY5 S Ll 5 G 2o ys ¥ 555Y3 415 L 135
NFYAENY - QAYAEYAZ L ol 818 soj0 O
ol 4wl e 4z PYLYEYYE o £AYYET/PY
2 OBSP Olee RIBI LIS jsbay &S e

ol a8l ol 55 Saisd ol daunls

Water ContacAngle (Degree)
L
a

PCL PCL-1%G

18 | C
L6
14
12

08
0.6
0.4 N
0.2

dactivity x10%(S/em)

c

Cu

3%G 596G

- .

i i
PCL-3%G PCL-SHG

PCL PCL-ING

PCL-3%G PCL-5%G

(p=<0.05) sty = (PCL) IS 05,5 L awslin jo bl jlo pme Bl odums olas * todle

Yey

1FAY 3ub F osled A Wl o Sgh — oode) S8l g Johw dlxo



ObLKen 9 S o185

e JoM0d (815 oIl g Y9 gl (b (0 HeuelT sl

MTS (5051 5l 50 oS e lacals 5, sk
P i 4 arg L (CY ) ol eolanl
9y sk Splie clld az 51 Gl slajs,
S 5yl e Gl (Jgne Jobhw ZuiS )b mhan

009 oo 5 38l Wgy Ll ol b canyls 4

ol saali8l wigy pl cwl ol Bl 58 i lo
OIS HeSY e S b slacan ls a5 conl pl saias
5 aby B (Far oz rolie i atlye

il Jobo ©y2les

b Jolw Sdplio U5, g owlid Ry oy p
gl slalis (55,

@l 5 (S Slogad b ow)n jshiien
Slppgas jllaJshe (Sata 13, 59, i)l
ssboler (B-Y 3 A-Y sla JSi) ol oolazwl SEM
ClS Gl e e O el aseie polar jo aS
PCL-5%G  Jlowy! cuyls mhw g5, bJolw
olas og3 l gsllae wd) 5 (JFadon (Saez
et o9 5 gl Jsle sladlliul g ailesls
o

S g Sedglie codlad ( Gleoddy cwyp jshiied

35 oPtt o
o 3
Y
® 2.5
5 2 )
= 15 j b
z al I
0.5
0 ' x Ll = I

day 1

T
day 4

day 7

leiF 5 90 ;0 PCL-5%G Lid o (55, 0ads =S DPSC (sl Jolo 51 g, (539,580 g8y S gl (B g ALY IS

15 s s sime M oaias Lis * codle (MTS assay) b Jsho Ssilin codlsd sy y505] @l (C «jing S B+ 50 -

(P<0.05) wsly oo (PCL) J iS5 08,5 b dulie

IFRY 30 O oobed A Wl (895 — ooke) b 3 Jgho dlome

Yete



Oan 9 Sl 0 15n)

e 3904y 815G/ gV gl b (0 HguelsT Cawy sl

Al (Si9ls8,90 Wdg ot MAP2 _iac S L
69y b I (F JKE) wsls plas 0g5 5l 58 So,e
asl ab, cgr S e b she S pe slalié mlau

Aol 31,59 sleasY sezg oy wilgd o a5 il

DAPI

ce

sblic (g9, bJslw wac plod vy
< igrols
il poligianl (s5ael S5 3l oal Camods pglas 5ubo
PCL-BWG sl s (59, 0 2S5l Jols
@ S Gl p ogdle o Jobu 45 358 e onalie

MAP2 Merge

o --

395 VY 5l et PCL-B%G s I zrbans (55, o a3l oS i b (ol (sloJsbos cus 518 (5 5l 5, uslas 1FUSCS

S sy sleslaiul 4y goasin Sldlhae ol (pl o
Vb (S sl colan ey peae pled (Bl cge (815
ol Yl 5k Camj 5 celio (alord 5l
aS Cewl oals SO uomen L(VO-VY) Wl aislo s
i bl g YU etV anle 3LS olss Koo
9 b ladole pled wlgioo 5o o Sow slagasy

