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a  b  s  t  r  a  c  t

The  syntheses,  properties  and  selected  applications  of  star-shaped  polymers  with  arms  composed  of
homo-  or  copolymers  of polylactide  (PLA)  is  reviewed.  The  star-shaped  (including  miktoarm  stars),  den-
dritic, and branched  polymers  with  a specified  or  varying  numbers  of arms  were  synthesized  depending
on  the  applied  core  molecule.  Examples  of  a large  number  of  various  structures  of  star-shaped  PLA  poly-
vailable online xxx
mers  are  precisely  described.  The  growing  interest  in the  synthesis  of  star-shaped  and  branched  PLAs is
primarily  motivated  by their  potential  applications  in  the  biomedical  and  pharmaceutical  areas.  There-
eywords: fore,  the  thermal,  rheological,  and  mechanical  properties,  as well  as  various  applications,  of PLA  stars  as,
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tar-shaped PLAs
ranched PLAs
tereocomplexes
iodegradable polymers

for example,  drug  carriers,  me
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oltorn H40, hyperbranched polymer (64 hydroxyl groups and Mw = 5100 g/mol); BOX
cid;  CCS, cross-linked star (polymer); �-CD, �-cyclodextrin; CE, chain-extender; CG
entration; CNTs, carbon nanotubes; Dh, hydrodynamic diameter; DB, degree of bran
,N′-dicyclohexyl carbodiimide; DCP, bis(1-methyl-1-phenylethyl) peroxide; DiI, 3,3′-di

tar  polymers; DMAEMA, 2-(dimethylamino)ethyl methacrylate; DMAP, 4-dimethylam
PE,  dipentaerythritol; DPTS, 4-(dimethylamino)pyridinium p-toluenesulfonate; DSC, d
HMOX, 3-ethyl-3-hydroxymethyl-oxetane; EO, ethylene oxide; ESMP, electroactive s
odulus; G′′ , the loss modulus; GMA, glycidyl methacrylate; HBM, hyperbranched d-m
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iffractometry; Xc, degree of crystallinity; XRD, X-ray diffraction.
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dical  materials,  and  components  of hydrogels,  are  also  reported.
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. Introduction

Polylactide (PLA) is one of the most important biodegradable
olymers. PLA has attracted considerable attention as a candi-
ate for non-petroleum-based biodegradable polymeric materials
ecause PLA is a biocompatible polymer with thermal plastic-

ty, a semicrystalline nature with good processing properties and
echanical properties similar to those of polystyrene [1]. PLA is

ne of the most promising candidates capable of replacing petro-
hemical polymers [2,3], but it has inherent brittleness and low
oughness, which restrict the range of applications [3]. PLA can be
sed in industrial, biomedical, pharmaceutical, and environmental

addition, PLA has a wide range of applications in medical fields, such
as sutures, screws for bone fractures, and drug delivery systems
because of its good biocompatibility, high mechanical strength,
and excellent shaping and moulding properties. PLA belongs to the
family of aliphatic polyesters derived from �-hydroxy acids. The
building block of PLA, lactic acid (2-hydroxy propionic acid), can
exist in optically active d- or l-enantiomers. The petrochemical syn-
thesis yields an optically inactive 50:50 mixture of d- and l-forms
of lactic acid, whereas the bacterial fermentation-derived lactic
acid exists almost exclusively in the l-form [10–12]. The structures
of three stereoisomeric forms, l,l-lactide, d,d-lactide, and meso-
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

pplications [4], and also in other fields, such as agriculture, food
pplications, packaging, and furnishings [5–8]. It is widely used in
any processing applications, including cast and blown films, as
ell as thermoforming, extrusion, and injection mouldings [9]. In
lactide (d,l-lactide), are shown in Fig. 1. PLA is usually obtained
ranched polylactides: Synthesis, characterization, and properties.
0.004

via the ring opening polymerization (ROP) of lactides or the poly-
condensation of lactic acid [7,13]. Depending on the proportion
of the enantiomers, PLA with variable material properties can be

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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btained. This approach enables the production of a wide spectrum
f PLA polymers to match performance requirements [14].

PLA is also filling the gap for bioplastics, and it is used to
vercome the shortage of non-renewable resources and to help
ecrease the amount of non-recyclable waste produced. A plas-
ic is biobased when it is partly or entirely derived from natural
esources, including starch, cellulose, fatty acids, sugars, and pro-
eins. PLA can be broken down into H2O, CO2, CH4, and other low

olar mass products and compost by means of light, heat, bacte-
ial activity, and moisture; therefore, it is biodegradable and a safe
iocompatible polymer for our environment [10,15,16].

To enhance or modify mechanical/hydrolytic stability and
hermal degradation resistance of PLA materials a variety of
ranched molecular architectures has been proposed, e.g., long-
hain branched, grafted, star-shaped, dendritic, and cross-linked
17–26]. In addition, blending, copolymerization, cross-linking,
hain-extension or stereocomplexation were also used for further
mprovement of PLA properties [27].

Recently, an increased interest in star-shaped PLA materials has
een observed due to their highly desirable rheological, mechan-

cal and biomedical properties that are inaccessible in the case of
inear polymers. Star polymers are branched, multi-armed poly-

eric materials in which the branches radiate from a central core.
he first example of a star PLA macromolecule was  reported in
989 [28]. However, the marked rise in interest with respect to
tar-shaped PLAs and other macromolecular PLA frameworks is
ue to their unique properties compared with those of the linear
omopolymers. Star-shaped PLAs have attracted significant atten-
ion in multiple fields of chemistry, biochemistry, and engineering.
tar-shaped polyesters contain more chain ends than their linear
ounterparts of equal molar mass, and in consequence, the higher
umber of terminal groups induces improvements in solubility and
ifferences in hydrodynamic volume [29,30].

Excellent reviews were devoted to the synthesis, character-
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

zation, properties, and applications of star polymers [31–34].
tar-shaped/branched PLA polymers were mentioned in several
eview papers devoted to the synthesis, characterization, and prop-

Fig. 2. Summary of the most common branch polymer architectures [36
 PRESS
er Science xxx (2018) xxx–xxx 3

erties of these materials [25,27,29,35–41]. However, a detailed
survey of star-shaped PLA polymers has not been published to date.

Substantially more review papers were devoted to the descrip-
tion of linear PLA (e.g., their synthesis, properties, and applications)
[4,5,42–44]. PLA copolymers and the effect of copolymer ratio and
end capping on their properties were also studied [45].

In this review, recent progress in the synthesis of star-shaped
and branched polymers having PLA components, as well as some
applications, is presented. Apart from the discussed synthetic
methods of the star, branched, cross-linked PLA polymers, and the
formation of stereocomplexes, the properties (namely, thermal,
crystallization and mechanical) and applications of these polymers
in comparison with their linear analogs are described. The differ-
ent methods applied to the improvement of PLA properties and
the analysis of star/branched structures are discussed as well. In
the most of the investigations, the overlapping effects derived from
branched structures and some other effects (e.g. end groups) on PLA
properties were analyzed. The pure effects of branching architec-
ture on physicochemical properties using linear 2-arm and 4-arm
star poly(l-lactide)s were studied by Tsuji et al., with using the wide
range of molar mass polymers, reducing in this way the effects other
than branching [46].

Recently, very good reviews on graft and comb PLA polymers
were published [27,38,39,47]. Therefore, we do not discuss these
types of PLA structures in our paper.

2. Types of star/branched polymers

According to the IUPAC-recommended nomenclature [48–50],
branched macromolecules are divided into the following groups:

- Star polymers: characterized by the presence of one sin-
gle point of branching, from which linear chains originate. The
functionality of this point is referred to as the number of arms (lin-
ear chains) departing from it. Star polymers are prepared either
through a convergent (“arm-first”, “arm-in”) or divergent (“core-
first”, “arm-out”) approach (Fig. 2). The independent synthesis of
the arms (“arm-first”) enables their better characterization, but
steric hindrance may  make functionalization of the core far from
quantitative, above all when the arms are many and/or have a large
molecular weight. A star polymer is defined as miktoarm (or �-star)
when certain arms are chemically different from others [36].

- Graft polymers: when the side chains of any architecture are
connected to a main chain that differs in chemical composition.
Graft polymers are prepared by coupling pre-formed side chains
ranched polylactides: Synthesis, characterization, and properties.
0.004

(co)polymerizing appropriate macromonomers (grafting through)
or producing side chains in situ via initiation from the pendent
groups of the main chain (grafting from) [36].

], Copyright 2018. Reproduced with permission from Elsevier Ltd.
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- Comb polymers: when regularly or irregularly spaced linear side
hains depart from branch points on the main chain. Comb poly-
ers are therefore a special case of graft macromolecules (more

ommonly obtained via grafting through) [36].
- Dendritic and hyperbranched polymers: in both cases, the

acromolecule presents a nested structure of branch points that
as a regular and cascade-like architecture for dendritic polymers
nd is randomly organized for hyperbranched polymers, which
ave a statistically identical number of sub-chains in any direction
36].

Star polymers are composed of a central branching point (a core)
nd linear “arms” from homopolymers and copolymers with differ-
nt monomer composition and sequence distribution. In addition,
he synthesis of miktoarm stars having chemically different arms
inked to the core was also reported. This variety of different star
olymer structures are depicted in Fig. 3 [32].

Star-shaped polymers, block polymers, hyperbranched and den-
ritic polymers [51–57] have been attracting significant attention
ecause of their various functions and properties resulting from
heir special three-dimensional structures. Among these character-
stics, increasing importance is attached to star-shaped polymers.
hese polymers have low melt viscosities, different thermal and
echanical properties, and improved physical processability, as

heir properties are more influenced by arm length than the total
olar mass [29,58,59].

. Synthesis of star-shaped PLA

There are two main methods for the synthesis of star-shaped
olymers, namely, “arm first” and “core first” approaches. The
ethod most commonly used for star-shaped polymers synthe-
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

is is based on the “core-first” approach, in which a multifunctional
eagent (the core) plays the role of the co-initiator. Therefore, star-
haped polylactides are mainly synthesized by the ring-opening
olymerization of lactide (LA) with stannous octoate (SnOct)2) and
nce distribution of the arm polymer, (b) difference in arm species, and (c) functional

a polyol forming the actual initiator. The syntheses of star-shaped
PLA with a multifunctional core are performed usually in the bulk
(130–200 ◦C) (cf. Tables 1–4, 7 and 8), as well as in solvents, e.g.,
THF [60], DMF  [61,62], m-xylene [63–65], toluene [66–68], methy-
lene chloride [69–71], chlorobenzene [72], chloroform [18], DMSO
[73] and C6D6 [74].

In general, the number of arms in the polymer corresponds to
the number of functional groups in the initiator. The position of the
hydroxyl group in the core and the ratio of monomer to the polyol
decide if all the hydroxyl groups serve to initiate the growth of the
PLA chain. In general, primary hydroxyl groups are effective in ini-
tiating the polymerization, and the number of arms is increased by
increasing the ratio of monomer to initiator [75–77]. A prerequisite
for effective initiation activity is the solubility of the initiator in the
polymerization mixture.

By employing multifunctional initiators, different molecular
architectures can be obtained. Thus, in Tables 1–4, the structures
of star-shaped polymers with a specified number of arms from 3
to 32 are presented. The stars with a higher number of arms (up to
160) [78] are shown as polymers with branched and/or dendritic
cores (cf. Tables 7 and 8).

Different polyol cores used for the synthesis of star-shaped PLA
are shown in Figs. 4 and 5.

To date, the synthesis and physical properties of star-shaped
poly(l-lactide) (PLLA) have been intensively investigated by various
research groups [8,64,79–82].

3.1. Studies on the formation of star-shaped PLA polymers

The ring-opening polymerization (ROP) of cyclic esters and their
ranched polylactides: Synthesis, characterization, and properties.
0.004

mechanisms of ionic and coordination processes were broadly
previously described [13,83]. In the presence of stannous octoate
Sn(Oct)2, LA polymerizes according to a coordination–insertion
mechanism [1,13,83].

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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Table  1
Star polymers with a specified number of PLLA arms.

star

f a) core PLLA end groupsb) catalystc) Ref.

3 THMBd) -OH (3490) Sn [126]
3  TMPe) -OH (4200-7300) Sn [91]
3  TMPe) -OH (2300-74 000) Sn [214]
3  TMPe) -OH (10 400-38 500) Sn [263]
3  TMPe) -OH (3300-23 000) Bi(OAc)3 [17]
3  TMPe) -OH (4600) NHCs [458]
3  TMPe) -UPyf) (14 600-75 500) Sn [163,165]
3  glycerol -OH (4000-67 000) Sn [303]
3  glycerol -OH (7300-54 100) Sn [81]
3  glycerol -OH (9000-130 000) Sn [305]
3  glycerol -OH Sn [459]
3  glycerol -OH (9000-40 000) Sn/TPhT [193]
3  glycerol -OH (2800-33 600) Sn [64]
3  glycerol -OH, -COOH, -NH2, -Cl

(18 800-21 200)
Sn [30]

3  THMEg) -OH (16 500) imidazolium salt [460]
3  3Bn-DPEh) -OH (7700-11 800) Sn [213]
3  3Bn-DPEh) -OH and –Pyri) (11 000) Sn [134]
3  APDj) -OH (800-57 000) Sn [194]
3  triethanolamine -OH (46 800) (bisBTP)2Cu [67]
3  AESOk) -OH (45 600) TBD [461]
3  castor oil -OH (2020-5010) TfA [71]
4  pentaerythritol -OH (13 250) Sn [90]
4  pentaerythritol -OH (460-96 800) Sn [75]
4  pentaerythritol -OH (82 000-201 000) Sn [85]
4  pentaerythritol -OH, -COOH, -NH2, -Cl

(31 700-33 700)
Sn [30]

4  pentaerythritol -OH (13 250) Sn [80]
4  pentaerythritol -OH (5920) Sn [342]
4  pentaerythritol -OH and -furanyl (6900) (a-f) [156]
4  pentaerythritol -OH (2500-9400) CaH2 [86,124, 316]
4  pentaerythritol -OH (4200-7300) Sn [91]
4  pentaerythritol -OH (38 000-320 000) Sn [462]
4  pentaerythritol -OH (7600-40 200) DMAP [69]
4  pentaerythritol -OH (3800-33 200) DMAP [61]
4  pentaerythritol -OH (3300-23 000) Bi(OAc)3 [17]
4  pentaerythritol -OH (3000-32 800) Bi(OAc)3/Sn [104]
4  pentaerythritol -OH (14 000-84 000) Sn [365]
4  pentaerythritol -OH (19 400) Sn [8]
4  pentaerythritol -OH and Ml)

(1630-4790)
Sn [139]

4  pentaerythritol -OH (350-860) Sn [72,317, 463]
4  pentaerythritol -OH (2700-55 000) Sn [9]
4  pentaerythritol -OH (89 000) Sn [232]
4  pentaerythritol -heparin (10 600) Sn [438]
4  pentaerythritol -OH (3500-17 000) L [102]
4  pentaerythritol -maleimide (arm: n = 5, 10, 15) Sn [322]
4  pentaerythritol -OH (arm: n = 6, 16, 48) PPY [464]
4  pentaerythritol -OH (5700) NHCs [458]
4  pentaerythritol ethoxylate -OH (7600-77 100) SPI [18]
4  ZnPm) -OH (73 000) Sn [455]
4  APDHn) -OH (610-11 800) Sn [194]
4  2Bn-DPEh) -OH (9800-10 400) Sn [213]
4  2Bn-DPEh) -OH and –Pyri) (15 230) Sn [134]
4  erythritol -OH (2800-33 600) Sn [64]
4  erythritol -OH (7300-14 500) Sn [409]
4  DTMPo) -OH (2300-74 000) Sn [214]
4  TfPp) -OH (10 700-39 800) Sn [333]
4  THMPPq) -OH (13 900) DMAP [170]
4  MTHMPPr) -OH (19 800) [(DAIP)2Ca]2 [465]
5  1Bn-DPEh) -OH (2300-74 000) Sn [213]
5  1Bn-DPEh) -OH and –Pyri)

(12 590, 16 920)
Sn [134]

6  dipentaerythritol -OH (8600-8700) Sn salen salan [109]
6  dipentaerythritol -OH (2300-74 000) Sn [214]
6  dipentaerythritol -OH (5500-29 000) Sn [90]
6  dipentaerythritol -OH (88 000) Sn [297]
6  dipentaerythritol -OH and –Pyri)

(16 260, 18 670)
Sn [134]

6  dipentaerythritol -OH (8450) Sn [342]
6  dipentaerythritol -OH (6200-27 700) Sn [302]
6  dipentaerythritol -OH (5530-29 060) Sn [80]
6  dipentaerythritol -OH (7600-40 200) DMAP [69]
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Table 1 (Continued)

star

f a) core PLLA end groupsb) catalystc) Ref.

