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ABSTRACT

like those of the extracellular matrix (ECM) of the target tissue, is the most

critical challenge in tissue engineering. Ideally, proper cell proliferation
can simultaneously occur with the degradation of the scaffold to finally restore and
create the desired tissue within the scaffold. The use of biodegradable polymers or a
combination of these polymers and ceramics, metals or carbon leads to the fabrication
of scaffolds with the required properties. Thus far, different natural and synthetic
polymers have been proposed for this purpose, of which aliphatic biodegradable and
biocompatible polyesters as a result of their predictable and adjustable properties
have been known as one of the best polymeric matrices in designing scaffolds used
in tissue engineering. Due to the unique properties of these polymers, the number
of research works performed on them for application in tissue engineering is
increasing and therefore it is necessary to review the goals and challenges ahead.
Accordingly, the present work has attempted to re-examine studies performed on
widely used biodegradable aliphatic polyesters including poly(lactic acid)(PLA),
poly(glycolic acid)(PGA), poly(lactic-co-glycolic acid) (PLGA), polycaprolactone
(PCL), and the family of microbial polyesters of the polyhydroxyalkanoates (PHA),
especially poly(hydroxybutyrate) (PHB) as well as poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) copolymer. This article specially focuses on the synthetic
techniques and structural, physical, mechanical, and biological properties of these
polymers to overcome the challenging task of designing ECM-like scaffolds by
evaluating the various physical and chemical modification methods reported in recent
research papers. The present study also reviews and discusses the application of
these polyesters in soft and hard tissue engineering, such as bone, cartilage, ligament,
tendon, muscle, spleen, cornea, and skin.

Designing scaffolds with physical, mechanical, and biological properties

Keywords:

(*)To whom correspondence should be addressed.
E-mail: MS.Shojai@shirazu.ac.ir

Please cite this article using:
Arvaneh A.R. and Sadat-Shojai M., Biodegradable Aliphatic Polyesters for Application in Tissue Engineering, Iran. J. Polym. Sci.
Technol. (Persian), 34, 319-348, 2021.



#u&wc)‘:b Chgs &l Lﬂ)ﬁﬂ‘

VIQFP-ATYTY s 08 (o i sl oSl O et oS0 ) ju

ARV ZANY U:‘J'l"\': AACEVAVARY ZkL.;li)J

) 9 SO (5w pelsa b L sl alob cadl pusige ¢l Do Gy Saee
Jsbee cocalio 5ES5 JTowl @lla Lo worcel Gaa @il (ECM) bty s pule b ol
38 o BAST i 51 Gy 950 Sl @l alasl 5 (s5Ladb culgs 5 s sl cosAS b pledaa
slaal 4 (S b oI5 (Sasl e 5 Lapaals Gl 3 (S5 b iy A5 oy slasaly Sl saliial S35 slaojls
osbie (pas Alae (5T 5 panb sLasely (SSE gl o sate HBIAe (ol ga L Laci sl
oolod Gl Jalads S8 ey 5 sadacn ASen ) Sl sla il b « wlsad slgadn
sacdesliioul (slacus sl sl 5o (5 5anly (sla s e (g 51 (Ko GadyaalalS 5 Sty LB
slagia sy slaxs ey ool 5,30 eanie Galsd Jalots wiload GALE il sige Lo
ro0r ol s el GRSl Jla 5o @il entige 50 05alS ua b lagT a)ls sadala)
rola dlie ua el (pl 5y as e S o5 ooty slagilly 5 Blaal 5555
353518 5 el A3y ST sla il Ly o5k swdaladl lagha g3y (o 5 (S
(aaes) S SK-co-SaSY) L (PGA) (apes) SIS L (PLA) (apel S3SY) Ly Jolis
Lol ST S so0aly (ouSee slasialdy sulsla 5 (PCL) 0 5SY 5584 (PLGA)
VoCo-oi8 s oS 558 T) Sk el S 5 (PHB) olhsponSsomaly o5s4 (PHA)
soliabe palsa Gl glagis, 8315 skt e (pl Ho .ol (PHBV) (0llly (oS 5 5a0a
ol psiie slaghss Lol by asdioe o Lyaly (ol (Gew) 5 (SOlSe (S5
Glly o le (S5 4 ol sladle pda sy sladlie 5o sadBIS pliard 5 (Sodu
29 Wil ol 5l o5Lo0 dniaad b e a0l feasly ECM b oliin caus sl oal b
54008 (Jlab gl (sl bl w By pad plsatal dea Sl 5 cain @il ol gl g