AV NF) aidn sg | (orae slodolo 72355 5 05,
slelie op)l5 5 b iesh ol 0 S
B ein e OISIGeSY Rl (Riels
Ply> Gl jslieay ad; JBay gpedy o ilaid S
09> Sllllas )3 05 S ohgdr Cawls (Sl
Shd g SRy el cad Ol gom S
S ol 03y (58 30 055V lS Sl 5 01,5
5 ool andl Bl ool mls @ azg b cdhe ()

JSo) sl o ol BB eswl casoas FTIR (slacil

Yéo

s

Sk slocawl pgada puac ples sloces]
o) 3 Jlao o yoten 5 (S (e Slach g el
L ol Slzs slns 5l aS el Sloys sla gl
smas S8l aS dlas (pl 4 azgi b ailos ST (> 0g5ay
Slple,e cdél wjls poS jlan comeyi 09> o ll8
00 Bglare g 5l eolaiwl b cdl oKl 4 Jylate
W ol aile Wigw a atwly slagle,s coles ol
Oyl osliinl bas Lo JUST g Wgmy 3, 505 slap, )|
sy loly 1) ol axgi 5 03,5 sgae |) Lo,
Slaass a8 B L(OVY) cwlos,S Bglase Bl pwaigeo
sl Jobo slaghy, 9 alike ol yuogm 35 )l

1FAY 3ub F osled A Wl o Sgh — oode) S8l g Johw dlxo



ObLKen 9 S o185

e JoM0d (815 oIl g Y9 gl b (0 HeuelT sl

Colan 4y azgi b 815 0l oo canylo Sbls, cuac
Foo oSl s L colas o)l a5 oYL S S
weas plad Gl @ e g WS oo Juges 1) ples jo
oolo Hlade ol b owe gk cpl 0 ((VF) 04l e
aS 5 yebay anily il eyl SUl, (81,5 oLl
sga ol (oS colan alls ek 40 (315 0938l L
9 )wa 456)#4) (C—Y J&w) Cowl 0l ).3‘).3 Vo¥
sk CeieslS g, d9 Sllllas yo s (M) ol
sl cews alie SO Sl coloe 4y 31,57 955 Y 1
odds atle salue 35 SO Sl colan Ll 5l cpl b
ol 3l omlply ail cuae Col pwdige oo )8
Qo0 B ol S e slid oad aidle LS e sladigas

sl obasl Jeko Sldlas gl y 31,5
Sy 5 (S M oS Mz Sl i (59, ook
Sl slaadbinl 5 ailesls Hlas se5 31 1, oellae
3o MTS assay mlis @ azg b cusl ascin os54
Sedglio codled ax ST a5 558 oo odaline (C-Y JS&)
& o Jyoe Jsloo S5 Bg s s (55, Ln Joke
Lol conl 00gs yion Jobo ot ahn SO b lacag)ls
sl 5o oy b ool (St Collab 131 i,
U')‘ oD uLA.AAJ ‘5....)‘)9‘ ..\59) U"‘ b}.w‘sa oS f..s LQOS;
oy Alg3 o 315795V S L slalis a5 ool
ke ©p2lee 5 ady di (Farer gz el
btz 5,5 DPSC sl Jolo (55, (st Sl 5 sl
ol S dey )0 pak g WS lal)lS IS
SYle 35T 50 Ll asies aid, S sl Joow cunalo 4
Sl 58, (85, T DS 5 o el eas )l

S b cute Ojgoa (pled g ST ((Sains)