6 dipentaerythritol -OH (5300-35 100) Sn [340]
6  dipentaerythritol -OH (Mntheor. ∼ 40 000) Sn [448]
6  dipentaerythritol -OH (4200-7300) Sn [91]
6  dipentaerythritol -OH and -COOH

(15 000-20 000)
Sn [121]

6  dipentaerythritol OH and -COOH
(10 000)

Sn [122]

6  dipentaerythritol -OH and -COOH
(2300-9900)

Ca(OH)2 [124]

6  dipentaerythritol -OH (47 500-66 800) Sn [466]
6  dipentaerythritol -OH (13 100-15 800) Sn [213]
6  dipentaerythritol -OH (67 000) Sb2O3 [116]
6  inositol -OH (12 000) Sn [150]
6  inositol -OH (11 000-34 000) Sn [436]
6  inositol -OH (11 000-34 000) L [102]
6  HHMBs) -OH (8900) Sn [342]
6  HfPt) -OH (13 600-53 700) Sn [333]
6  myoinositol -OH (2900-88 500) Bi(OAc)3/Sn [104]
6  polyglycerine-06 -OH (82 000-201 000) Sn [85]
6  sorbitol -OH (2800-33 600) Sn [64]
6  sorbitol -OH (1000-10 000) Sn/TPhT [198]
6  sorbitol -OH (16 900-37 000) Sn [440]
6  sorbitol -OH and -furanyl (6920) (a-f) [156]
6  xylitol -OH (2800-33 600) Sn [64]
6  xylitol -OH (1800-7600) Sn [349]
6  HHMPCTPu) -OH (7100-25 270) Sn [52]
8  polyglycerine-06 -OH (4000-34 300) L [102]
8  Q8M8Hv) -OH (8700-20 500) Sn/hydrosilylation [34]
10  polyglycerine-06 -OH (82 000-201 000) Sn [85]
13  HMEXw) -OH (125 000) Sn [297]
22  polyglycerine-20 -OH (10 800-30 300) L [102]

a)f: number of arms.
b)in brackets Mn (g/mol) of star polymer or number of LA units in arms.
c)polymers were obtained by “core-first” method; a-f (in parenthesis) denotes “arm-first” method; descriptions of used catalyst:
Sn:  stannous octoate (tin(II) octoate, stannous 2-ethylhexanoate), Sn(Oct)2.

Bi(OAc)3: bismuth(III) acetate.
NHCs: N-heterocyclic carbenes.
TPhT: tetraphenyltin.
(bisBTP)2Cu: copper catalysts supported by bis-BTP ligands (BTP = N,O-bidentate benzotriazole phenoxide).
TBD: 1,5,7-triazabicyclo-[4.4.0]dec-5-ene.
TfA: trifluoromethanesulfonic acid.
DMAP: 4-dimethylaminopyridine.
L: lipase PS (Pseudomonas fluorescens).
PPY: 4-pyrrolidinopyridine.
SPI: Spirocyclic Tin Initiators = dibutyltin oxide + pentaerythritol ethoxylate.
[(DAIP)2Ca]2: calcium complex (where: DAIP-H = 2-[(2-dimethylamino ethylimino)methyl]phenol) catalyst.
salen: tBu[salen]AlMe.
salan: Cl[salan]AlMe.
d)THMB: 1,3,5-tris(hydroxymethyl)benzene.
e)TMP: 1,1,1-tris(hydroxymethyl)propane.
f)UPy: 2-ureido-4[1H]-pyrimidione end group.
g)THME: 1,1,1-tris(hydroxymethyl)ethane.
h)3Bn-DPE, 2Bn-DPE, 1Bn-DPE: dipentaerythritol with three, two, and one blocked OH groups, respectively.
i)Pyr: pyrene (from 4-(1-pyrene)butanoic acid).
j)APD: 2-aminopropane-1,3-diol.
k)AESO: acrylated epoxidized soybean oil.
l)M:  methacrylate end-group.
m)ZnP: zinc p-tetraaminophenylporphyrin.
n)APDH: 2-amino-2-(hydroksymethyl)propane-1,3-diol.
o)DTMP: di(trimethylolpropane).
p)TfP: tetrahydroxy-functionalized perylene: N,N’-bis-(2,6-diisopropylphenyl)-1,6,7,12-tetrakis-[4-(2-hydroxyethyl)phenoxy]perylene-3,4,9,10-tetracarboxylic acid diimide
and  N,N’-bis-(4-bromo-2,6-diisopropylphenyl)-1,6,7,12-tetrakis-[4-(2-hydroxyethyl)phenoxy] perylene-3,4,9,10-tetracarboxylic acid diimide.
q)THMPP: tetrakis-(p-hydroxymethylphenyl) porphyrin.
r)MTHMPP: meso-tetrakis-(p-hydroxymethylphenyl) porphyrin.
s)HHMB: hexakis-(hydroxymethyl)benzene.
t)HfP: hexahydroxy functionalized perylene: N,N’-bis-(4-[3-butyn-1-ol]-2,6-diisopropylphenyl)-1,6,7,12-tetrakis-[4-(2-hydroxyethyl)phenoxy] perylene-3,4,9,10-
tetracarboxylic acid diimide.
u)HHMPCTP: hexakis-[p-(hydroxymethyl)phenoxy]cyclotriphosphazene.
v)Q8M8H: octakis-(dimethylsiloxy) silsesquioxane.
w)HMEX: product of cationic polymerization of 3-hydroxymethyl-3-ethyloxetane containing on average 13-OH groups.
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Table  2
Star polymers with a specified number of PDLA arms.

star

f a) core PDLA arm end groupsb) catalystc) Ref.

3 TMPd) -OH (26 500) Sn [466]
3  TMPd) -OH (50 800) Sn [299]
3  TMPd) -UPye) (14 600-75 500) Sn [163,165]
3  glycerol -OH (4000-67 000) Sn [303]
3  glycerol -OH (9000-100 000) Sn [305]
3  glycerol -OH (2800-33 600) Sn [64]
4  pentaerythritol -OH (34 700) Sn [466]
4  pentaerythritol -OH (7600-40 200) DMAP [69]
4  pentaerythritol -OH (6200-27 700) Sn [302]
4  pentaerythritol -OH (2700-30 000) Sn [304]
4  pentaerythritol -OH (3300-15 500) L [102]
4  pentaerythritol -OH (64 600) Sn [299]
4  pentaerythritol -OH (12 400) p-TSC [117]
4  BTCAf) -OH (6200-27 700) Sn [302]
4  erythritol -OH (2800-33 600) Sn [64]
6  dipentaerythritol -OH (6200-27 700) Sn [302]
6  dipentaerythritol -OH (7600-40 200) DMAP [69]
6  dipentaerythritol -OH and –COOH(15 000-20 000) Sn [121]
6  dipentaerythritol -OH (47 500-66 800) Sn [466]
6  dipentaerythritol -OH (86 000) Sn [297]
6  dipentaerythritol -OH (5900-10 200) Sn [304]
6  inositol -OH (66 800) Sn [299]
6  inositol -OH (35 100) Sn [466]
6  inositol -OH (4600-25 400) L [102]
6  sorbitol -OH (2800-33 600) Sn [64]
6  sorbitol -OH (1000-10 000) Sn/TPhT [198]
6  xylitol -OH (2800-33 600) Sn [64]
8  polyglycerine-06 -OH (8600-26 300) L [102]
13  HMEXg) -OH (125 000) Sn [297]
22  polyglycerine-20 -OH (18 100-34 000) L [102]

a)f: number of arms.
b)in brackets Mn (g/mol) of star polymer.
c)polymers were obtained by “core-first” method; descriptions of used catalyst:
Sn: stannous octoate (tin(II) octoate, stannous 2-ethylhexanoate), Sn(Oct)2.

DMAP: 4-dimethylaminopyridine.
p-TSC: p-toluenesulfonic acid.
L: lipase PS (Pseudomonas fluorescens).
TPhT: tetraphenyltin.
d)TMP: 1,1,1-tris(hydroxymethyl)propane.
e)UPy: 2-ureido-4[1H]-pyrimidione end group.
f)BTCA: 1,2,3,4-butanetetracarboxylic acid.
g)HMEX: product of cationic polymerization of 3-hydroxymethyl-3-ethyloxetane containing on average 13-OH groups.

re init
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t
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Fig. 4. Examples of simple structu

The kinetics of the formation of star-shaped PLLAs with a low
umber of arms (3–10) was reported only in a few papers, mainly

or l,l-lactide (l,l-LA) polymerization in the bulk initiated with
he core molecules containing hydroxyl groups in the presence of
n(Oct)2 as the co-initiator (catalyst) [60,75,84–86]. First, there is
nly one report that described the polymerization kinetics in THF
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

t 72 ◦C [60]. Second, the synthesis of a 4-arm star-shaped PLA
as performed in DMF  by varying the reactant concentrations and

eaction temperature [61]. In these two reports, there was no evi-
ence of intramolecular transesterification (back-biting), and the
iators used in PLA polymerization.

presence of cyclic oligolactides was not observed for the poly-
merization of l,l-lactide using Sn(Oct)2 and pentaerythritol [84].
Interestingly, the polymerization of l,l-LA using Sn(Oct)2 and a pri-
mary amine did not differ mechanistically from alcohol-initiated
ROP [87]. MALDI-TOF mass spectrometry [84] and mid-infrared
ATR-FTIR spectroscopy [60] were used for the monitoring of l,l-
ranched polylactides: Synthesis, characterization, and properties.
0.004

lactide polymerization.
The structural analysis of star PLLA polymers synthesized using

the “core-first” approach revealed that in many cases, the complete
conversion of initiator hydroxyl groups did not occur. Kim et al.

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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eported that when pentaerythritol and Sn(Oct)2 were employed
or l,l-lactide polymerization, the full conversion of four pentaery-
hritol hydroxyl groups was not achieved until the feed mole ratio
f l,l-LA to pentaerythritol was ≥ 32 [75]. This effect was  attributed
o steric hindrance around the core. It was suggested that the
Please cite this article in press as: Michalski A, et al. Star-shaped and b
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econdary hydroxyl groups of the core molecule were associated
ith a slow initiation activity compared with the primary alcohol

roups, and the polymerization rate of the PLLA arms apparently

able 3
tar polymers with a specified number of PDLLA arms.

star
PDLLA end 

f a) core

3 glycerol -OH (5800)
3  glycerol -OH and Md

(14 300-34 

3  cholic acid -OH (5900-
-OH (5400)
-OH (5900-
-OH (11 300

3  cholic acid -OH (5000)
3  cholic acid -OH (3300-
3  tris(2-aminoethyl)amine -OH (7800)
3  triethanolamine -OH (14 200
3  THMBe) -OH (5020)
3  THMEf) -OH, maleim

(7740)
3  TMPg) -OH 

3  PTAh) -OH
(2000-3400

4  ethoxylated pentaerythritol OH and –Um
(1500-9500

4  ethoxylated pentaerythritol adenine and
(6730-46 00

4  ethoxylated pentaerythritol -OH 

4  pentaerythritol -OH (1500-
4  pentaerythritol -OH (15 100
4  pentaerythritol -OH (4640)
4  pentaerythritol -OH (1700-
4  pentaerythritol -OH (2700-
4  pentaerythritol -OH (11 000
4  pentaerythritol -OH (1700-
4  pentaerythritol -OH and Md

4  pentaerythritol -OH and -et
(5900-14 20

4  pentaerythritol -SH (5000) 

4  methyl-D-glucopyranoside -OH (550 an
4  TPE-4OHj) -OH (1800-

4  TAPPk) -OH (7500)
6  dipentaerythritol -OH (8200-

6  dipentaerythritol -OH (9900)
6  dipentaerythritol -OH (23 200
6  dipentaerythritol -OH 

6  dipentaerythritol -OH, maleim
6  inositol -OH (4100-
6  polyglycerine-06 -OH and Md

6  polyglycerine-06 -OH (1500-
6  polyglycerine-06 -OH (3500-
6  sorbitol -OH and Md

6  sorbitol -OH (14 300
6  sorbitol -OH (3300-

6  HHMBl) -OH (13 800
8  OCm) -OH (4200-
8  POSSn) -OH (5600-
8  POSSn) -OH (DP ∼ 1
8  polyglycerine-06 -OH (3200-
8  polyglycerine-06 -OH (3500)
 PRESS
er Science xxx (2018) xxx–xxx

increased with the hydroxyl functionalities under a fixed molar
ratio of monomer to initiator [85].

3.2. Catalysts
ranched polylactides: Synthesis, characterization, and properties.
0.004

Star PLAs were synthesized using various structures of catalysts
[32], which are reported in Tables 1–8, and selected structures are
shown in Fig. 6. In a review of Gupta and Kumar, catalyst systems
applied for the synthesis of linear PLAs were described in detail [31].

groupsb) catalystc) Ref.

 Sn [426]
)

200)
Sn [314]

10 600)

23 100)
)

Sn
Sn
Sn
Sn

[417,467]
[468]
[469]
[470]

 Sn [426]
7500) SnO [242]

 DBU [70]
-32 540) SLYAC [111]

Sn [342]
ide Al [110]

Sn [60]

)
SnO [119]

i)

)
Sn [140]

[147]
 thymine
0)

Sn [138]

STI [95]
39 800) Sn [195]
-29 800) Sn [471]

 Sn [342]
4000) Sn [85]
14 400) L [102]
-22 000) Sn [341]

4000) Sn [154]
) Sn [145]
hynyl
0)

DMAP [135]

DMAP [406]
d 2280) DMAP [428]

23 720) TPE-4-
OH-
[Lu]

[472]

 Sn [473]
78 500) Sn,

salen,
salan

[109,289]

 Sn [342]
-47 900) Sn [471]

Sn [60]
ide (10 250) Al [110]

8200) L [102]
) Sn [145]
39 800) Sn [195]
15 700) Sn [85]
) (800-14 800) Sn [146]
-34 200) Sn [314]

9300) SnO,
TSA,
ZnCl2,
SnCl2,
FeCl3

[115]

) Sn [342]
16 800) Sn [445]
19 600) Sn [445]
10, 220, 420, 530) Sn [442]

25 600) L [102]
 Sn [154]

https://doi.org/10.1016/j.progpolymsci.2018.10.004


Please cite this article in press as: Michalski A, et al. Star-shaped and branched polylactides: Synthesis, characterization, and properties.
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.10.004

ARTICLE IN PRESSG Model
JPPS-1111; No. of Pages 54

A. Michalski et al. / Progress in Polymer Science xxx (2018) xxx–xxx 9

Table  3 (Continued)

star
PDLLA end groupsb) catalystc) Ref.

f a) core

10 polyglycerine-06 -OH (3000) Sn [85]
10  polyglycerine-10 -OH and Md) Sn [145]
12  polyglycerine-10 -OH (3500) Sn [154]
21  ˇ-cyclodextrin -OH (1850) DMAP [428]
22  polyglycerine-20 -OH (9700-36 300) L [102]

a)f: number of arms.
b)in brackets Mn (g/mol) of star polymer, DP: degree of polymerization.
c)usually polymers were obtained by “core-first” method; descriptions of used catalyst:
Sn: stannous octoate (tin(II) octoate, stannous 2-ethylhexanoate), Sn(Oct)2.

SnO: stannous oxide.
DBU: 1,8-diazabicyclo[5.4.0]-undec-7-ene.
SLYAC: salan-ligated yttrium alkyl complex, polymerization results in heterotactic star-shaped architecture.
Al:  aluminum alkoxide.
STI: spirocyclic tin initiators.
L: lipase PS (Pseudomonas fluorescens).
DMAP: 4-dimethylaminopyridine.
TPE-4OH-[Lu]: TPE-Labelled Lutetium Alkoxide Complexes.
salen: tBu[salen]AlMe.
salan: Cl[salan]AlMe.
TSA: p-toluenesulfonic acid.
d)M:  methacrylate end group.
e)THMB: 1,3,5-tris(hydroxymethyl)benzene.
f)THME: 1,1,1-tris(hydroxymethyl)ethane.
g)TMP: 1,1,1-tris(hydroxymethyl)propane.
h)PTA: pyrimidine-2,4,5,6-tetramine.
i)Um:  urethane methacrylate end group.
j)TPE-4OH: tetrahydroxylfunctionalized tetraphenylethenes.
k)TAPP: meso-tetrakis-(p-aminophenyl)porphyrin.
l)HHMB: hexakis-(hydroxymethyl)benzene.
m)OC: organic core composed of 4-dimethylamino-pyridinium-p-toluenesulfate (DPTS) and 2,2,5-trimethyl-1,3-dioxane-5-carboxylic acid (TMDC).
n)POSS: polyhedral oligomeric silsesquioxanes.