JJ&@&*MJ_{

‘)&rlﬁ cd)u&a d}:-»«.ﬁ”
MS.Shojai@shirazu.ac.ir




By S0 ) 3 g pTanns ) SLanT (5o yianl ok S pa 5

sddolasil (Sla 2 O3 50 (63L5 SlMdea 3 andy pl 3 ol
[F] ol pwkige 5 NL:— laaiiy o
Sl S Gl b L egime L b glosle coslecns
Slr el b s (implant) 422l 4 Ous a5 sAsA) 3
b s Can s b solmal Pool 5 oldl Ol s 0 Shas 5 5
el 0l ol gm0 O wbeles 3l iz 5ol O L
o) 3 s L (Sl 8 (glosle) sl e 5 cils 4 55 L 4]l
3l 40 éb 5 Lls 3,8 (Sl slesle dbiological materials)
S edd atle oy dpm pe Lo g S s (93150 e (e
03,5 53 4 slgacns plal Hsba Lgd o 4 S ok 25 s
o P e Gy G 5 Gl JS
o Ol O (S5 558 oy Jame 53 45 iy S e (5215
o5 51 g 5 03 Oy LIS 53k 3505 O 51 ol 5l 50 5 0
Sy 5 S N e @ Zalg s esla sl w
St (om0 1) Cdr 5 o 28 Sl oS dns
S glosle) o slgecens sla0lge b sl 3l 5500
b ASean @t 5 S 03 s S L el s (B
S Glosle) Jlmbiamss ()5 e 5 Olison il b 281,
S oy wlabos 53 1y 05 (s Sdld b maly (ST S
Sbralels O Foe Clad 4 S 45 glosle) Sl s (US
5 (WS e Bam 1y o sl e Sy 5 ol pslie i
WOy ol o ey Cdled s &S (glesle) s S
S Sl gl g 2005 35 (ol 2ls 3 5 o A At
L8] adly s, 2 2 L3l (S35 5 AL sl gaeny 5 plas
(TUPAC) (55,5 5 ame owd Mol a3l s o Gib
Glble b 1) et polad <l o8 el SE ks losle
VS Pl el el S g e Sl sl gl o
35 elin Gzl Ol |y ol paay ) eslitnd LSS
Sl5ks o5 g4 lB 1 eslinal Ldas e OIS (55l las 8
Ll by e 93 J GOl 4 g ol glas )8 s el
G S555 ol 03 Caslie Jdsay 555 Oy N
Jdsa 05855 3V SUT ad esls Comes )| (A= JAT S w
Syl el SO ol (ST sl 5l 5o Zaslia
5 3 e Cnslie sl 5 0SUS Gl s L
ST (ulg 55 3 pd e G 5 S5 Sl 30 LA
Sl ol i (Bl 5SS O35 s elis
WP Y e (S5 2l 03 ik Saslie 5 Jbie
Glas,sliws Ok w0l » iUl ax 31 S 515 a5 35