1FAY 300 o osled A wl> ((Ang % — ods) B § Jolw Ao

g 50 oleerd BiSerp azgliz 45 Cool (o ()
oSy Slpis oo (oo &) DISL g perly S i
oaslive Casb o (K ysb lime Olpuss g FTIR L
SenST 039381 1 )0 Legee (plerd Sla S mo 090
G 90 )3 9 Sl odd (LIS lajerl 4 SIS
Sl e @lerd JWE 095 952y poe e
OA) ohlea 5 oly Jle glyiear d9doe onalin
Ghow weST GAS Gegdl a5 Wl es s ()18
oole 99 G (Fiored Wam obml @ e (g Rl
s o 1y alol> oS5 olesd LSl 5 05h o
IS o

sl (Jobe Stz 30 Fse mee 3l 5l (S
S )l gl jada 2 a5 5 )g0ds Bl oo SIS )90 haw
Sz § 5SS ol o)l Lulad aygly il Fawgn]
il 8 sl S5 ble () ab salys [z o sl
il gl ol b Jsho CtS ey S (Zga
L Jshos (uilaz @y i @8 0 5l Gy (sl 5 05L
gl aie Olime o5 Sl oad (3155 09b 0 mhaw
che S lasle Jso (Saieer lp ol o)kl ules
ol e (V) sl e ol S il a0 Ve T s
Sygons ol gl yocly 4 G3LSSL (9938l b lagh
5 sl 4l Gl s e b duglio 45 oyl sine
sl a2l lyEl ond Lol 53 Sl ao s adz n
Y JS8) sl oad i 5o ol o )lad ulas 4yl talS
Ages o] Cawdds 0,8 wlad aygl; golio 4 a5 L (B
gy 0090t 4 dwy oo haiay 815 wo e O (gol>
ol e o)l 13 sl Gz Gln o]
Ol 1y O35 00938 5l 05Vl (b smget]
o> S o (S pSI obly 5 s 65 I
(Y+)

Gl pwdige glacaw s b s Ko e ele

AEA



Oan 9 S 00 150)

e 3904y 81 59U/ g VY gl b (0 HguelsT Cawy sl

Sl oo o)l38 odleds .ol LIS 5L 55 QT Sl
LU Jlasl G818 Ole slaxman (sl o)lse 4o oS
oS 5l skl plpls el 00,5 sgame |, S xSl
&) 1y S ol W55 o o0 achy S S b 315
sla sl S jsldginl pslad iagh cnl )3 (TA) WS
as wols las MAP2  cae [S5lis b ooads (sjpmal (S,
PCL-5%G cuws)ls (g5, ool eSS DPSC sl ol
S9P b S5gled 50 g Wog Cude Sl (pl 4 o
b slalis jo ogdleas (F i) wols lad ve5 5l 50 1
U |y smae Glodshe 605 Cuz Ol o0 (25505
o] 5o a5 ai)ls 42y (g0 pilin 3,5 canliv o>
b Jokw ,o Su3L ol Gl @ ol as slacawls
ol ras 8l gwaige j0 05 Gl 1) e
Gl o9 9 MRNA zho o 5 38 Glagow,
(Neurofilament) NF aile Koo solasl sle Silis

D9 o iy 5
St Gl sk 5l oolaiwl gus Sldlas ;o (yizes
Slp @l iy Joo jo laiew)ls Wgn 5 (oras

5don Sy 2 led (55 (19,0 Slalllo

CPNLEN]

s ls Sl 5 Bluy slse 5 eslizel Coonl 4 a5 L
"k RS AU lalad aadllns ol s cmae SSL (cadigs
sblis w8 53wy e BST0S Y
Lookd Supl 0V kel b (st
g B1E G55 doys 00 slie b 31 E slaasin b
S el gk b wsle e g Sasu, i)
S amsl i oS s e Ol andl amiwcab
330305 0LEs 1y B1E 56 S35 e e (S iSes

Yey

Lol OloS 5 cpl edl JlSle cdedy Boes a5 aiun
RS Sl )0 35250 Sileg| (sladil> digas plyicas
wile (Jslo )5 ane; osle Slatigy med Wlgi oo
o VlggS e Sladigy bawgs |; (SS9 8 g i
Olsieds ailey oo o dil> pl yioren (YY) aoo o33l
S5 s ok s sloosi oS sl JLos abi
(YY)

sl g 5‘5‘,5 SlaS 5 oYL Jaily goamie OYlas
yebas (YO-YY N0 NF) &leo, s 5,155 1, weas ples
bt gladsbe (orae Rl Gyl 4w 5l G819 IS
Sy o Sgade I