Fig. 5. Examples of initiators with more sophisticated structures used in PLA polymerization.
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ARTICLE IN PRESSG Model
JPPS-1111; No. of Pages 54

10 A. Michalski et al. / Progress in Polymer Science xxx (2018) xxx–xxx

 and o

s
r
t

T
S
p

Fig. 6. Structure of organometallic catalysts
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Nearly all reports used stannous octoate (Sn(Oct)2) to promote
tar formation. Sn(Oct)2 is a very efficient initiator, and its utility
esults in PLAs with a low degree of racemization (even at high
emperatures); additionally, it has low toxicity. Sn(Oct)2 is a ubiq-

able 4
tar-block PLA copolymers with a specified number of arms. Structure of stars: [core] (A-
art  of arm.a).

star arm: block copolymer A-B

f b) core A B

3 BTCTCd) PDLLA PMPCe)

(56 000*)
3  BTCTCd) PCL

(3500)
PLLA
(2500-4000)

3  ˇ-cyclodextrin MPEG PDLLA
(14 000-17 100

3  cholic acid PLGA
(d,l-lactide)

TPGSf)

(17 800*)
3  glycerol PLGA

(d,l-lactide)
PEG
(23 300*)

3  glycerol PLGA
(d,l-lactide)

MPEG
(6200*; 6900*)

3  glycerol PDLLA PCL
(2700-8100*)

3  glycerol PDLLA PCL
(1180-11 900*

3  glycerol PDLLA PCL
(2900*)

3  glycerol PCL
(1250,7800*)

PDLLA 

3  glycerol PCL PDLLA
(2830*)

3  glycerol PLLA
(3400-6540)

PEO
(16 690-18 600

3  glycerol PTMC
(9900-63 000)

PLLA
(29 900-87 000

3  glycerol PLLA
(47 600-99 700)

PDLA
(85 500*)

3  hydroxyl-
terminal
PDMSg)

PDMSg) PDLLA
(6600-8800*)

3  3star-PCL** PCL
(900)

PLLA and PDLL
(2830*)

3  PPO triols PPO**
(3300)

PLLA
PDLLA
(4200-6600*)

3  PTAh) PTAh) PDLLA
(2000-2600*)
rganocatalysts used in PLA polymerization.
ranched polylactides: Synthesis, characterization, and properties.
0.004

uitous catalyst in an aliphatic polyester synthesis that produces
atactic PLA chains [29]. Additionally, Sn(Oct)2 is accepted by the
FDA (Food and Drug Administration, USA) for biomedical applica-
tions [88].

B)n; block A is an inner part of arm (connected to the core) and block B is an outer

arm end groups catalystc) Ref.

azido Sn/(a-f) [137]

OH AlEt3 [474]

*)
metoxy Sn/(a-f) [414]

D-�-tocopheryl Sn/(a-f) [159]
[161]

-NH2 Sn/coupling
reaction

[379]

-NH2 Sn/coupling
reaction

[380]

-OH Sn [315]

)
-OH Sn [318]

-OH, norfolocaxin Sn [103]

acrylate Sn [140]
[148]
[149]

-OH Sn [98]

*)
metoxy Sn/(a-f) [374]

[375]

*)
-OH ˇ-diiminate zinc

complex
[114]

-OH Sn [308]

-OH, Bu (PDMS) Sn/(a-f) [475]

A -OH KMDS [101]

-OH Zn powder [476]

-OH melt
polycondensation

[119]
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Table  4 (Continued)

star arm: block copolymer A-B
arm end groups catalystc) Ref.

f b) core A B

3 THMBi) PLLA PHB -OH indium complexes [477]
3  THMEj) PDLLA

(980-11 700*)
PGA -OH DBTO [478]

3  TMPk) PEG
(9760)

PLLA
(26 140*)

-OH Sn [56]

3  TMPk) PCL PLLA
(14 560*)

-OH Sn [355]

3  TMPk) PCL and PTMC PLLA -OH Sn [84]
3  TMPk) PCL

(6100-21 200)
PDLLA
(11 500-36 200*)

-OH Sn [55]

3  TMPk) PCL PLLA
(27 900*)

-OH Sn [449]

3  TMPk)
d,l-PLGA
(6800)

PLLA
(12 600-27 400*)

-OH Sn [82]

3  TMPk) PLLA
(10 000*)

PGA UTMl) Sn [141]

3  TMPk) PDLLA
(6840-35 010*)

PGA -OH Sn [479]

3  TMPk) PDLLA
(11 600-17 620)

PNIPAAm
(23 040-41 950*)

-Cl Sn/ATRP [65]

3  ethoxylated
TMP

PEG PLLA
(2000-4600*)
PDLLA
(2000-4400*)

-OH KMDS [100]

3  triethanolamine PEG PDLLA
(3900-10 800*)

-OH Sn [28]

3  Tween 80m)

(1310)
PEG PDLLA (8600;

15 500*)
-OH Sn [410]

3  3 arm PEG** PEG
(3200)

PLLA
(7500-12 100*)

-OH Sn [118]

3  cholic acid PCL-ran-PLA (12 000*) -OH Sn [418]
3  cholic acid PCL-ran-PLA MPEG

(15 000*)
-OCH3 Sn [418]

4  4 arm PEG** PEG
(5920)

PLLA
(19 800-24 700*)

-OH AlEt3 [26]

4  4 arm PEG** PDLLA PEG
(11 500-34 400*)

-OH Sn [416]

4  4 arm PEG** PEG
(10 000)

PLLA
(21 800, 32 000*)

-OH Sn [480]

4  4 arm PEG PEG
(11 500-
34 400*)

PDLLA -OH, -COOH Sn [123]

4  4 arm PEG** PEG PLLA
(6980-57 600*)

-OH Sn [377]

4  4 arm PEG** PEG
(4300)

PLLA
(10 700-18 700*)

-OH Sn [118]

4  4 arm PEG-NH2 PEG PDLLA
(9000, 10 600*)

-OH triazole carbene [74]

4  pentaerythritol PLLA heparin
(10 600*)

-OH Sn/(a-f) [438]

4  pentaerythritol PDLn) PDLLA -OH Sn [225]
4  pentaerythritol PEG

(10 920)
PLLA
(28 460*)

-OH Sn [56]

4  pentaerythritol d,l-PLGA
(12 400)

PLLA
(26 700-45 200*)

-OH Sn [82]

4  pentaerythritol PLGA
(d,l-lactide)

PEG
(33 200*)

-NH2 Sn/coupling
reaction

[379]

4  pentaerythritol PLLA PEG
(23 090*)

-OCH3 Sn/(a-f) [80]

4  pentaerythritol PDLLA PEG
(13 600-42 500*)

-OCH3 Sn/(a-f) [424]

4  pentaerythritol PLLA
(72 000)

PDLA
(54 000)

-OH Sn [68]

4  pentaerythritol PDLA
(15 200-54 500*)

PLLA
(8500-30 700)

-OH Sn [481]

4  pentaerythritol PLLA
(13 000-30 700)

PDLA
(22 000-35 200*)

-OH Sn [306,307]

4  pentaerythritol PCL PLLA
(27 100*)

-OH Sn [449]

4  pentaerythritol PCL PLLA -OH Sn [453]

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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Table 4 (Continued)

star arm: block copolymer A-B
arm end groups catalystc) Ref.

f b) core A B

4 pentaerythritol PCL PLLA
(17 450*)

-OH Sn [355]

4  pentaerythritol PCL
(12 900)

PLLA
(36 000-43 800*)

-OH Sn [370]

4  pentaerythritol PCL PDLLA
(186 000*)

-OH Sn [196]

4  pentaerythritol PCL PDLA
(6290-25 950*)

-OH, acrylate Sn [142]

4  pentaerythritol PLLA PCL
(7470-16 700*)

-OH, acrylate Sn [151]

4  pentaerythritol PDLLA PCL
(3100*)

-OH, norfolocaxin Sn [103]

4  pentaerythritol PCL PLLA
(4660-165 000*)

-OH, acrylate Sn [482]

4  pentaerythritol PGA PLLA
(9000-14 000*)

-OH Sn [412]

4  pentaerythritol PTMC PDLLA
(157 000-
166 000*)

-OH Sn [196]

4  pentaerythritol PDLLA
(7580-32 910*)

PGA -OH Sn [479]

4  pentaerythritol PDLLA
(11 800*)

PGA -OH DBTO [483]

4  pentaerythritol PLLA
(11 230-50 050*)

CCATo)

trimer
-COOH Sn [399]

4  pentaerythritol PDLLA
(7000*)

PNVPp)

(13 500*)
xanthate Sn/RAFT [405]

4  pentaerythritol PCL PLLA
(38 000-65 000*)

-OH Sn/DBU [171]

4  pentaerythritol PDLLA PHPMAq)

(9200-22 600*)
[406]

4  pentaerythritol PDLLA PNVPp)

(11 200-27 600*)
[406]

4  pentaerythritol
ethoxylate

PEG PLLA
(2100-5500)
PDLLA
(2100-5600)

-OH KMDS [100]

4  pentaerythritol
ethoxylate

PEG PLLA
PGA
(2490-6570*)

-OH -acrylate Sn [143]

4  pentaerythriol
triazide

PLA PDMAEMAr) -OH, Br Sn/(a-f) (ATRP) and
click chemistry

[133]

4  pentaerythriol
triazide

PLA PCL
(61 300, 87 100)
DXOs)

(72 900, 75 000)

-OH Sn/
spirocyclic tin

[94]

4  carboxylated
pentaerythritol

MPEG (550) PLGA
(7700-7900*)

-OCH3 Sn/(a-f) [439]

4  carboxylated
pentaerythritol

MPEG
(550, 750)

PLGA
(5700-9900*)

-OCH3 Sn/(a-f) [441]

4  porphyrin
(TAPPt))

PGLA
(d,l-lactide)

TPGSf)

(10 100*)
D-�-tocopheryl Sn/(a-f) [160]

4  porphyrin-
(OH)4

PLLA
(13 950-29 110)

PGAMAu)

(20 510, 32 770*)
-OH, BSPAv) Sn/(a-f) [168]

4  porphyrin
(THMPPw))

PLLA PNIPAAm
(35 400*)

benzyl DMAP/RAFT [170]

4  Tetronic 1107** poloxamine PLLA
PLDLA
(60 300, 93 300*)

-OH Sn [484]

4  Tetronic 1107** poloxamine PLLA -OH Sn [435]
5  BIS-TRISx) PCL

(11 060)
PLLA
(17 100-36 500*)

-OH, -BSPAv) Sn [382]

6  cyclophosphazene PCL
(6500-22 500)

PLLA
(45 200-102 300*)

-OH Sn [485]

6  dipentaerythritol PLLA
(28 800*)

PCL -OH Sn [449]

6  dipentaerythritol PLLA
(107 300-
184 600*)

PCL
(68 600)

-OH Sn [452]

6  dipentaerythritol PCL
(8500-17 200)

PLLA
(14 300-26 200*)
PDLA
(17 100, 26 500*)
PDLLA
(14 300-37 300*)

-OH Sn [486]
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Table  4 (Continued)

star arm: block copolymer A-B
arm end groups catalystc) Ref.

f b) core A B

6 dipentaerythritol PCL
(10 600-27 100)

PLLA
(33 300-62 300*)

-OH Sn [487]

6  dipentaerythritol PCL
(7160,11 820)

PLLA
(17 300-43 180*)

-OH Sn [356]

6  dipentaerythritol PLLA
(3800-6000)

PEG
(13 600-29 000 *)

-OH Sn [398]

6  dipentaerythritol PLGA PEG
(43 300*)

-NH2 Sn/coupling
reaction

[379]

6  dipentaerythritol PLLA PEG
(23 120*)

-OH, -COOH Sn/(a-f) [80]

6  HHMPCTPy) PCL
(11 000-21 100)

PLLA
(17 500-37 500*)

-OH Sn [372]

6  HHMPCTPy) PCL
(6400-21 100)

PDLLA
PGA
(28 300-40 800*)

-OH Sn [488]

6  HHDTPz) PLLA
(25 500-64 000)

PS
PNASaa)

(38 300-15 500*)

methine Sn/ATRP [381]

6  inositol PLLA
(21 600-40 800*)

CCATo)

trimer
-COOH Sn [399]

6  mannitol PLGA
(15 900*)

TPGSf)

(23 900*)
D-�-tocopheryl Sn [158]

6  PNIPAAm
macromonomer

PLLA
(247 100*)

PNIPAAm -OH Sn/(a-f) [383]

6  d-sorbitol PLLA
(27 630-28 600*)

PCL -OH Sn [449]

6  d-sorbitol PTMC
PCL
(9000-29 900)

PDLLA
PGA

-OH Sn [199]

6  d-sorbitol PLLA
(50 300-108 600)

PDLA
(85 600*)

-OH Sn [308]

8  8-arm
PEG-OH**

PEG
(21 800,
43 500)

PLLA
(27 200-53 300*)

-OH Zn [112]

8  8-arm
PEG-OH**

PEG
(10 000)

PDLLA
(20 700*)

-OH Sn [480]

8  8-arm
PEG-OH** and
PEG-NH2

PEG
(20 600,
23 700)

PLLA
(28 300-32 200*)

-OH Sn [324,326,
332]

8  8 arm PEG-NH2 PEG
(20 600)

PLLA
(24 300-28 700*)

-acrylate Sn [144]

8  8 arm
PEG-NH2**

PEG
(21 800)

PLLA/PDLA
(22 700*)

methacrylate Sn [113]

8  8-arm
PEG-OH**

PEG
(23 800)

PLLA
(24 300-28 700*)

-pyridine Sn [329]

8  8-arm
PEG-OH**

PEG
(12 500, 21 800)

PLLA
(13 900-29 800*)

-OH Zn [328]

8  8 arm
PEG-OH**

PEG
(7100)

PLLA
(21 200-42 300*)

-OH AlEt3 [26]

8  8 arm
PEG-OH**

PEG
(10 000, 35 000)

PLLA
(44 600, 71 400*)

-OH K/naphthalene [434]

8  8 arm
PEG-OH**

PEG
(20 000)

PLLA
(20 000-69 000*)

-OH K/naphthalene [300]

8  8 arm
PEG-OH**

PEG
(5000)

PLLA
(11 600-15 200*)

-cholic Sn [136]

8  PDI-8Obb) PDLLA PEEPcc)

(59 200-65 800*)
-OH DBU [384]

8  POSSdd) PCL PDLLA
(122 000*)

-OH Sn [443]

8  POSSdd) PAAee) MPEG-b-PLLA
(131 670*)

-OH Sn/SET-LRP and
click reaction

[425]

8  POSSdd) PCL PLLA
(5500)
PDLA
(20 600*)

-OH Sn [446]

11  PGSff)-OH PGSff)

(2850)
PLLA
(9030-115 530*)

-OH Sn [167]

10-20  BMIgg) PDLLA-CTAhh) PS -OH RAFT [169]
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Table 4 (Continued)

star arm: block copolymer A-B
arm end groups catalystc) Ref.

f b) core A B

21 t-ˇ-CDii) POXjj)

(18 300*)
PLA -OH Sn [413]

32  POSS(OH)32 PDLLA
(25 100-118 800)

PDMAEMAr)

(110 100-220 600*)
-OH, -Br Sn/ATRP [130]

a)in brackets Mn (g/mol) of arm and/or star polymer is given; Mw in italic; Mn of star polymer is denoted by * (in column “A” for star with A arms only and in column “B” for
star  with A-B arms); commercial product is denoted by **.
b)f: number of arms.
c)usually polymers were obtained by “core-first” method; a-f (in parenthesis) denotes “arm-first” method; descriptions of used catalysts:
Sn:  stannous octoate (tin(II) octoate, stannous 2-ethylhexanoate), Sn(Oct)2.

AlEt3: triethylaluminum.
KMDS: potassium hexamethyldisilazide, KN[SiMe3)]2.