Y\ Veer QLT 0 £ 03basd o a9 s rasly (5350955 9 9k cpale Az

o et gbadle b ol wtige 55 ST gls zal L 5l ealizal =Y
(Al SV s V=Y

......................................................................... O5SN 58 LYY

L ST S 5508 L F-Y

T b ettt SS e =Y
N S bl (e ¥
FE) e &0
oo -

0350 G0l el 55 Sl Sy iy slaphtl 5 ladl el
O35 on o5 A3 355 g5 ) S (S (g3Aate Aal 55
Jte Olgea) by blul ladkuls il o3 S o Lil ol «
O il 4 o Lal) edde ObS 1 gladlkals o e stzes
Slid (b L Gusme 3B (ol Cpas cx kel >
sl 20 (5lasl &S (Healing of Justinian) o>
(homografting) 53450, ) eslazal U I, Sl Sk
Michelangelo Law 5 il I SlE (ool oA iS5 sea 4 520
«S Faust L3l L ooMe VOVY Jlo 5o SUl Hseie SLE
Oy Ls 55l Theophilos slawy o5 3 alusl b ady bl
Gl il Olgsa 15 (5505 sled g sladlis ol jonas Aal s o
5 03l (glotd ya5 31 055 ooy (5Ll L 3L slamsl o) 31
D8 Bld ez e o Loy 5858
0 i35 Slaaml Iy Dbl anb (S5 b Jsb s
el ol e meb oy el il 5 Lgolas £l e
335 03 2l gl ol 4 Sl sk ol il
sdydiaml L gl ulg 3 5 sdisaml sl Oy
5 Shee Olos L5 oS o s 5l b (L 2003 oS S1)
eske 5 Sy I A, L g5 s A8l axdls [ ek il
(biomaterials) 5| oo 3 <=L; L Ol b gland ) ool g0 owdige
o 55 &S ol (g8 andy ol el [Y] Conl a8 8 IS
Ol s S Olge glddlas s Langer 5 Sharp (g™ Yo
SWESNP | s ORI N SO SUPR
Sl ity o el 5 S5 Bl de sl ool secs 5 (sland sy
() e ek B S e peligs Osmeen il
Gd iy 5 00 Sl 5 (S5 psle Ul o



Bl S0 )3 a3 pT s ) SLaT (Gl il ok Syl

Y USE s oS sbolen [VY]5S iy pad (505 Ll s a0l
5 S ls WJsho Lol o5 an 31 Sl pwdige cond ol onls OLS
g shea) Li) gl lale b g ediSdd slad S5
sl (Jshe sbadlasl sbwl sl 330 (signals) slacwade
st B (e 5 e 5 D
s (s ol Gumans S ls SaSay 3L g5l
L alin golrle b Jodsite o sls ol ool C3L pwdiga o
B8R LSl il Jaie c3b (BCM) Jhals e Sle
sladsle Ay 5 04 05,5 ECM L alis s (glacen )l
To O edis ozl s &S al dlen O 03 ide il
0553 4 LS modbia S o L2, BCM sl 5 das e
Shladsbe dis b5 038 558 Ca)ls gy opey Slbao i
Glaie oS s S il ) s > (G S
Loy Gl baeS o i) (Gl adyoas 31 il IS5
DB s e i e ne i o3I 5 il
By bl b St olp @i mae 5 b
5 omle 555 Ao s Sl e e Caa)ls s (rones
5 558 s Sut OISl Ll e 03 iy it
(Sl A (s G lzd s Ol &l
Slgm 035 o 5 B3N S S L b s AT s
5 58S il (SOl (s a5 Sl ol esalsl
W8l i, b Olejen Sy AL ails s 5 Jske ples
ssbar (23l lasl 5 SBL Al eSS Sl ey 5 355 0 0 A
Sl diles Llpn edddd 5 o3l b sy e o Sl S

Om

Cell prolifm -
S4 1
avh

Cell seeding in
3D scaffold

Removal of biopsy
tissue samples

Implantation of tissue
engineered construs

Cell maturatoin

in the scaffold Addition of

growth factor

GRS b ool wdige 3055 53 wlal Jsol =Y IS
..\.Ajl) JJLP} C,\....J.)‘J 4dj.l...~
Fig. 2. Basic principles in tissue engineering approach using

cell, scaffold and growth factor.
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Table 1. Approximate comparison of properties of the most important aliphatic polyesters used in tissue engineering.
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Table 2. Mechanical properties of some human tissues [14].
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Table 3. Mechanical properties of PLA [19,21].
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Fig. 4. Synthesis of PLA by ring-opening polymerization.