SIS 9B 4 paxie Zhe sl (Shy IS sbe
sloos, 4 ol ool el pled ;o Wilgi oo
OF) wil Yge calizes

o w88 e o) S e Slatun s Gum 4w LSl
s |y 0035 35250 0 (B (33,0 Ll pd ilE e 450 5]
(2T as gl

@bley il (oo 5 Jole it & pgm Jule
L ras gl Jobo &S olail el G35 (S S
5 25 Dzl sl g Weboe JLb (Sl S
o Bloy olas s als 5l (So sl L Jlsl & ples
asls byl o mas ples @l o ol ,5b asle
ATY) sl

Syorh b amlie o (35 axgs JB Ll 5 (o
Ol mas S8l e glacenls el sl U,
Loyt Glites e Lalyl jo 315 Glle) &5 ol
Sy 35 51 s oal 5 (V) aila e 3Ll
b ol o oolil Ble yarly o jislo o blo, e3>
Sl jshaten; alols S 5 (S S b Dl calls )
e 593 oolizal DPSC (ola Jobo 53, ooms 3l

5 G5 IS Clils L &5 (g perdy 32 5l ool 45 ol

1FAY 3ub F osled A Wl o Sgh — oode) 8l g Johw dlxo



ObLKen 9 S o185

e JoM0d (815 oIl g Y9 gl b (0 HeuelT sl

differentiation. Biomaterials. 2012; 33(2):
418-27.

4. Allen MJ, Tung VC, Kaner RB.
Honeycomb carbon: a review of graphene.
Chemical reviews. 2009; 110(1): 132-45.

5. Chen H, Miuller MB, Gilmore KJ,
Wallace GG, et al. Mechanically strong,
electrically conductive, and biocompatible
graphene paper. Advanced Materials. 2008;
20(18): 3557-61.

6. Jorge IRD, Bimeng Z, Daniel R, Zhi-
dong S, et al. High throughput miniature
drug-screening platform using bioprinting
technology. Biofabrication. 2012; 4(3):
035001.

7. Masaeli E, Wieringa PA, Morshed M,
Nasr-Esfahani  MH, et al. Peptide
functionalized polyhydroxyalkanoate
nanofibrous scaffolds enhance Schwann
cells activity .Nanomedicine:
nanotechnology, biology and medicine.
2014; 10(7): 1559-69.

8. Sayyar S, Murray E, Thompson BC,
Gambhir 'S, et al. Covalently linked
biocompatible  graphene/polycaprolactone
composites for tissue engineering. Carbon.
2013; 52(29): 304-6.

9. Rosa V, Xie H, Dubey N, Madanagopal
TT, et al. Graphene oxide-based substrate:
physical and surface characterization,
cytocompatibility  and differentiation
potential of dental pulp stem cells. Dental
Materials. 2016;32(8):1025-109.

10. Zhang J, Lian M, Cao P, Bao G, et al.
Effects of nerve growth factor and basic
fibroblast growth factor promote human
dental pulp stem cells to neural
differentiation. Neurochemical research.
2017; 42(4): 1015-25.

11. Flores-Cedillo M, Alvarado-Estrada K,
Pozos-Guillén A, Murguia-lbarra J , et al.
Multiwallcarbon anotubes/polycaprolactone
scaffolds seeded with human dental pulp
stem cells for bone tissue regeneration.

Journal of Materials Science: Materials in
Medicine. 2016; 27(2): 35.