DBTO: dibutyltin oxide.
triazole carbene: 1,3,4-triphenyl-4,5-dihydro-1H-1,2,4-triazol-5-ylidene.
DBU: 1,8-diazabicyclo[5.4.0]-undec-7-ene.
spirocyclic tin: mixture of dibutyltin oxide and pentaerythritol ethoxylate.
DMAP: 4-dimethylaminopyridine.
Zn: single-site ethylzinc complex - (Zn(Et)[SC6H4(CH(Me)NC4H8)-2]).
SET-LRP: single electron transfer living radical polymerization.
d)BTCTC: 1,3,5-benzenetricarbonyl trichloride.
e)PMPC: poly(2-methacryloyloxyethyl phosphorylcholine).
f)TPGS: d-�-tocopheryl polyethylene glycol 1000 succinate.
g)PDMS: polydimethylsiloxane.
h)PTA: pyrimidine-2,4,5,6-tetramine.
i)THMB: 1,3,5-tris(hydroxymethyl)benzene.
j)THME: 1,1,1-tris(hydroxymethyl)ethane.
k)TMP: 1,1,1-tris(hydroxymethyl)propane.
l)UTM: urethane trimethacrylate.
m)Tween 80: polyoxyethylene (20) sorbitan monolaurate.
n)PDL: poly(�-decalactone).
o)CCAT: carboxyl-capped aniline trimer.
p)PNVP: poly(N-vinylpyrrolidone).
q)PHPMA: poly(N-(2-hydroxypropyl)methacrylamide).
r)PDMAEMA: poly(dimethylaminoethyl methacrylate).
s)DXO: 1,5-dioxepan-2-one.
t)TAPP: 5,10,15,20-tetrakis-(4-aminophenyl)porphyrin.
u)PGAMA: poly(gluconamidoethyl methacrylate).
v)BSPA: benzylsulfanylthiocarbonylsufanylpropionic acid.
w)THMPP: tetrakis-(p-hydroxymethylphenyl)porphyrin.
x)BIS-TRIS: bis(2-hydroxyethyl)amino-tris(hydroxymethyl)methane.
y)HHMPCTP: hexakis-[p-(hydroxymethyl)phenoxy]cyclotriphosphazene.
z)HHDTP: 2,3,6,7,10,11-hexakis-(10′-hydroxydecanoxyl)triphenylene.
aa)PNAS: poly(N-acryloxysuccinimide).
bb)PDI-8OH: perylene diimide.
cc)PEEP: poly(ethyl ethylene phosphate).
dd)POSS: polyhedral oligomeric silsesquioxane.
ee)PAA: poly(acrylic acid).
ff)PGS: poly(glycerol-sebacate).
gg)BMI: bis(maleimidoethane).
h -chain
i yl gro
j

l
c
b
l
b
a
a
[
[
e

t
c
c
p
c
t

h)CTA: (dodecylthiocarbonothioylthio)-2-methylpropionic acid, polylactide macro
i)t-�-CD: (tosyl)7-ˇ-cyclodextrin; 14−OH groups (for LA polymerization) and 7-tos
j)POX: poly(2-ethyl-2-oxazoline).

The polymerization of l,l-LA in bulk with Sn(Oct)2 as a cata-
yst was usually undertaken at 130 ◦C [21,82,89,90]. The processes
arried out at a high temperature of 190 ◦C caused a num-
er of side reactions, such as transesterification, which led to

inear and cyclic homopolymers [91]. Spirocyclic tin initiators
ased on tin-substituted polyethylene ethoxylate [18,92–96] and

 cyclic stannoxane [97] were also used successfully. Other cat-
lysts, such as calcium hydride [86,98], stannous acetylacetonate
99], potassium hexamethyldisilazide [100,101], tetraphenyl tin
75], Bi(OAc)3 [17], and enzymes mainly lipase [102,103], were
mployed, as well.

The catalytic activities of Bi(III) acetate (Bi(OAc)3) and of crea-
inine towards the ring-opening polymerization of l,l-lactide were
ompared with those of a Sn(Oct)2-based system and a system
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

atalysed by enzymes. In all cases, high and moderate molar mass
oly(l-lactide)s were obtained. The Bi(OAc)3-based system was
omparable with Sn(Oct)2 at 140 ◦C [104]. However, the reac-
ivity of creatinine was lower than that of Bi(OAc)3 but high
 transfer agent.
ups (for 2-ethyl-2-oxazoline polymerization).

compared with that of the enzyme lipase Pseudomonas fluorescens
[104].

N-Heterocyclic carbenes [105] and 4-dimethylaminopyridine
(DMAP) [106] were used as organic catalysts in PLA star synthesis.
By this manner, 4-arm stars from amine-substituted poly(ethylene
glycol)s and 6-arm stars from a luminescent ruthenium complex
were prepared, respectively. The use of (−)sparteine/N′-(3,5-
bis(trifluoromethyl)-phenyl)-N-cyclohexyl-thiourea (1, Fig. 7) as a
catalyst for ROP of l,l-LA was also reported [107,108].

The aluminum salen and salan complexes (2a, 2b, Fig. 7) allowed
for the stereocontrolled synthesis of PLA stars [32,109–111],
whereas zinc amino-, thio-phenolate [112,113] and ˇ-diiminate
complex [114] and bis(calcium)pentaerythritol [86] catalysts
expanded the range of metal-based mediators of PLA star syn-
ranched polylactides: Synthesis, characterization, and properties.
0.004

thesis. The stereoregular ˛,ω-chain end functional star-shaped
homopolymers (PLLA arms) and copolymers (PLLA-b-PS arms)
were synthesized with aluminum methyl complexes by the stere-
ospecific ring-opening polymerization of rac-lactide [110]. In

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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ig. 7. Structure of catalysts for ROP of l,l-LA: (−)sparteine/N′-(3,5-bis(trifluorome
2b).

ddition, Lewis acidic catalysts based on tin and aluminum allowed
or the control of the polymerization and afforded polymer stars of
ariable tacticity [109]. The cationic ROP of lactide was studied with
astor oil as an initiator and in the presence of a trifluoromethane-
ulfonic acid as a catalyst [71].

.3. Star-shaped PLA polymers by polycondensation

There are only a few reports on the synthesis of star-shaped
oly(lactic acid)s by the polycondensation method. The obtained
olymers usually had relatively low molar masses Mn < 4700 g/mol)
115]. The higher molar mass poly(lactic acid)s with Mn ≤ 67
00 g/mol were obtained by the direct polycondensation of lac-
ic acid initiated by dipentaerythritol [116] and pentaerythritol
117] with antimony trioxide and p-toluenesulfonic acid as cata-
ysts, respectively. In addition, star-shaped copolymers with 3 and

 PEG-b-PLLA arms were prepared by melt polycondensation from
- and 4-arm star PEGs as the core [118].

In the polycondensation of d,l-lactic acid (LA) with pyrimidine-
,4,5,6-tetramine (PTA), a star PLA was obtained (Fig. 8) that can
e used as a novel potential polymeric flame retardant. In the first
tage, compound 3 (Fig. 8) was formed with a purine unit as a core
hat in the next step acted as the initiator of LA polymerization
119]. A more detailed study of the polycondensation process dis-
losed that at a starting ratio of LA/PTA equal to 60/1, a multicore
tructure in the copolymer was formed [119].

Finally, 4- and 6-arm star poly(lactic acid)s with carboxylic acid
erminal groups were synthesized by the direct polycondensation
f lactic acid in the presence of 7 different poly(carboxylic acid) core
olecules with triphenylphosphonium trifluoromethanesulfonate

s a catalyst [120].

.4. End-groups in star-shaped PLA

The synthesized star PLA polymers have different end groups
mainly hydroxyl). Others are mentioned in Tables 1–8. For exam-
le, carboxyl [30,80,121–128], halogen [30,129–133], amine [30],
yrene [134], maleimide [110], ethynyl [135], cholic [136], azido
137], adenine and thymine [138] were also reported as the end-
roups.

Star-shaped PLA with unsaturated end-groups, e.g., with acry-
ate or methacrylate [113,133,139–154] and itaconic acid [155],

ere used for the formation of cross-linked structures. The synthe-
is of star-shaped PLA with thiol [144], furanyl [156], biotin [157],
nd d-�-tocopheryl polyethylene glycol 1000 succinate (TPGS)
70,158–161] end-groups were also reported. Every branched unit
ntroduced an additional end-group in the branched PLA and an
ncreased number of hydroxyl termini, which allowed the incor-
oration of more biologically active ligands at the degradable
olyester [162].
Please cite this article in press as: Michalski A, et al. Star-shaped and b
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The synthesis of star-shaped with 3–6 PLA arms functional-
zed with pyrene end-groups was reported. Analysis of both static
nd time-resolved spectra of the star-shaped polymers revealed
ynamic segmental motion resulting in end-to-end cyclization,
phenyl)-N-cyclohexyl-thiourea (1), the aluminum salen (2a) and salan complexes

accompanied by an excimer formation. In macromolecules con-
taining 3-arms, the pyrene moieties are located in the interior of
the star-shaped PLAs, whereas in the case of the higher number
of arms (4–6), they are located at the periphery of the star-shaped
PLAs. Thus, increasing the number of arms leads to their stretch-
ing away from the centre of the star-shaped PLA macromolecule
[53,134].

The telechelic and 3-arm star-shaped PLAs bearing 2-ureido-
4[1H]-pyrimidione (UPy) end groups were synthesized by reaction
of hydroxyl-functionalized polymers with the excess of UPy-NCO.
The crystalline structure of supramolecular PLLAs was investi-
gated in different crystallization temperatures (Tc). At lower Tc,

the metastable  ̌ crystals are formed which may  be transformed
into more stable � crystals during heating. This is related to con-
finement effect by stacked UPy crystals and the restrained chain
mobility due to strong interactions of UPy end-groups. With heat-
ing to ∼90 ◦C the UPy-UPy H-bonds are disrupted and the transition
from  ̌ to  ̨ is observed [163]. Typically, the end groups functional-
ization with UPy groups decreases the crystallization of PCL, PLA or
their copolymers due to the decreased structural symmetry [164].
However, to enhanced the sc-PLA crystallization and crystallization
rate, the star-shaped PLA can be functionalized with supramolecu-
lar end-groups able to form strong hydrogen bonding. The 1:1 blend
of linear and star-shaped stereoblock supramolecular polylactides
(sb-SMP) have a lower crystallization temperature in comparison to
the PLLA/PDLA blends composed of un-functionalized PLAs. How-
ever, it also depends on the molar mass of PLA because with the
increase of PLLA and PDLA block lengths, the contribution of UPy
end groups decreases. The strong influence of UPy end-groups on
sc-PLA crystallization is ascribed to stronger interactions between
enantiomeric blocks in the formed stereocomplexes [165].

The comparison of the thermal stability of star PLAs with car-
boxyl and/or hydroxyl end-groups was performed. It was reported
that the hydroxyl-terminated PLA had lower thermal stability
than did carboxyl-terminated PLA, as was evidenced by the faster
depolymerization rate of the hydroxyl terminated polymers and
their higher tendency to undergo racemization [166]. Star-shaped
PLAs with carboxylic acid terminal groups showed significantly
higher solubility and degradability than did star-polymers with
hydroxyl terminal groups [120].

The viscoelasticity of star telechelic PLA ionomer melts could be
modulated by varying the number of ionic groups per molecule
[122]. Pentaerithritol ethoxylate–poly(rac-LA) stars were func-
tionalizing with the complementary DNA base pairs adenine and
thymine [138].

4. Star-shaped PLA polymers with a specified number of
arms

The structures of star-shaped PLA polymers with a specified
ranched polylactides: Synthesis, characterization, and properties.
0.004

number of arms are shown in Tables 1–6. Thus, PLA homostars
(Tables 1–3), star-block PLA copolymers (Table 4), miktoarm star
PLA (Table 5), and metal-centered star-shaped PLA polymers
(Table 6) are presented. In each table, the star structures are given

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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Table 5
Miktoarm star PLA polymers.

Star
structure

Arm structurea) Method of
synthesisb)

Ref.

A B C

AB2 PEG
(7300)

PLLA
(16 500*)
PDLA
(15 900*)
PDLLA
(15 000*)

s1, (ROP) [191]

MPEG
(2000, 5000)

PLLA
(3790-
10 700*)

s1, (ROP) [378]

MPEG
(2000)

PLLA
(15 700*)
PDLLA
(28 600*)

s1, (ROP) [221]

PFc)

(5600-9300)
PDLLA
(10 800-
12 200*)

s2 [489]

PHICd)

(5100-10 900)
PLLA
(15 500-
20 700*)

s3, (ROP) [482]

MPEG
(2000)

PLLA-b-MPEG
(9200-
14  100*)

s4, (ROP) [330]

MPEG
(5000)

PLLA-b-MPEG
(18 400-
23 100*)

s4, (ROP) [330]

PBA,  PNIPAAm,
PPEGAe)

PLA
(4700-
5700*)

s5, (ROP/
RAFT/
click)

[490]

PS
(8500, 4000)

PDLLA
(3500, 7000)

ROP, click [402]

P(EA-co-HEA)-b-PS)f)

(14 600*)
PLLA
(49 600*)

s6, (ROP) [107]

P(EA-co HEA)-b-PS)f)

(38 100*)
PLLA
(57 800*)

s6, (ROP) [107]

MPEG
(2000)

PLA (8100*) s7, (ROP) [437]

MPEG
(2000)

PLA-b- PPBDMMAg)

(25 500-
28 800*)

s8, (ROP) [437]

PTEGAh) PDLLA
(28 400*)

s9, (ROP) [491]

PTEGAh) PLA
(33 100*)

s9, (ROP) [492]

PDLA
(4900*)

PLLA
(10 400*)

s10 [301]

poly(aspartic acid) PLLA
(≤ 24 800*)

ROP [493,494]

AB3 PDLA
(4900*)

PLLA
(10 500*)

s10 [301]

PCL
(1300)

PLLA
(11 500*)

s11, (ROP) [495]

PFc)

(5100-9400)
PDLLA
(10 300-
14 000*)

s2 [489]

P(EA-co-HEA)-b-PS)f)

(11 700*)
PLLA
(56 300*)

s6, (ROP) [107]

P(EA-co-HEA)-b-PS)f)

(38 200*)
PLLA
(69 800*)

s6, (ROP) [107]

PHICd)

(5200-9600)
PLLA
(14 100-
20 200*)

s3, (ROP) [482]

Tween-80i)** PLA
(8500-
15 300)

ROP [410]

PLA  MPEG
(71 900*)

s12 [157]

PLGA MPEG
(11 400*)

s12 [157]

poly(LA-co-TMC) MPEG
(14 000*)

s12 [157]
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Table  5 (Continued)

Star
structure

Arm structurea) Method of
synthesisb)

Ref.