ol i S L plhs das e 0L 1 Y Jsds s
s il i s ol sllSal, (S ol
DY] el Gos 2 e Ok slacsl C‘f' Sl s Slas
O PLA g gl b 5o oldd et S 5 gl S el
S Ll 1S o ) (55 Sl ol (s 403 53 o
el DS oy ol b S sbes 5 (S a0
2 O3B LIS e e dB0ln g 550 53 (23,5 S U158 e ol 2l
IS a5 b5 QLIS 3 53 ol b e o (S sk 4
LasY b o8 e bide 55,8 5 p'\J o2l L PLA o
PLLA s fals Lol 6,5k PLLA 31447 51 o ol
sladied JUslh glos 5 (T,) ©d glos 53 Jrals sy L s
35 b les b (g shans 6 ey PLLA 55 s os (T))
55 adks 535 s St e 51l WemASC
335 <S5 PDLA s Ols S, (enantiomer) (glac|
ol ol pan gle S Canslie 2l L oS 555 e Jol= PDLLA
Pl s gl S B b B S (S el 2 B T,
DL sles s 8 LT 515,108 s SIPLA S350 505 5 LSl
03 (S ey iy S 3 (6 ety s T, les 5l i b
S bos (pl PLA IS g ey 53 (235 4 Ol o 55
A PLA ) shans acds 53 ool sacdy £5 Ll Gla 2ol 0 g
DBy it Gl S sl e oA AT 5T, sles 5

DAT el (.ﬂ o2l b b ol e s e

DANTPLA _SGlSe ol —F Jsi

abeds 55 Jsb sbssl G_ ¢ giS er:.wl E (Js 95 sbes Glaas Jsl gles y
62
(1) g «unSs (MPa) (MPa) °C) (°C)
4 YA-O+ YYo= YVeo \RAEAVY OO-A PLLA
¢ Y4-Y0 140 —Y¥ao S fY-oy PDLLA
Vo T- e £ ke 9o s sl 3515055 9 ool pmle alza Yys




By S0 ) 3 g pTanns ) SLanT (5o yianl ok S pa 5

5 s Ol sl KSYL 5 (GF) Sl S s
adllas opl 53 i Jool Bl tiga (slas 1) (1 o ga]
Ol or by rp pod S 53 GF o gige S do s il bodd asiis
L O gagal Sulg s 5 s do s 5 w38 e 55
IFY] s 5 g

Sl PN G o 035 03 Sladllae 5 (ol 3 (izmen
3ol s s Ciliies s K8 W55 5 JI gladdl> Gl
53 il il ladsSse b xal b ol G546 LPLA
b ol g PLA) 0l 28 ool i & PLA Jlas U el
L ol sladsbe 53 i (s ek oS 5 4 Ul e (DL iS
Tl pdly o3 [FY] il s )55 30l 50 sl e enl PH
bmlie f 5 SO ol e 038 PLA e
W5 pdiGy adisdke OlF e (S ke slas )8
LS a0 sacdy sy S 3 b phassy cnl 51 S 0 08
(et - 4 (HEMA) & Sbio L5l oS 5,08 LPLA ok S
w2l Jos sla oy 6151 40 a5 ol oot Pl
Oladlas 53 V] o bas 55 5 bedias 28Ty 5 Loy 4wl
Gy b 5 Ol (il e 2 gl b ey ol Sl isdn
s 51l 3 6ol 63Lasl ) PLA [VFOFY] s oslind
TFF-FV] ol ok a3 S 54 55 Gy e s b o0l il s

(Vo S 9T CO—0S™Y) Ly 9 (! I 98U57) Ky -
el S i SO oy 55 PGA) (Al SIS
Jdaa ol 1y st ST (gl sl o Sasle S 2
5 b Sl T sledar 5 sl ey 5 PGA oSl
2l s A G (JES e 5 osll b sl 58 V“‘h“
Skl S5 3 0T gl W5 5 3015 1y plears 5 Susd ol
oy pl s el sy edda as ol s ool
seag e Z3b L gllas oy (A IS0 S LB Gl (s
oS S O L3 (sole U Jlezml anbs (gla oy 3D
5 SHe ol b (gl LallS e sl 5 S
Sl Sl eslinal (Gda Sl gl eddag Syl (S5
3 @3N O3 dis Sl G Sl 4l s il
sddangd arky ol s 18 b s j5ba S Ss 05
S s Kb e ol e Al 5 Slele ool SIS
ekl e Sl s s > LSl 5 (ST 0 e,
G0 IS ssba L A (GA) del SIS a5 50 )
P Sl BSadls gy 5 2eS JiS050 055 L ey 4 oS15