12. Masaeli E, Morshed M, Nasr-Esfahani
MH, Sadri S, et al. Fabrication,
characterization and cellular compatibility

1FAY el F osled A Wl (g — oode) 8l § Jokw dlome

Sl (SN Cabe BIH 5 et Sala 0e]T
eSS Slalllan plowil b s o> (318 G55 e Sl
0531 5 pled sl Osopes (ool amlie 5 LLEE ()
S s sdalie 013 LI 63l dsho L ¢ I she Corar
A e g 0SS 4 BE 00
Al & el G icmle S a5 el geslT
PSR S pola bwg el S 05 el
Al ol ks 55 Jole sl gblas I usy S
N oo bl oae S 5 ae pl roes
23T 5 Loy b 5 sm) (65T ) a5 ylad 055 LS
plosil Slalllas s s Aob il 5 S5 Seo 51 Jol
mh bley el el lis (ragh ol 5 el
slas 8 gl (PCL-B%G) 31 8 o ys /04SN 8

3o o0 gy T )15 Ol sie s nae S3L ki

)33 9 s
5 Olgol oKuils laculas I Jhasn cpl O Ao s
U’_}‘:)u\; 9 J,g.&f Q\i}) ali.fkm_g}; 6)}\.2.:3 &;mi) c@}}:

&lo

1. Bini T, Gao S, Xu X, Wang S, et al.
Peripheral nerve regeneration by
microbraided poly (Llactidecoglycolide)
biodegradable polymer fibers. Journal of
Biomedical Materials Research Part A.
2004; 68(2): 286-95.

2. Chang CJ, Hsu SH. The effects of low-
intensity ultrasound on peripheral nerve
regeneration in poly (DL-lactic acid-co-
glycolic acid) conduits seeded with
Schwann cells. Ultrasound in medicine &
biology. 2004; 30(8): 1079-84.

3. Chen GY, Pang DP, Hwang SM, Tuan
HY, et al graphene-based platform for
induced pluripotent stem cells culture and
of poly (hydroxy alkanoate) composite
nanofibrous scaffolds for nerve tissue
engineering. PloS one. 2013; 8(2): e57157.
13. Akhavan O. Graphene scaffolds in
progressive nanotechnology/stem cell-based

YeA



Oan 9 S 00 150)

e 3904y 81 59U/ g VY gl b (0 HguelsT Cawy sl

tissue engineering of the nervous system.
Journal of Materials Chemistry B. 2016;
4(19): 3169-90.

14. Li N, Zhang Q, Gao S, Song Q, et al.
Three-dimensional graphene foam as a
biocompatible and conductive scaffold for
neural stem cells. Scientific reports. 2013; 3:
1604.

15. Shah S, Yin PT, Uehara TM, Chueng
STD. Guiding Stem Cell Differentiation into
Oligodendrocytes Using Graphene
Nanofiber Hybrid Scaffolds. Advanced
materials. 2014; 26(22): 3673-80.

16. Shin SR, Li Y-C, Jang HL,
Khoshakhlagh P, et al. Graphene-based
materials for tissue engineering. Advanced
drug delivery reviews. 2016; 1(74): 255-74.
17. Bressan E, Ferroni L, Gardin C, Sbricoli
L, et al. Graphene based scaffolds effects on
stem cells commitment. Journal of
translational medicine. 2014; 12(1): 296.

18. Wan C, Chen B. Reinforcement and
interphase of polymer/graphene oxide
nanocomposites. Journal of Materials
Chemistry. 2012; 22(8): 3637-46.

19. Arima Y, Iwata H. Effect of wettability
and surface functional groups on protein
adsorption and cell adhesion using well-
defined mixed self-assembled monolayers .
Biomaterials. 2007; 28(20): 3074-82.

20. Yoo BM, Shin HJ, Yoon HW, Park HB.
Graphene and graphene oxide and their uses
in barrier polymers. Journal of Applied
Polymer Science. 2014; 131(1): 39628-
39650.

21. Wang Y, Lee WC, Manga KK, Ang PK,
et al. Fluorinated graphene for promoting

req

neuroinduction of stem cells. Advanced
Materials. 2012; 24(31): 4285-90.