A B C

AB4 MPEG
(2000)

PLLA
(13 500*)
PDLLA
(9800*)

s13, (ROP) [221]

P(EA-co-HEA)-b-PS)f)

(18 400*)
PLLA
(58 600*)

s6, (ROP) [107]

P(EA-co-HEA)-b-PS)f)

(69 700*)
PLLA
(94 000*)

s6, (ROP) [107]

A2B2 PS
(7000, 6500)

PDLLA
(9000, 15 000)

ROP, click [402]

PLLA
(5000)

PDLA
(10 400*)

s10, (ROP) [301]

MPEG PLA
(9100*)

s12 [157]

PLLA
(7000*)

PCHOj)

(≤ 15 600*)
s14, (ROP) [496]

A2B3 PDLA
(5000)

PLLA
(10 700*)

s10 [301]

A2B4 MPEG PLA
(8400*)

s12 [157]

A3B3 PLLA
(5000)

PDLA
(10 500*)

s10 [301]

ABC  PDMSBk) PS
(36 000)

PDLA s15,
(an/ROP)

[172]

PEG
(7300)

PLLA PDLA (14 500*) s16 [191]

PEG
(7300)

PLLA PS (15 200*) s16 [191]

PEG
(2000, 5000)

PS PLLA(≤ 54 800) s17 [497]

PS  PLA PEO (6000*) s18 [498]
PS  PtBM PLLA (39 300*) s19 [499]
PS  PEG PLLA (50 000*) s20 [500]
PS  PLLA PEG (5900*) s9 [492]

AnBnCn PS PLLA PEG s21 [62]

a)in brackets Mn (g/mol) of arm and/or star polymer is given; Mw in italic; Mn of star polymer is denoted by *; commercial product is denoted by **.
b)methods of synthesis miktoarm star-block copolymers (an: anionic polymerization; Sn: Sn(Oct)2; ROP: ring opening polymerization; click: click reaction).
c)PF: poly[2,7-(9,9-dihexylfluorene)].
d)PHIC: poly(n-hexyl isocyanate).
e)PPEGA: poly(polyethylene glycol acrylate).
f)P(EA-co-HEA)-b-PS): poly(ethyl acrylate)-co-poly(hydroxyethyl acrylate)-b-polystyrene.
g)PPBDMMA: poly(2-phenylboronic esters-1,3-dioxane-5-methyl) methylacrylate.
h)PTEGA: poly(triethylene glycol monomethyl ether acrylate).
i)Tween-80: (polyoxyethylene sorbitan monooleate).
j)PCHO: poly(cyclohexene oxide).
k)PDMSB: poly(1,1-dimethyl silacyclobutane).
s1: di-functional macroinitiator was used at the end of A chain.
s2: copolymers were synthesized by combining the chain growth Suzuki–Miyaura coupling polymerization and ROP. Poly[2,7-(9,9-dihexylfluorene)] (PF) macroinitiators
possessing two  and three hydroxyl groups at the �-chain end were used.
s3:  hydroxyl end-functionalized PHICs were used as macroinitiators in ROP of l,l-LA catalyzed by DBU.
s4:  ROP of l,l-lactide, followed by coupling reaction.
s5: di-functional initiator with alkyne group was  used and then the resulting alkyne functional PLA was  reacted with azide functional polymer.
s6:  di-, tri-, and four-functional macroinitiator was used at the end of A chain; ROP with DBU as catalyst.
s7:  MPEG with two hydroxyl end-groups (MPEG(OH)2) was used as macroinitiator.
s8:  combination of ROP and ATRP with MPEG(OH)2.
s9:  initiating system was  based on a dithiomaleimide containing dual ROP/RAFT initiator.
s10: combination of ROP (DBU as catalyst) and click chemistry.
s11: lipase-catalyzed ROP of ε-CL with multifunctional 1-ethyl glucopyranoside as an initiator and after deprotection ROP of l,l-lactide.
s12:  MPEG esters of citric, mucic, and tartaric acids were used as initiators for LA polymerization and/or copolymerization with glycolide and trimethylene carbonate.
s13: tetra-functional macroinitiator was used at the end of A chain.
s14: ROP of l,l-LA followed by photoinduced free radical promoted cationic polymerization of cyclohexene oxide.
s15: hydroxy-functional PDMSB-b-PS macroinitiator was  used for the ROP of d,l-LA.
s16: carboxylic acid functional cyclic carbonate, derived from 2,2-bis(methylol)propionic acid, was  coupled to MPEG. After ring-opening of the cyclic carbonate, macroinitiator
capable of initiating either controlled radical or ring-opening polymerization was  formed.
s17:  the combination of ROP and RAFT.
s18: arms were synthesized by combining ATRP and ROP followed by two  click reactions.
s19: PS-b-PtBM copolymer was used as initiator for l,l-LA.
s20: PS-b-PEG copolymer was  used as initiator for l,l-LA.
s21: combination of ROP, ATRP, copper-catalyzed azide–alkyne cycloaddition (CuAAC) and ROMP.

https://doi.org/10.1016/j.progpolymsci.2018.10.004


ARTICLE IN PRESSG Model
JPPS-1111; No. of Pages 54

18 A. Michalski et al. / Progress in Polymer Science xxx (2018) xxx–xxx

of star

i
m
a
i

4

a
a
t
1
t
m
s
t
e
T

s
i
t
p
s
l

Fig. 8. Synthetic route 

n the order of the increasing number of arms. Typically, the small
olecules containing multiple hydroxyl functionalities were usu-

lly used to initiate the ring opening polymerization of LA, as shown
n Tables 1–6.

.1. Homostars of PLA

In Tables 1–3, the collected data for homostars of PLLA, PDLA,
nd PDLLA are shown. The multi-hydroxyl compounds were used
s initiators of the ROP and were subsequently transformed into
he cores of stars with a specified number of arms, e.g., glycerol,
,1,1-tris(hydroxymethyl)propane (TMP), pentaerythritol, dipen-
aerythritol (DPE) and its derivatives, xylitol, sorbitol, mannitol,

yo-inositol, sucrose, hydroxyl-terminated cyclotriphosphazene,
tar-shaped poly(ethylene glycols), and natural sugars. Usually,
he “core-first” method was used in the star synthesis. Consid-
rably fewer reports were devoted to the “arm-first” method (cf.
ables 1–3).

Most of the initiators that were used as the “cores” of the
tar-shaped PLLAs were not favourable natural products. The util-
ty of these non-bioresorbable residual “core” compounds may  be
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

oxic after PLLA degradation, which is especially important if these
olymers are applied for the preparation of drug release delivery
ystems [167]. Therefore, the synthesis of a star-shaped PLLA from
,l-lactide and pure natural polyols is desirable.
 PLA with a PTA [119].

For example, pentaerythritol ethoxylate was used to synthe-
size a 4-arm star PLA with a polymeric flexible polyol core
[138,140,147]. On the other hand, tetrahydroxyperylene and
hexakis-[p-(hydroxymethyl)phenoxy] cyclotriphosphazene were
used to synthesize 4- and 6-arm PLA stars with rigid cores, respec-
tively. A comparison of these star-shaped PLAs with different cores
indicates that macromolecules with a rigid core exhibit a higher
melting temperature [27,29].

Star-shaped PLAs using polyfunctional amines as the initiator
were also obtained (Fig. 9) [70].

Star PLA was  also obtained by ROP of d,l-lactide in supercritical
CO2 with d-sorbitol as a co-initiator. This process was  performed
at significantly reduced temperatures (as low as 80 ◦C) compared
with bulk reactions (140 ◦C). As a result, a reduction in the forma-
tion of side products was  observed, which led to narrower polymer
dispersity and good control of the degree of branching [146].

4.2. Star-block PLA copolymers

The structures of the star-block PLA copolymers with a specified
number of arms (up to 32) are shown in Table 4. Block copolymers
ranched polylactides: Synthesis, characterization, and properties.
0.004

containing PLA and PCL, PGA, PEG or PTMC were usually synthe-
sized by the ring opening polymerization (ROP) of the respective
monomers. As an alternative, RAFT [168–170] and ATRP [130,133]
methods were also applied.

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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Table  6
Star-shaped PLA polymers and copolymers with metal ion core.

star
coordinating ionb) catalystc) Ref.

f a) core arm structure

3 dbmOHd) (Fe3+) PDLLA Fe3+, (Mn ≤ 23 200) Sn [178]
3  dbmOHd) (Fe3+) PDLLA Fe3+, (Mn ≤ 37 500) Sn [180]
3  dbmOHd) (Eu3+) PDLLA Eu3+

(arm: Mn = 8400)
Sn (a-f) [179]

4  BHMBPe) (Ru2+) 2 PDLLA
+  2 PS

Ru2+

(Mn = 51 500)
Sn (a-f) [181]

5  dbmOHd) (Eu3+)+ BHMBPe) 3 dmb-
PDLLA + bpy-PCL2

Eu3+

(PLA arm:
Mn = 8400)

Sn (a-f) [179]

6  BHMBPe) (Ru2+, Fe2+) PLLA, PDLLA,
PDLLA-b-PCL

Ru2+, Fe2+

(Mn ≤ 240 000)
Sn (a-f) [183]

6  (Fe)bpyf) (Fe2+) PEG-b-PLLA
PEG-b-PDLLA

Fe2+

(Mn ≤ 115 600)
Sn (a-f) [182]

6  (Ru)bpyg) (Ru2+) PDLLA
PDLLA-PtBA

Ru2+

(Mn ≤ 57 000)
(Mn ≤ 28 600)

DMAP
(a-f)

[106]

a)f: number of arms.
b)in brackets Mn (g/mol) of star polymer.
c)usually polymers were obtained by “core-first” method; a-f (in parenthesis) denotes “arm-first” method; descriptions of used catalysts:
Sn:  stannous octoate (tin(II) octoate, stannous 2-ethylhexanoate), Sn(Oct)2.
DMAP: 4-dimethylaminopyridine.
d)Fe(dbmOH)3: alcohol-functionalized iron(III) tris(dibenzoylmethane) complex, iron serves as both a dbm protecting group and a catalyst for lactide ring-opening polymer-
ization.
e)BHMBP: bis(hydroxymethyl)-2,2-bipyridine.
f)(Fe)bpy: iron(II) tris(bipyridine) complexes.
g)Ru(bpy): [Ru(bpy(CH2OH)2)3](PF6)2, ruthenium tris(bipyridine) centers.

tional

s
H
l
u
m

Fig. 9. Preparation of star-shaped PLA using polyfunc

There are several reports on the synthesis of dendrigraft
tar-block copolymers having graft and/or comb structures.
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

ighly branched star-comb poly(�-caprolactone)-block-poly(l-
actide) (scPCL-b-PLLA) with Mn up to 140 000 g/mol were obtained
sing star-shaped hydroxylated polybutadiene (sHPB) as the
acroinitiator by a simple “grafting from” strategy (Fig. 10). These
 amines as the initiator and DBU as the catalyst [70].

star-comb double crystalline copolymers were well-defined and
used to study the influence of the polymer chain topology by com-
ranched polylactides: Synthesis, characterization, and properties.
0.004

paring with their counterparts in linear-shaped, star-shaped, and
linear-comb shaped forms [171].

On the other hand, the amphiphilic 21-arm, star-like block
copolymer ˇ-cyclodextrin-graft-(poly(lactide)-block-poly(2-

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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Fig. 10. Synthesis of star-comb poly(�-caprolactone
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ig. 11. Schematic structure of ˇ-CD-g-(PLA-b -PDMAEMA-b -PEtOxMA)21 [172].

dimethylamino) ethyl multimethacrylate)-block-poly[oligo
2-ethyl-2-oxazoline) methacrylate]) (ˇ-CD-g-(PLA-b-PDMAEMA-
-PEtOxMA)) (Fig. 11) was prepared. That copolymer formed stable
icelles with ˇ-CD and hydrophobic PLA as the inner core, reduc-

ive PDMAEMA as the middle layer, and hydrophilic PEtOxMA
s the shell [172]. The simulation results showed that micellar
ggregation was favored by longer hydrophobic or pH-sensitive
hains, shorter hydrophilic backbones, a smaller hydrophilic side
hain grafting density, and fewer polymer arms [173].

.3. Star-shaped PLA polymers with different arm structures
miktoarm stars)

According to Hadjichristidis [174], “the term miktoarm stars was
dopted for stars with chemical asymmetry.” Thus, miktoarm stars
re molecules having chemically different arms (A, B, C or D) linked
o the branched point. Their structures, shown in Fig. 12, can be
escribed as follows, e.g., A2B, ABC, A2B2, AB3, and ABCD.

Hadjichristidis developed methods for the synthesis of mik-
oarm polymers and published reviews describing various star
tructures and discussed their properties [174–177]. The summa-
ized data of the synthesis and the structure of miktoarm star
olymers, where at least one arm is built of homo- and/or copoly-
er  of PLA, are collected in Table 5.

.4. Metal-centered star-shaped PLA polymers

The star polymers with metal-ligand non-covalently bonded
ith polymeric arms are sensitive to an external stimulus, therefore

heir structure is often labile and can be broken by alteration of pH
r heat [32]. Typically, the non-covalent cores are based on iron,
uthenium, and europium with hydroxy-substituted dibenzoyl-

ethane (dbm) and bipyridine (bpy) ligands. For dbmOH, the ROP
f LA was followed by complexation to the metal center [178–180],
hile bpyOH systems [106,181–183], must be first complexed with

 metal ion to create a transition metal macroinitiator core. These
aterials are designed with a specific function, and because of their
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

timuli-responsiveness, luminescent materials for drug delivery
nd imaging or responsive chromophores can be created [29].

In Table 6, metal-centered star-shaped (co)polymers with Fe2+,
e3+, Eu3+, and Ru2+ ions are shown. Star structures were obtained
)-block-poly(l-lactide) (scPCL-b-PLLA) [171].

by the combination of coordination chemistry with living or con-
trolled polymerization via metalloinitiation, metallotermination,
coupling, and macroligand chelation approaches (Fig. 13) [40,180].

Luminescent ruthenium tris(bipyridine)-centered star block
copolymers consisting of PLA as the hydrophobic core and
PAA as the hydrophilic corona should provide a multifunctional
drug delivery system with the capability of optical imaging.
Star copolymers were obtained by the consecutive ROP  of d,l-
lactide, ATRP of tert-butyl acrylate, and finally, the tert-butyl
end-groups were hydrolyzed [106]. The polymeric metal com-
plex iron tris(dibenzoylmethane-polylactide), Fe(dbmPLA)3, was
synthesized from d,l-lactide and Fe(dbmOH)3, a hydroxyl func-
tionalized metalloinitiator. Demetallation with dilute HCl yielded
dbmPLA macroligands for chelation to other metals [180].

5. Star-shaped PLA polymers having a large core (branched
and/or dendritic)

Star-shaped PLA polymers with a higher number of arms and
larger cores: dendritic (up to 64 arms) and hyperbranched (up to
160 arms) are shown in Tables 7 and 8, respectively.

5.1. Star-shaped PLA polymers with a dendritic core

According to many definitions, a dendrimer is a molecule con-
sisting of the following components: a central core; monomeric
units linking branching points, symmetrically distributed in the
dendrimer; and closely packed surface groups (functional groups)
[184–186]. These functional groups are usually used as initiators
for the formation of arms (generally by the ROP  method).

All data for PLA stars with a dendritic core are collected in
Table 7. Multi-arm PLA stars based on dendrimers are usually pre-
pared by the “core-first” strategy. A typical synthesis involves the
initiation of ROP from a multifunctional hydroxy- (e.g., dendritic
polyols [24]) or amine-substituted initiator. In dendrimer synthe-
sis, however, incomplete initiation was  often observed due to the
close packing of growing chains [29]. In Fig. 14 there is shown
star-shaped PLA with Boltorn H20 as a core and 16 arms.

Dendrimer star PCL, a block-comb copolymers with 18 arms,
was also prepared with poly(l-lactide) blocks grafted from poly(2-
hydroxyethyl methacrylate) blocks by the ROP of l,l-lactide [188].

5.2. Star-shaped PLA polymers with a branched core

Branched polymers possess compact, highly branched, three-
dimensional structure and high densities of terminal functional
groups. The polymers’ terminal groups can easily react with other
ranched polylactides: Synthesis, characterization, and properties.
0.004

compounds (monomers) and can be used as multifunctional ini-
tiators for star-shaped polymers [89]. In branched polymers, there
is a lack of the perfect structure typically observed for dendrimers;
however, branched polymers are substantially easier to synthesize.

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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Fig. 12. Structures of miktoarm star polymers.

Fig. 13. Scheme of the methods of synthesis of metal-centered star-shaped PLA polymers [180].
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Fig. 14. Depicts the synthesis of a 16-arm star-sha

able 7
tar-shaped PLA polymers and copolymers obtained by ROP and having dendritic core (u

Structure of core Structure of arms f (n
arm

bisMPAc) (G1-G2) PLLA
or
PDLLA

6, 1
(31

bisMPAc) (G1-G4) PLLA 8, 1
(29

bisMPAc)-G3 PLLA 24 

(DP
bisMPAc) PLLA

or
PDLLA

4 (4
(22

bisMPAc) PLLA 24 

(∼ 
ranched polylactides: Synthesis, characterization, and properties.
0.004

ped PLLA with Boltorn H20 as a core [187].

sually Sn(Oct)2 was used as catalyst).

umber of PLA
s)a,b)

PLA end
groups

Ref.