Yy Veer QLT 0 £ 03basd o a9 s rasly (5350955 9 9k cpale Az

03 s 00 50) oS ol (SAS k5 S
(ol 55 3l Jrol N pame 03 S3UT 5 50553 Ll
ol 5 ol ol on GlbI glacil pH x5 0LLs 2alS
55 U 5 (necrosis) (Ssecsl b o)l 5 oledl sl
Qs ol ol tolen 2l ol cmman 353 0 oLl
Sl b3 3505l o el Sl 0553 phor i o (5l Jos
Jse PLA =5l ol by oo 0L 1 PLA 5 b 2l L
(IR 25l GRS el RIS el
S3lsn 5 ek Sl 0,55 (ko i go o Jome sl (1l
St 3l Slasds ¥ Ul [TVF] Gl (55505 ¢ 5 ol Sl
a3 0L L PLA (S5 5 alierd !
5 dga b dapBsn S 5l b gk oSS
33 el (S sl ISl ) S PLA L e lsle Ly
PLA S5 Mol L [Y3] 01Ses 5 Tanase (s32e Y1 ¥ UL
St 3 SO ol (38 5 Ol sS L 0o SS 5 SeSe
Glad ke Sloolis 5 35 I3l G ge 4S5 Lok 54 | O
[ Fshwes; 4 bs sy
Ll s [YV] O 5 Serra Jlo Olas )5 1A 5 550 S 5elS
S 5 She a5 e PLA & PEG 05,31 xS
L T L - NPT PR RS
5050 Bl s Caasls pn Sl a3 5 6 Rl
U s b S 5 o SIPLA. o 5ol s 315 Jlise,
S e G A (S ol e s b
J= slr sl base el o Jske plad s aews ol
S 5 G (SO el I S Gl
Sl o 0155 o Ol gl ol slas IS s Sl sl L3,
L3S BLLIPLA o jle 50 ys edeS ey 38 Olgpea |y dadcan

&3, sl (Osteosarcoma) (slo 45 Lo g2

Jed SN (Sl s (sl e b3l (S 5 Srgs 4 4 58
BERIARY! wLMJ_{M Ol g5 o (B-TCP) oolavs MJS@J—B sHAp
ol SIS 28 S aelS e s 5 (S (SO ol O g
Sl ol G5 Sldlae 51 2 [Fr] s S Cu s |y )3
3 el o 25 5 A0 sl Jaes 05 S e o b
DOV] Wles S sz 1y b a5l ) b3 il 58l
Ll 55 o uﬁ.ﬂ.ﬂlﬁq)bs%;déw\e.x.igu\h;@.,ﬁy o
S st 1y bl L o5 3l ol (sl Lo
Sl b ol 330 5 LIS (slasSaly 5l 55 0 ey S
S L e PLA s 5 (S iS5 35t 5 S
Ol oy sS Ll 518 YOVA Jle js Jdass 5o Ol Ga



Bl S0 )3 a3 pT s ) SLaT (Gl il ok Syl

(el 5 S ol s s PLA A3l =Y Jsi

Table 4. Modification of PLA and improvement of mechanical and biological properties.
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Table 5. Modification and adjustment of properties of PGA-based scaffolds according to the introduced applications.
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glycolic acid and lactic acid.
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Table 6. Modification and adjustment of properties of PLGA-based scaffolds according to the proposed applications.
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Fig. 7. Industrial synthesis techniques of PCL from caprolactone.
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Table 7. Modification and adjustment of properties of PCL-based scaffold according to the proposed applications.
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Fig. 8. The general structures of polyhydroxyalkanoates.
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Fig. 9. Chemical structure of PHBV copolymer.
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Table 8. Modification and adjustment of properties of PHB-based scaffolds according to the proposed applications.
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