22. Park SY, Park J, Sim SH, Sung MG, et
al. Enhanced differentiation of human neural
stem cells into neurons on graphene.
Advanced Materials. 2011;23(36):H263-H7.
23. Li N, Zhang X, Song Q, Su R, Zhang Q,
Kong T, et al. The promotion of neurite
sprouting and outgrowth of mouse
hippocampal cells in culture by graphene
substrates. Biomaterials.  2011; 32(35):
9374-82.

24. Tang M, Song Q, Li N ,Jiang Z, et al.
Enhancement of electrical signaling in
neural networks on graphene films.
Biomaterials. 2013; 34(27): 6402-11.

25. Akhavan O, Ghaderi E, Abouei E,
Hatamie S, et al. Accelerated differentiation
of neural stem cells into neurons on
ginseng-reduced graphene oxide sheets.
Carbon. 2014; 66: 395-406.

26. Masaeli E, Morshed M, Rasekhian P,
Karbasi S, et al. Does the tissue engineering
architecture of poly (3- hydroxybutyrate)
scaffold affects cell-material interactions?
Journal of Biomedical Materials Research
Part A. 2012; 100(7): 1907-18.

27. Ghasemi Mobarakeh L, Prabhakaran
MP, Morshed M, Nasr Esfahani MH, et al.
Application of conductive polymers,
scaffolds and electrical stimulation for nerve
tissue engineering. Journal of tissue
engineering and regenerative medicine.
2011; 5(4): e17-e35.

28. Wang K, Fishman HA, Dai H, Harris JS.
Neural stimulation with a carbon nanotube
microelectrode array. Nano letters. 2006;
6(9):2043-8.

1FAY 3ub F osled A Wl o Sgh — oode) 8l g Johw dlxo



Journal of Cell & Tissue (JCT) Original Article
Autumn 2018; 9(3)

Polycaprolactone/nano-graphene composite scaffolds for neural
differentiation of dental pulp stem cells

Khebreh-Kashani Z, M.Sc?, Ebrahimian-Hosseinabadi M, Ph.D.}*, Masaeli E, Ph.D. ?*, Nast-
Esfahani MH, Ph.D.?

1. Department of Biomedical Engineering, Faculty of Engineering, University of Isfahan,
Isfahan, Iran

2. Department of Cellular Biotechnology, Cell Science Research Center, Royan Institute
for Biotechnology, ACECR, Isfahan, Iran

* Email corresponding author: m.ebrahimian@eng.ui.ac.ir , elahe.masaeli@royaninstitute.org

Received: 2 Sep. 2018 Accepted: 24 Nov. 2018

Abstract

Aim: In this research, design and fabrication of graphene reinforced nano-composite scaffolds for
neural induction in dental pulp stem cells (DPSCs) has been considered.

Material and methods: Polycaprolactone / nano-graphene composite scaffolds with 1%, 3% and 5%
wt. graphene were firstly fabricated by the solvent casting method. Subsequently, hydrophilicity and
electrical conductivity of the nano-composites were measured. According to the results of the
mentioned physical experiments, the appropriate scaffold with the optimal ratio of nano-graphene was
selected and cellular morphology, metabolic activity and neural differentiation potential of cultured
DPSCs on it were evaluated by scanning electron microscopy (SEM), MTS assay and
Immunofluorescent staining, respectively.

Results: Conductivity results demonstrated that by adding graphene to pure polymer, the electrical
conductivity of the composite considerably increased. The addition of 5% wt. nano-graphene to the
polymer can also reduce contact angle amount from 99.89+2.86° to 64.03+£3.36°. Finally, SEM and
Immunofluorescence images with MAP2 marker illustrated that the cultured cells on the surface of
optimum scaffold differentiated into neuron-like cells with neural morphology.

Conclusion: The results of this study showed that conductive polycaprolactone containing 5%
graphene nano-composite scaffolds have the appropriate potential for induction of neural
differentiation and application in neural tissue engineering.

Keywords: Tissue Engineering; Graphene, Dental Pulp Stem Cells; Neural Differentiation;
Polycaprolactone
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