2
00-44 000*)

OH [501]

6, 32, 64
 000-74 700*)

OH [108]

(24)
 = 38)

OH [105]

), 6 (6), 12 (12)
 300-44 000*)

OH [20]

(24)
6400*)

OH [105]
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Table 7 (Continued)

Structure of core Structure of arms f (number of PLA
arms)a,b)

PLA end
groups

Ref.

bisMPAc) -G1 PDLA, PLLA 6 (6)
(16 600*, 23 500*)

OH [21]

bisMPAc) -G2 PCL, PLLA
or PDLA

12 (12)
(36 300-61 500*)

OH [21]

bisMPAc) -G3 PCL, PLLA
or PDLA

24 (24)
(67 900-101 100*)

OH [21]

bisMPAc)-G3 PLLA-b-PTMC 32
(67 170-112 220*)

OH [108]

Boltorn H20d) PLLA 16 (16)
(17 800-157 700*)

OH [187]

Boltorn H20d) PLLA-b-PCL 16 (16)
(51 800-104 300*)

OH [502]

Boltorn H20d) PLLA 16
(45 400*)

OH [108]

Boltorn H20d) PLLA-b-PTMC 16
(45 400-56 000*)

OH [108]

Boltorn H40d) PDLLA 64
(260 000*)

OH [411]

Boltorn H40d) PLA 64
(26 000*)

OH [419]

Boltorn H40d) PLLA-b-TPGSe) 64
(55 000*)

OH [419]

Boltorn H40d) PLLA-b-PEG 64
(108 500*)

COOH [127]

Boltorn H40d) PLLA-b-MPEG
PLLA-b-PEG-FAf)

64 (20)
(108 500*)

COOH [125]

DAB-8g) PLLA 8 (8)
(103 700*)

OH [87]

DAB-32g) PLLA
or
PDLA

32 (32)
(356 400, 376 900*)

OH [87]

DPEh) PLLA-b-PDMAEMAi) 18 (18)
(60 500-104 300*)

OH/Br [132]

DPEh) PLLA
PLLA-b-PDMAEMAi)-b-
PEG

16 (89 400)
16
(≤238 000*)

OH
OCH3

[386]

PAEDj) PLLA-b-
PMMA  or PS

6, 12, 24
(6, 12, 24)
(42 700-148 000*)

OH/Br [129,131]

PAMAMk) (G1-G3) 6-arm PLLA 12, 24, 48 COOH [126]
PAMAM k)-G1 PLLA or

PDLLA
8
(9200*)

OH [334]

PAMAM k)-G3 PLLA-b-PEG 32
(221 400*)

OH [403]

PAMAM k)-G3 PLLA 32 (16-21)
(19 540-64 000*)

OH [197]

PAMAM k)(G1-G4) PLLA
or
PDLLA

8 (5-8), 16 (11-14), 32
(16-21), 64 (25-32)
(9600-204 000*)

OH [79]

PAMAMk) (G2-G4) PLLA 16 (26 400-67 500*),
32 (44 300*),
64 (48 900*),
128 (56 300*)

OH [385]

POSS-(OH)32
l) PDLLA-b-PDMAEMAi) 32

(110 100-220 600*)
OH/Br [130]

PPIm) (G1-G4) PLLA 8, 16, 32, 64
(29 400-87 600*)

OH [108]

PPIm)-G3 PLLA-b-PTMC 32
(64 100-100 700*)

OH [108]

PPIm)-G4 PLLA
PDLA

32 (377 000*)
32 (356 000*)

OH [297]

a)the overall number of active centers on the core is given; in brackets number of arms is given.
b)in brackets Mn (g/mol) of arm and/or star polymer is given; Mn of star polymer is denoted by *.
c)bisMPA: 2,2-bis(hydroxymethyl)propanoic acid based dendrimers.
d)Boltorn H20 and Boltorn H40: the aliphatic dendritic polyester.
e)TPGS: d-�-tocopheryl polyethylene glycol 1000 succinate.
f)FA: folate.
g)DAB-8 and DAB-32: amine terminated diaminobutane poly(propylene imine) dendrimer with 8 and 32 primary amino groups.
h)DPE: dendrimer polyester (Perstorp Specialty Chemicals, Sweden).
i)PDMAEMA: poly(2-(dimethylamino)ethyl methacrylate).
j)PAED: poly(aryl ether) dendrimers.
k)PAMAM: poly(amidoamine) dendrimers.
l)POSS: multi-hydroxyl polyhedral oligomeric silsequioxane.
m)PPI: poly(propyleneimine) dendrimers.
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Table  8
Star-shaped PLA polymers obtained by ROP and having hyperbranched core.

Structure of core Structure of arm f (number of PLA
arms)a,b)

PLA end
groups

Ref.

5HDONc) PLLA (9300-34 100*)
DB ∼ 0.21

-OH, focal
unit

[162]

aliphatic polyester (Boltorn H20d))** PLLA 16
(17 800-
157 700*)

-OH [187]

aliphatic polyester (Boltorn H20d))** PLLA 16 (17 800-
1 577 000*)

-OH [187]

aliphatic polyester (Boltorn H40e))** PDLLA 26
(26 000*)

-OH [419]

aliphatic polyester (Boltorn H40e))** PLLA-b-MPEG 20
(108 500*)

-OH,
-COOH

[125]
[373]

BHBf) PLLA (6800-12 100*)
DB ∼ 0.23-0.30

-OH [238]

BHBf) PLLA
PDLA

24 (259 000*)
24 (224 000*)

-OH [297]

BHBf) PDLLA (270-57 500*)
DB ∼ 0.018-0.469

-OH [24,234,
239,346]

bisMPAg) PLLA (49 500-147 000*) -OH [216]
bisMPAg) PLLA (19 000-26 000*) -OH [22]
polyglycerolh) PLLA (89 000*) -OH [232]
hb(PEG-co-PG)i) PLLA 67; 128

(16 000-95 000*)
-OH [93]

hbMj) PLLA (13 500-64 900*) -OH [73]
hbPEGk) PLLA 160 (122 400-

246 900*)
-OH [78]

hbPEIl) PLA DPn ∼ 9-77 -OH [420]
hbPEI l)** PLLA

PDLLA
13
DPn ∼ 39.5-47

-OH [261]

hbPGm) PLLA 28, 68
(2200-26 500*)

-OH [89]

hbPGm) PLLA (1500-10 000*) -OH [503,  504]
hbPGm) PLLA 13, 18, 25

(13 500-200 000*)
-OH [91]

hbPGm) PLLA 25, 51
(35 500, 43 000*)

-OH [366]

hbPGm) PLLA 20 (22 000-
250 000*)

-OH [231]

mPEIn) PLLA (9860-28 800*) -OH [505]
mPGo) PDLA (6700-23 000*) -OH [447]
mSi-PLLAp) PLLA (89 000*) -OH, -Me,

-Si
[506]

PEHMOq) PLLA 13 (2300-74 000*) -OH [214]
PDLr) PDLLA (151 000*) -OH [225]
PDLs) PLLA (229 500-

255 800)
-OH [507]

a)the overall number of arms is given.
b)in brackets Mn (g/mol) of arm and/or star polymer is given; Mw in italic; Mn of star polymer is denoted by *; commercial product is denoted by **; DB: degree of branching;
catalyst: Sn(Oct)2.
c)5HDON: 5-hydroxymethyl-1,4-dioxane-2-on, the hyperbranched PLAs were obtained by ring-opening multibranching copolymerization of lactide with the cyclic inimer
5HDON.
d)Boltorn H20: hyperbranched aliphatic polyester (Boltorn H20) containing 16 terminal hydroxyl groups.
e)Boltorn H40: hyperbranched aliphatic polyester (Boltorn H40) containing 64 terminal hydroxyl groups.
f)BHB: 2,2-bis(hydroxymethyl)butyric acid, condensation of AB2 macromonomer.
g)bisMPA: bis(hydroxymethyl)propionic acid, the hyperbranched PLAs were obtained by self-polycondensation of AB2 macromonomer.
h)polyglycerol: simultaneous incorporation of glycidol in PLA chain by opening the ring and the growth of PLA from OH group results in a hyperbranched architecture.
i)hb(PEG-co-PG): hyperbranched poly(ethylene oxide)-co-poly(glycerol).
j)hbM:  hyperbranched d-mannan.
k)hbPEG: hyperbranched poly(ethylene oxide).
l)hbPEI: hyperbranched polyethylenimine.
m)hbPG: hyperbranched polyglycerols.
n)mPEI: multibranched polyethyleneimine was used as an initiator of l,l-lactide polymerization with Sn(Oct)2 as a catalyst.
o)mPG: multibranched polyglycerol.
p)silyl-terminated oligomers were readily hydrolyzed into hyperbranched polymers.
q)PEHMO: poly(3-ethyl-3-hydroxymethyloxetane).
r upling
s n initi

T
M
c

P

)PDL: poly(�-decalactone); branched multiblock polymers were synthesized by co
)PDL: poly(�-decalactone); multiarm hydroxyl-terminated PDL-OH were used as a

hese polymers were obtained usually using “core first” methods.
Please cite this article in press as: Michalski A, et al. Star-shaped and b
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ulti-arm star-shaped PLA (co)polymers having (hyper)branched
ores are listed in Table 8.

Hetero-arm core star polymers consisting of PLA and
S arms (PLAnPSn) were also obtained by the reversible
 star diblock copolymers with a substoichiometric quantity of sebacoyl chloride.
ator for l,l-lactide polymerization.

addition-fragmentation chain transfer copolymerization of
ranched polylactides: Synthesis, characterization, and properties.
0.004

1,2-bis(maleimidoethane) with styrene in the presence of a poly-
lactide macro-chain transfer agent [169]. The one-pot synthesis of
star-shaped PLLAs with Mn ≤ 4200 g/mol and the core built from
bislactones was  also reported [189].

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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. Methods of characterization of star-shaped PLA

Polymers composed of macromolecules of a complex, nonlinear
rchitecture require more precise and demanding analytical tools
ompared with those employed for the characterization of their
inear counterparts. Since polymer properties are considerably
ffected by the architecture of the component macromolecules,
etailed knowledge of their topology is an important prerequisite

or further structure–property relationship studies of the resultant
acromolecular materials.

The characterization of star polymers has traditionally been
erformed using the same instruments and techniques employed

or the analysis of linear polymers, such as size exclusion chro-
atography (SEC) [190], proton nuclear magnetic resonance

1H NMR) spectroscopy [187,190,191], and matrix-assisted laser
esorption/ionization time-of-flight mass spectrometry (MALDI-
oF MS)  [89,192]. In addition, differential scanning calorime-
ry (DSC) [18,19,30,56,58,59,66,75,81,85,99,193–198], thermo-
ravimetry (TG) [193,197], wide-angle X-ray diffractometry
WAXD) [8,58,59,81], viscometry [8,56,59,75,199], rheological

easurements [8], tensile and impact testing [75,99,195,196], and
welling measurements [56] were applied for multi-arm PLLA and
,l-lactide copolymers to investigate the effects of branching on the
hysical properties and highly ordered structures [200]. Due to the
tar-shaped structure and usually high molar mass, the typically
pplied method for their characterization provides only incom-
lete information. Therefore, the more advanced characterization
echniques for the detailed analysis of star macromolecules should
e applied, as e.g. multidimensional chromatography, atomic force
icroscopy (AFM), and transmission electron microscopy (TEM)

32].

.1. Traditional characterization techniques (SEC and DLS)

The SEC method is usually used to determine the molar mass
f polymers, including branched polymers [32,35,190,192,201]. It

s worth noting that the Mn value measured by SEC is not abso-
ute. The molar masses measurement of star/branched polymers
s based on a calibration performed with the use of available com-

ercial linear standards, and the assign Mn values are usually lower
han the actual Mn. In addition, the hydrodynamic volume of star-
haped macromolecules is smaller than that of linear polymers
nd depends not only on molar mass but also on the number of
rms, which makes their molar mass determination quite complex.
EC analysis with a multi-angle light scattering (MALS) detector
llowed to determine absolute Mn value of polymers. However, this
ethod is less reliable for the polymers with very broad dispersities

192].
Dynamic light scattering (DLS) provided information about the

ydrodynamic size of star polymers in solution. The size of star
olymers is usually below 100 nm and varies dramatically with
heir synthesis method (e.g., core-first, arm-first, and brush-first)
32].

.2. Spectroscopic analysis of star polymers

NMR  spectroscopy is usually used for determination of spe-
ific molecular environments of the different core in a molecular
tructure. The observed broadened polymeric resonance peaks are
erived from the inequivalent environment of individual protons

n the polymer chains. Therefore, for more specific characteriza-
ion multidimensional NMR  spectroscopy is usually applied [32].
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

H NMR  spectra are also used for molar mass determination. The
ntegration of methine protons from terminal group adjacent to
he OH group or protons in branching moiety is employed and
ompared with methine protons from the PLA main chain.
 PRESS
er Science xxx (2018) xxx–xxx

Additionally, Danko et al. evaluated the molecular dynamics of
star-shaped PLLA functionalized with pyrenyl end-groups using
static and time-resolved fluorescence spectroscopy in solution at
room temperature [134]. The end-to-end cyclization of polymer
arms with accompanying excimer formation of the covalently
linked pyrene end-groups because of dynamic segmental motions
was observed, and the rate of the excimer formation increased
with the number of arms. The number of arms influenced the
location of the pyrenyl groups. For star-shaped polylactides with
few arms, the pyrene units were located in the center, while with
an increasing number of arms, a stretching away from the center
was observed [134].

Fluorescence spectroscopy appears to be a useful and
convenient technique for the examination of the branched macro-
molecular structures. A number of studies on the application of this
method for the characterization of the well-defined linear, den-
dritic, and star-shaped polymers were reported (references cited
in [134]).

6.3. Two-dimensional chromatography

To determine the actual structure and size of star-shaped macro-
molecules on the basis of the typically applied methods are still
a challenge for scientific groups. The results of SEC, NMR  or
MALDI-TOF analyses carried out for branched and star-shaped
macromolecules cannot be interpreted in such a straightforward
way as for the linear chains. For example, SEC separates macro-
molecules according to their hydrodynamic volume, which is
different for the same Mn but different topologies. In contrast,
the NMR  and MALDI-TOF analyses give cumulative mean values
of the molar masses and the content of a given end-group per
macromolecule. However, SEC equipped with a simple RI detector
would merely show the same or even narrower “molar mass” dis-
tribution for star-shaped polymers with structural imperfections
compared with linear macromolecules [202], and it is not able to
provide the required information. Therefore, SEC analysis with a
MALS detector should be employed for the direct determination
of the number of arms in the star-shaped polymers. This method,
although fast and convenient, can only be used for the analysis of
polymers of uniform architecture and of high enough molar mass.
In these macromolecules, the radius of gyration should be higher
than 10–15 nm because of the MALS detector limits. This is because
polymers with different architectures usually have different hydro-
dynamic volumes for a given molar mass. The triple SEC detection
(RI, RALS, viscosity) can enable the determination of absolute molar
mass but cannot distinguish between macromolecules with varying
numbers of arms.

The absolute determination of the molar mass of a star-
shaped polymer is possible when the arms of this polymer can
be detached from the core. Then, measurements of the abso-
lute molar masses of the original star-shaped polymer and arms,
after their detachment, can provide unambiguous information.
This method was  used, for instance, to analyze star-shaped
poly(tetrahydrofuran), attached with easily hydrolysable ester
bonds to the aromatic core [203]. However, it, unfortunately, can-
not be used for branched polyesters because both core and arms
were hydrolyzed simultaneously. A degradable functionality was
also incorporated into the core domain using a degradable bislac-
tone to cross-link a non-degradable linear macroinitiator – single
hydroxyl-terminated polystyrene (PS OH) under ROP conditions.
Hydrolysis of this core cross-linked polymer resulted in the degra-
dation of the core and full recovery of the original linear PS arms
ranched polylactides: Synthesis, characterization, and properties.
0.004

[204,205].
In some other instances, the addition of a small amount of a

mono-functional initiator to a system with a multifunctional ini-
tiator during the synthesis of star-shaped polymers may be useful.

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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Fig. 15. Two-dimensional LC-CC versus SEC trace of the artificial mixture composed
of  linear PLA (DEG-(PLA-OH)2) and star-shaped PLAs with 3, 4, and 6 arms: TMP-
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his excess of mono-functional initiator can produce linear poly-
er  chains that have the same molar mass as the arms in the

tar-shaped polymer (identical reactivity of an active function for
oth initiators has to be assumed). The molar masses of the final
olymers both star-shaped and linear can be determined by simple
EC analysis [204].

Traditional SEC and NMR  analysis are giving only limited infor-
ation on the compositional and topological structure of star

olymers [190]. More detailed results were obtained by combining
hese techniques with other, more sophisticated methods of sep-
ration and detection because most common synthetic polymers
xhibit structural heterogeneity. Thus, the optimization of each of
he applied methods allows getting more reasonable results [206].
hese techniques are called two-dimensional (2D) chromatogra-
hy and are particularly useful for the chromatographic analysis
f polymeric materials, where random distributions and structural
iversity are very often observed [32,207–209].

Star-shaped polymers having a different number of arms also
ave a different number of functional end-groups. Because liquid
hromatography at the critical point of adsorption (LC-CC) sepa-
ates macromolecules according to the structure of the end-groups,
oth LC-CC and two-dimensional (2D) chromatography with LC-CC
s the first dimension were employed. In the second dimension,
rdinary SEC provided information on molar mass. The method
pplying critical conditions was based on the use of a solvent (usu-
lly a mixture of solvents) at a specific temperature when enthalpic
nd entropic factors of macromolecules stationary-phase solvent
nteractions cancelled each other [210,211]. Macromolecules under
hese conditions are separated exclusively with regard to the
nd-groups and independent of the molar mass. The interaction
f end-groups with the column packing is responsible for the
iscrimination between macromolecules bearing different end-
roups.

A series of papers are devoted to the synthesis and analysis of
LLA stars with various numbers of arms [212–215], and it was
hown that only mixtures of stars with similar molar masses could
e separated strictly with regard to the number of arms. Thus, struc-
ural imperfections can be detected regardless of the molar masses
f the species. Star-shaped polymers, with strictly defined num-
ers of linear arms, provide useful model structures for studies of
he branched macromolecular structures. Our papers [212–215]
eported on the analysis of 1-, 2-, 3-, 4-, 5-, 6-, and 13-arm star-
haped PLLAs. For this purpose, we employed LC-CC analysis, which
s very sensitive to macromolecular architecture and to the pres-
nce of functional groups [134,210]. It was shown that LC-CC allows
or discriminating among PLLA structures with various architec-
ures but having the same total number of hydroxyl groups, i.e.,
o distinguish for example the “star-shaped” (arms grown evenly
rom all of the OH groups) from the “comet-shaped” (arms grown
rom only a fraction of OH groups in a given core molecule) PLLA

acromolecules of the same molar mass. The elution behavior of
hese very well-defined star-shaped PLLA was also discussed quan-
itatively on the basis of theories for polymer chromatography for
arge and small pores of a column packing. It was possible to derive
he parameters necessary to quantitatively fit the experimental
esults.

The two-dimensional (LC-CC vs. SEC) chromatogram of star-
haped PLAs with 3, 4 and 6 arms with similar molar masses
onfirmed the unquestionable usefulness of this relatively new
nalytical method, as shown in Fig. 15 [214]. This method allows
or the separation of a mixture of stars with similar molar

asses according to their number of arms. In addition, star-
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

haped PLAs with various numbers of secondary OH groups at
he PLAs’ arm ends, and primary OH groups attached directly
o the core of the star were analyzed under critical conditions
213].
(PLA-OH)3, DTMP-(PLA-OH)4, DPE-(PLA-OH)6 [214], Copyright 2003. Reproduced
with permission from Elsevier Ltd.

7. Branched PLA

The branching of macromolecules can be achieved by applying
different strategies and employing different methods of poly-
mer  synthesis [35,36,40,41]. One common method was  to use
the ring-opening polymerization of lactides or direct polycon-
densation of lactic acids with multifunctional co-monomers and
catalysts in solution [17,24,216]. The synthesis and characterization
of hyperbranched and highly branched polymer architectures were
described by Voit and Lederer [192] and other authors [35,217].
These highly branched polymers are essentially the long-chain
analogs of conventional dendrimers and hyperbranched polymers
[217]. Many studies focused on the chain-branching reactions of
PLA to increase the polymer melt strength [218–220].

Branching influences the crystallinity and chain entanglement
of the polymers in the bulk. Traditionally, branching points are
introduced by the addition of multifunctional monomers during the
production of the linear polymer, which results in the formation of
insoluble cross-linked materials. Soluble branched polymers can be
prepared when the introduction of branching is not accompanied
by an infinite network formation [216].

Only a few papers were completely devoted to branched PLAs
[22,35] but in more other papers their synthesis and properties
were also reported, e.g., [19,24,27,126,162,219,221].

Hyperbranched polymers with many branching points are per-
fect candidates for applications where strain-hardening is of crucial
importance. On the other hand, there are polymers with the con-
fined number of branching. These polymers are called long-chain
branched [27].

There are two  possibilities of branching in PLA: chemical (e.g.,
star-shaped, comb-like, and hyperbranched) and physical (co-
crystallization of PLLA and PDLA). It is known that the mixing
of PLLA and PDLA chains generates physical cross-linking points
because of the formation of stereocomplexes [222]. Therefore,
stereocomplex crystals that remain in PLA melt act as branching
points, and free chain segments act as branches on the opposite
chains [223].

The presence of branches in highly branched polymers pre-
vents chain entanglements [54,127,192,224]. Typically, long-chain
branching (LCB) is marked by the presence of branches that exceed
the critical molar mass of entanglement and at least one interior
ranched polylactides: Synthesis, characterization, and properties.
0.004

section of entangled polymer bordered by two branching points
(i.e., an entangled section with no free dangling ends) [225]. Long-
chain branching (LCB) [54] means that the molecular chain between

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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Fig. 16. ROP of lactide using glyc

ranch points is long enough to entangle with other chains, and
hus, it results in high strength in the melt. To overcome the short-
oming of low melt strength, long-chain branches were introduced
nto a polyester backbone. Reactive extrusion and high-energy
rradiation were usually used to get LCB for PLA [226]. Different

ultifunctional monomers such as epoxy [227,228] and anhydride
227] were used effectively to produce LCBs of PLA with high molar

ass and high melt strength. It was difficult to get control of the
olar mass and topological structure of the final products because

f the randomness of branching [229]. Dorgan et al. [230] suggested
hat the critical length for PLA entanglement is approximately
000 g/mol.

Branched structures with varying branching density influence
he crystallinity degree and the biodegradability of PLA. The vis-
oelasticity of polymers is influenced by the presence of the
ong-chain branches and as a result decrease of their viscosity with
imultaneous increase of elasticity is observed. In contrary, short-
hain branches influence mainly the crystallinity of stars [231] and
he lower amount of crystalline domains are formed with increas-
ng degree of branching [35]. The introduction of branching to the
LA backbone was also proved to be one highly effective approach

n tailoring the physical properties.
Several methods were used to obtain PLA with high molar mass

nd branching structures, namely, the ROP of lactide or polycon-
ensation of lactic acid, with multifunctional co-monomers and
atalysts in solution [17,24,193,216]. The effect of branching on PLA
roperties was investigated by comparing the crystallization and
heological behavior of branched PLAs to those of a linear com-

ercial grade. DSC and optical microscopy observations revealed
 remarkable improvement in PLA crystallization because of the
ucleation role of branching points. Branched polymer structures

mproved significantly the crystallization and elongational rheol-
gy behavior [232].

.1. Synthesis of branched PLA

.1.1. Copolymerization
In copolymerization, the branching monomer possesses a dual

ole of an initiator and a monomer. Such monomer is called “inimer”
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

nd hydroxyl-substituted cyclic monomers can be used in this
espect. In copolymerization, the hydroxyl group of the inimer initi-
ted chain growth and as a result, macromolecules built from units
f both monomers can be formed [35]. However, the most reactive
s the branching monomer [219].

monomer is three-membered cyclic ether – oxirane (e.g., glyci-
dol [219,232]) and its use allow for the preparation of copolymers
with the high degree of branching. In the polymerization of less
reactive four-membered hydroxymethyloxetanes apart branched
copolymers, linear oligomers were formed [35].

The polymerization in bulk, carried out at 130 ◦C, induces
the simultaneous lactide and epoxide ring opening of both
monomers and as a result, hyperbranched structures were formed,
in which the PLA segments were separated by glycerol branching
points. The molar masses of the obtained hyperbranched poly-
mers were higher than the theoretical values (Mn from 19 800
to 100 800 g/mol), and it was related to the association of PLA
linear segments. In bulk copolymerization of lactide with hydrox-
ymethyloxetanes (3-hydroxymethyl-3-methyl-oxetane (HMMOX)
and 3-ethyl-3-hydroxymethyl-oxetane (EHMOX)) catalyzed by
diphenylphosphate, the lower molar masses were obtained (Mn ≤
16 600 g/mol) [35].

In copolymerization where glycidol epoxide ring opening was
prevented in low-temperature solution polymerizations (80 ◦C), an
essentially linear PLA functionalized with an epoxide group was
generated. In polymerizations performed in bulk at a high temper-
ature (130 ◦C), a simultaneous ring opening of lactide and epoxide
occurred, and as result, the branched structure was  obtained
(Fig. 16) [219,232].

In addition, branched PLLA was  prepared through the copoly-
merization of l,l-LA with d,l-mevalonolactone (ML), as a
bifunctional co-monomer containing both a six-membered lactone
ring and pendant hydroxyl group [19]. In comparison to lactide, the
lower reactivity of ML  for ROP, could be a reason for the preparation
of low molar mass polymers and the slow formation of branch-
ing [19,27]. Copolymerizations with a monomer ratio LA/ML = 10
were performed in the presence of two different catalysts: stannous
octoate and 1-ethoxy-3-chlorotetrabutyldistannoxane (distannox-
ane). It was observed that in the presence of Sn(Oct)2, branched
polymer formation proceeded by a macromonomer formation step,
accompanied by side reactions such as ester exchange and/or
alcoholysis, while copolymerization catalyzed by distannoxane
proceeded without side reactions [19].

(Hyper)branched PLLA copolymers were also prepared by
ranched polylactides: Synthesis, characterization, and properties.
0.004

the ring-opening multibranching copolymerization of l,l-lactide
with a hydroxyl-functional lactone inimer, 5-hydroxymethyl-1,4-
dioxane-2-on (5HDON). The copolymerization was performed in
bulk at 130 ◦C or in methylene chloride using Sn(Oct)2 and 1,5,7-

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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ig. 17. Possible architectures those result from coupling the diblock star with func
olymer with short branches [225].

riazabicyclo[4.4.0]dec-5-ene (TBD) as catalysts, respectively [162].
t was observed that with a decrease of the inimer content in the
eaction mixture the average chain length between two branch-
ng points increased and as a result LCB polymers were formed.
he increased inimer content led to the decrease in Tg and Tm.
he decrease in Tg, Tm and melting enthalpy (�Hm) proved that
ranching points were evenly distributed in the polymer [27]. A
echanism of branched polymer formation was also proposed

162].
Recently, it was reported that the cationic copolymerization of

,l-LA with glycidol and hydroxymethyl oxetanes led to branched
olylactides [233]. Hyperbranched PLLA were also synthesized by
nzymatic ring-opening polymerizations [234].

.1.2. Addition of multifunctional reagents
The reaction of multifunctional reagents with star-shaped

LA usually leads to branched polymers. Thus, e.g., branched
ultiblock copolymers were prepared from diblock 4-arm star

oly(�-decalactone)-poly(d,l-lactide), as shown in Fig. 17 [225].
he coupling strategy utilized diacid chloride (e.g., sebacoyl chlo-
ide) and it was reacted with the hydroxyl end groups of the diblock
tar polymers.

The long-chain branching (LCB) of PLA was  also achieved by
sing other reactive coupling molecules, namely, in the succes-
ive reactions of the hydroxyl end-groups of linear PLA with
yromellitic dianhydride (PMDA) and triglycidyl isocyanurate
TGIC) [227] or with PMDA and 1,4-phenylene-bis-oxazoline
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

PBOZ) [235]. Alternative methods were based on the melt radical
eaction with pentaerythritol triacrylate (PETA) and bis(1-methyl-
-phenylethyl) peroxide (DCP) [236], or branching was attained

n the reactive processing of PLA with pentaerythritol polygly-
l end-groups: entangled branched star polymer, entangled “H” polymer, and comb

cidyl ether (PGE) to enhance the molecular entanglement and melt
strength of PLA [237].

7.1.3. Polycondensation
The hyperbranched PLAs were obtained in the polycondensa-

tion of different AB2 macromonomers with lactide, mainly with
2,2-bis(hydroxymethyl)butyric acid (BHB) [24,216,238,239] or its
derivatives [22] in the presence of a tertiary amine. Commercially
available 2,2-bis(hydroxymethyl)propionic acid (bisMPA) was also
copolymerized with LA [240]. As a condensation AB2 monomer
(“branching monomer”), 2,2-bis(hydroxymethyl)butyric acid
(BHB) was more suitable than 2,2-bis(hydroxymethyl)propionic
acid because of the lower polarity and better solubility of the
former in molten lactide [24,238].

Branched PLA with 2,2-bis(hydroxymethyl)butyric acid (BHB)
was obtained in a two-step synthesis [216,238,239]. In the first
step, the AB2 macromonomer was synthesized [240] and then
self-condensed using standard coupling agents (N,N′-dicyclohexyl
carbodiimide (DCC) and 4-dimethylaminopyridine (DMAP)) to
form branched structures. The used mild conditions prevented
etherification, as well as epimerization, which can occur under the
acidic conditions applied for polycondensation. As a result, long-
chain branched PLA with high molar mass and limited branching
points was  formed. This reaction pathway is, however, limited
to AB2 macromonomers with a molar mass below 4500 g/mol.
The reactivity of the macromonomers decreases by decreasing
the number of chain ends per unit volume [239]. The two-step
ranched polylactides: Synthesis, characterization, and properties.
0.004

approach of the synthesis comprises the coupling of these AB2
macromonomers, and hence, allows precise control over the lactide
chain length between the branching units in contrast to a random
polycondensation (Fig. 18) [239].

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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Fig. 18. Two-step synthesis of branched PLA: ROP of lactide usin

Another approach towards branched PLA was the copolycon-
ensation of l,l-lactide with glyceric acid, obtained from glycerol

n a bioprocess using acetic acid bacteria [239].
A novel strategy for preparing biodegradable PLA materials that

ere based on introducing a long-chain branched block copoly-
er (LB-PCL-PLA) was reported recently [241], yielding materials
ith improved crystallinity, mechanical properties, and rheo-

ogical behavior. The LB-PCL-PLA copolymer was synthesized in
he reaction of single hydroxyl-terminated PLA (PLA-OH) with
ydroxyl-terminated 3-arm star PCL (PCL-3OH) in the presence of
examethylene diisocyanate (HMDI) [241].

In addition, a cholic acid (CA) can be copolymerized with lac-
ic acid (CA/lactic acid ≤ 1/64), and both OH groups and COOH
roups reacted, forming an asymmetrical star-shaped PDLLA with
our arms. For different ratios of CA/lactic acid, various structures

ere obtained [242].

.1.4. Chain extension
The addition of the chain extender to PLA caused the forma-

ion of branching that led to the reduction of thermal degradation,
s well as the increase in molar mass and the onset decom-
osition temperature and, as a consequence, resulted in more
hermally stable materials [243,244]. Usually, two  multifunc-
ional chain extenders, namely, styrene-acrylic-epoxy random
ligomer (Joncryl

®
ADR-4368 F) [245–249] and epoxy-styrene-

crylic oligomer (CesaExtend OMAN698493), were applied [250].
t was reported that in this process a competition between poly-

er  degradation, chain extension, and chain branching reactions
ccurred [227,251,252]. The reaction mechanism of the branch-
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

ng of PLA with polystyrene/poly(glycidyl methacrylate) random
opolymer as a reactive chain extender (CE), the possible reaction
etween epoxy groups and carboxyl or hydroxyl end-groups of PLA
hains, was discussed [253].
 and polyesterification of the formed AB2 macromonomer [239].

Branched PLA polymers were also synthesized from oligomers
by the addition of highly reactive hexamethylene diisocyanate
(HMDI) and 2,2′-bis(2-oxazoline) (BOX) as a chain extender. The
addition of HMDI before BOX in the sequential linking produced
more highly branched polymers than could be caused with the
simultaneous addition. Branching and cross-linking reactions were
identified as side reactions of the chain extending reactions [128].

Free radical branching in the presence of peroxides
[226,254,255] or by beam irradiation [256–258] was employed
to induce branching points and increase PLA molar mass. Poly-
isocyanates were commonly used for PLA chain extension
[128,252,259] owing to the presence of terminal hydroxyl groups
on the polymer chains; however, because of their toxicity, the
trend is shifting towards the use of other small molecules such as
tris(nonylphenyl) phosphite [230,260] and multifunctional epoxy-
based chain extenders [244,249,250,261,262]. These modifications
are limited as cross-linking and gelation may  occur if the process
is not carefully controlled.

7.1.5. Reactive extrusion
The branching was also introduced by reactive processing

of the melt in the presence of some free-radical initiators or
multifunctional chain extenders. This is a cheap and more conve-
nient method because it can produce a large volume of polymers
[226,227,236,263]. Typically, high-energy irradiation was applied
for introducing branches, which induces free-radical reactions of
a linear PLA precursor with a multifunctional monomer [257,258].
Reactive extrusion was  adopted to prepare long-chain branched
(LCB) structures in PLA through functional group or free-radical
ranched polylactides: Synthesis, characterization, and properties.
0.004

reactions. Different reagents, such as epoxy [248,250], anhydride
[227], diisocyanate [229], and lauroyl peroxide [254] were used
effectively to produce LCBs of PLA. It was  also reported that the
reactive extrusion of polylactide (PLA) with a free radical initiator

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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ith a concentration ≤ 0.5% at 160–200 ◦C resulted in a branched
olymer [226]. However, the formation of undesirable microgels
as also observed during the reactive extrusion of PLA with certain

eroxides or multifunctional branching agents [122].
To control this process, glycidol can be used as a chain extender

or PLA in a reactive extrusion process [228], the chain exten-
ion was dominant because the chain branching process requires a
igher activation energy and longer reaction time [235].

The structurally modified PDLLA was obtained through a
ne-step reactive extrusion–calendering process using a styrene-
lycidyl acrylate copolymer as a reactive agent [251]. It was
stablished that long-chain-branching topology was induced in the
nitially linear PDLLA matrix, and the melt strength, as well as melt
elaxation, were increased through the creation of a higher entan-
led network density [262].

A reactive extrusion process based on in situ ultraviolet (UV)
rradiation for the chain scission and branching reactions of

olten polylactide (PLA) was also reported. Without the addi-
ion of trimethylolpropane triacrylate (TMPTA), random main chain
cissions of PLA molecules occurred in this UV-induced reactive
xtrusion. With the presence of TMPTA, long-chain branched PLA
as obtained, and the degree of branching in LCB PLA samples

ncreased as the amount of TMPTA increased [264].

.1.6. High-energy irradiation techniques
High-energy irradiation techniques can be an alternative

ethod for inducing the radical reactions in polymers. Electron
eams and �-rays are two types of generally utilized high-energy
adiation resources for polymer modification and introducing
ong-chain branches in PLA with a multifunctional monomer
256–258,265,266]. However, because of the limited end-group
oncentration and low activity of the end hydroxyl groups, hyper-
ranched structures are not easy to obtain for PLA through reactive
rocessing [267].

High-melt-strength polylactides were prepared in �-radiation-
nduced free-radical reactions, and this method introduced a
ong-chain branched structure onto a linear PLA precursor with
he addition of trimethylolpropane triacrylate (TMPTA) [256,266].
he prepared long-chain branched PLA (LCB PLA) samples exhib-

ted an increased molar mass and an elevated branching degree
ith increasing amounts of TMPTA incorporated during the irra-

iation process. The LCB PLA samples possessed unique bimodal
rchitectures containing a linear chain fraction with low molar
ass and an LCB fraction with high molar mass [265,266], and

his resulted in the improved melt rheological properties and
n enhancement of strain hardening under elongational flow
256,266]. It was reported that the degradation of the PLA chains
ccurred during irradiation by �-rays without the addition of
MPTA [256].

A series of long-chain branched polylactic acid (PLA) sam-
les were prepared by electron beam irradiation with or without
he addition of TMPTA [258]. Samples obtained by electron
eam irradiation showed only the monomodal macromolecular
tructure [258,266]. Electron beam radiation in the presence of
lycidyl methacrylate (GMA) enhanced the melt strength of PLA.
he modified PLA was  prepared by varying both the amount
f GMA  and the irradiation dose. This modification remarkably

mproved their viscoelastic properties because of the formation
f long-chain branching and retarding chain scission when GMA
as introduced in this system. The increase in melt viscoelastic

roperty was dependent on the irradiation dose. The gel frac-
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

ion measurement revealed that chain scission and branching
ere more dominant than cross-linking. The biodegradability of

rradiated PLA was slightly decreased by the presence of GMA
257].
Fig. 19. Structures of H-shaped (4-6), dumbbell-shaped (7), and triblock molecular
brush (8) polymers.

7.2. H-shaped and dumbbell-shaped PLA

H-shaped polymers are the block-copolymers in which two
side-arms are attached to each end of a linear polymer chain (4-6).
After introducing additional side-arms to a linear polymer chain,
the resulted polymer has a dumbbell structure (7). The entangle-
ments of the arms in H-shaped polymers are responsible for the
unique structure and rheological properties [27,268]. The syntheses
of H-shaped polymers were reported in many papers [74,269–274].
An example of their various structures are shown in Fig. 19:
4 (A = PS, B = PLLA) [269], (A = PEG, B = PLA) [74], (A = poly(cis-
cyclooctene), B = PDLLA) [271], (A = PEG, B = PLGA) [272], 5 (A = PCL,
B = PLLA, C = PDMAEMA) [270], (A = PEG, B = PLLA, C = PS) [273], 6
(A = PEG, B = PCL, C = PS, D = PLLA, E = PAA) [274].

Dumbbell-shaped block copolymers (7) with 8 arms
(A = poly(cis-cyclooctene), B = PLLA) [271], (A = PEG, B = PDLLA)
[74], (A = PEG, B = PLGA) [272], and 32 arms (A = PEG, B = PLLA)
[51] were also obtained. Triblock dumbbell-shaped molecular
brushes (8) with well-defined structures were synthesized via
“grafting through” ROMP by sequential additions of poly(lactide)
macromonomers bearing terminal norbornene groups [275].

8. Stereocomplexes of polylactides

Macromolecules composed of repeating units with comple-
mentary attracting sites can form intermolecular complexes [276].
Typical examples are provided by natural macromolecules, such
as polysaccharides, polypeptides, or nucleic acids [277–280]. By
taking a lesson from biology, polymer chemistry has developed
methods of synthesis of macro- or supramolecular systems in
which complementary, non-covalent interactions give rise to
hierarchical assemblies, which often result in macromolecular
materials with new, exceptional properties [281–288].

PLA possess an asymmetric carbon atom in each lactate repeat-
ing unit, and depending on the monomer used in polymerization:
ranched polylactides: Synthesis, characterization, and properties.
0.004

l,l-lactide, d,d-lactide, racemic [1:1 l,l/d,d-lactide] or meso l,d-
lactide, semi-crystalline l-PLA and d-PLA or amorphous l,d-PLA
polymers are obtained [1,13,289–291]. The intermolecular inter-
actions of enantiomeric PLA chains of the opposite configuration

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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Fig. 20. Interaction of enantiomeric PLA chains leading to a stereocompl

l-PLA and d-PLA] lead to the stereocomplex formation (sc-PLA).
nitially, van der Waals bonds were proposed to be responsi-
le for stereocomplex formation [292], but more recently a weak
ydrogen bonding (−CH3·····O C< and ≡CH·····O C<) between the
-PLA/d-PLA chains was found to keep two PLA helical chains with
he opposite configuration together, as shown in Fig. 20 [293,294].

The first publication concerning stereocomplex formation
etween enantiomeric PLA, poly(l-lactide) [i.e., poly(l-lactic acid)
PLLA)] and poly(d-lactide) [i.e., poly(d-lactic acid) (PDLA)] was
ublished in 1987 [222]; subsequently, numerous studies have
een carried out with respect to the formation, structure, prop-
rties, degradation, and applications of the PLA stereocomplexes.
t was observed that stereocomplexation enhances the mechanical
roperties, the thermal-resistance, and the hydrolysis-resistance of
LA-based materials. These improvements arise from a peculiarly
trong interaction between l-lactyl unit sequences and d-lactyl unit
equences. In addition, stereocomplexation opens a new method
or the preparation of physically cross-linked hydrogels and par-
icles for drug delivery systems [295]. It was revealed that the
rucial parameters affecting stereocomplexation were the mixing
atio and the molar masses of l-lactyl and d-lactyl unit sequences.
he methods for tracing PLA stereocomplexation, the methods for

nducing PLA stereocomplexation, the parameters affecting PLA
tereocomplexation, and the structure, properties, degradation,
nd applications of a variety of stereocomplexed PLA materials
ere summarized in the excellent review by Tsuji [296].

We showed that equimolar mixtures of star-shaped PLA macro-
olecules with opposite chirality had the advantage of fast

rystallization into the stereocomplex crystallites in comparison
ith their linear counterparts [297]. The mixture of star-shaped

nd linear enantiomeric PLAs also formed stereocomplexes under
imilar conditions. It was observed that both the low molar mass
inear polymers, as well as multi-arm stars with relatively short
rms, when cooled continuously from the melt or heated after rapid
ooling from the melt, could more easily form the stereocomplex
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

rystallites. In contrast, for longer linear PLAs and star-shaped PLAs
ith a lower number of arms (i.e., six arms), both homo- and stere-

complex crystallites were observed. These effects were explained
y differences in the mobility of polymer chains in these systems as
3], Copyright 2005. Reproduced with permission from ACS Publications.

a result of cooperative interactions of the many helical arms in the
PLA stars. The cooperative formation of many stereocomplex pairs
in the frame of interacted enantiomeric star-shaped PLAs chains
with an adequate number of arms could induce the enhancement in
the thermal stability and reversibility of stereocomplex crystallites
[297, 298].

Several asymmetric PLLA/PDLA blends based on linear PLLA and
PDLA with different star PDLA structures (with 3, 4, and 6 arm) were
prepared. The effects of PDLA on rheological behavior, crystalliza-
tion behavior, nucleation efficiency and spherulite growth of PLLA
were investigated [299].

It was  also observed that the mixing of two  enantiomeric 8-arm
star-shaped copolymers with PEG-b-PLLA and PEG-b-PDLA arms
led to a stereocomplex. The formed stereocomplex film exhibited
a larger amount of protein adsorption than the enantiomeric films
and has potential as a new class of implantable soft biomaterials.
Furthermore, cell attachment efficiency and proliferation rate on
the film was significantly enhanced by stereocomplexation. This
stereocomplex material is expected to be applicable as a degradable
temporary scaffold for tissue regeneration, and stereocomplexation
was proposed as a novel method to control the protein- and cell-
adhesive properties [300].

Recently, we synthesized star-shaped and linear PLAs by the
controlled ring-opening polymerization (ROP) of l,l- and d,d-
lactide using dipentaerythritol and 1-methyl-2-hydroxymethyl-
3-butylimidazolium tetrafluoroborate as initiators. Subsequently,
carboxylic end-groups were introduced into the macromolecules
through the reaction of −OH end-groups with succinic anhydride.
Afterwards, the un-modified and modified polylactides were used
for the preparation of star-shaped and star-shaped/linear stere-
ocomplexes in 1,4-dioxane and tetrahydrofuran (THF). In these
two solvents, spontaneously precipitated stereocomplexes formed
microspheres. Star-shaped stereocomplexes with hydroxyl end-
groups formed in THF microspheres with diameters ranging from
1 to 4 �m,  depending on the initial concentration of sc-PLA compo-
ranched polylactides: Synthesis, characterization, and properties.
0.004

nents. On the other hand, in 1,4-dioxane, the formation of uniform
stereocomplex nanoparticles (∼400 nm)  was observed as a result
of the combination of star-shaped PLA functionalized with car-
boxylic end-groups and linear PLA with substituted imidazolium

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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polymerization with 1-dodecanol, glycerol, pentaerythritol, and d-
ig. 21. Schematic illustration for the PLA stereomiktoarm star polymers [301].

nd-groups. Microscopic analysis showed that nanometer-sized
rains of stereocomplexes (∼30 nm)  aggregated to form larger
tereocomplex nanoparticles. It was observed that the combination
f three factors, i.e., the end-group interactions, the architecture
f the enantiomeric components, and basicity of the solvent in
hich the stereocomplexes were prepared, influenced the proper-

ies and morphology of the final stereocomplex-based materials.
t was assumed that such renewable and biocompatible PLA
tereocomplex-based nanomaterials could be used as a drug deliv-
ry carrier or as a nanofiller because of the ease of the synthesis and
he ability to control the size of the obtained nanoparticles by vary-
ng the concentration of the PLA components in selected solvents
121].

Frey et al. performed a systematic comparison among graft
oly(l-lactide) copolymers with different topologies and stud-

ed their ability to form stereocomplexes with poly(d-lactide)
PDLA). The comb and hyperbranched copolymers based on func-
ional poly(ethylene glycol) and poly(l-lactide) with molar masses
n the range of 2000 to 90 000 g/mol and moderate molar

ass distributions (Mw/Mn = 1.08–1.37) were prepared via the
ombination of anionic and ring-opening polymerization. Two
topological isomers,” a linear poly(ethylene oxide)/polyglycerol
PEG/PG) copolymer and a branched PEG/PG copolymer, were used
s backbone polymers. Furthermore, the stereocomplex forma-
ion between PDLA and the hyper-branched and comb copolymers
ontaining poly(l-lactide) arms was studied. The stereocomplex
ormation was confirmed by DSC, as well as by Fourier transform
R (FTIR) and Raman spectroscopy [93].

Ouchi also prepared stereocomplexes using both branched
nantiomeric polylactides (PLLA and PDLA) and compared their
hermal and mechanical properties with those of linear PLLA and
tereocomplexes prepared from branched and linear stereoisomers
231].

Satoh et al. reported the synthesis of stereo-miktoarm star PLAs
onsisting of both PLLA and PDLA arms in one molecule [301]. These
olymers were prepared through ROP of d,d- or l,l-LA followed
y click chemistry (Fig. 21). These 2–6 arm stereo-miktoarm star
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

olymers ((PLLA)x-b-(PDLA)y; x and y = 1, 2, and 3) with the same
olar masses (∼ 10 000 g/mol) and with narrow dispersity (Ð ≈

.1) had an identical PLLA/PDLA block ratio of 1:1 [32].
 PRESS
er Science xxx (2018) xxx–xxx 31

The synthesis of the AB2 and AB3 miktoarm star polymers, com-
posed of rigid poly(n-hexyl isocyanate) (PHIC) (A) and soft aliphatic
polyester PLLA (B), was  performed through the click reaction
yielding di- or trihydroxy end-functionalized PHICs (PHIC-(OH)2
and PHIC-(OH)3) followed by the ROP of LA. The resulting PHIC-
b-(PLLA)2 and PHIC-b-(PLLA)3 miktoarm star polymers formed
micelles in DMF. The sizes of micelles prepared from those copoly-
mers with the same compositions and molar mass decreased with
increasing arm number of PLLA because of the excluded volume
effect of the polyester domain [32].

Well-defined hydroxyl end-functionalized poly(n-hexyl iso-
cyanate), PHIC-(OH)2 and PHIC-(OH)3, as rod-type macroinitiators
were synthesized by the Cu-catalyzed azide–alkyne cycloaddi-
tion reactions of azido end-functionalized PHIC with ethynyl
alcohol derivatives. The PHIC-(OH)2 and PHIC-(OH)3 were suit-
able macroinitiators for the ring-opening polymerization of l,l-LA
which led to the synthesis of novel rod-coil type miktoarm star
copolymers, PHIC-b-(PLLA)2 and PHIC-b-(PLLA)3, with controlled
molar masses, narrow polydispersities, and controlled arm num-
bers. Additionally, the thermal and solution properties of the
obtained miktoarm star copolymers along with the corresponding
block copolymers, PHIC-b-PLLA, were characterized by TGA, DSC,
and DLS analyses [151]. In the bulk, the formed stereocomplexes
of PEG-b-PLLA-b-PDLA, miktoarm terpolymers self-assembled into
micelles with enhanced stability in aqueos solutions [40].

In addition, the thermal and mechanical properties of cast
films prepared from branched PLLA and stereocomplex films pre-
pared from branched PLLA and PDLA were investigated. Moreover,
the thermal and mechanical properties of 1:9 blend films pre-
pared from the branched PLLA or PDLA with linear PLLA were
investigated. The branched PLLA or PDLA acted as a good plasti-
cizer of linear PLLA [231]. Subsequently, biodegradable branched
PLLA was successfully synthesized by the bulk polymerization of
LA using polyglycidol as a macroinitiator. The obtained branched
PLLA film showed lower Tg, Tm, crystallinity, and higher strain
at break in comparison with the linear PLLA film because of the
introduced branched structure. The branched PLLA/branched PDLA
stereocomplex film showed a high maximum stress and a high
Young’s modulus that allowed for the retention of its high strain
at break. The mechanical properties of the linear PLLA/branched
PLLA blend film and linear PLLA/branched PDLA stereocomplex
film could easily be controlled by changing the molar mass of the
branched PLA chains [231]. In addition, the stereocomplex forma-
tion between multi-armed PLLA and PDLA was  also investigated
[58, 297,298,302–305]. The branched structure of PLA promoted
the effective physical cross-linking among crystalline domains.
Thus, branched PLA can be expected to be applied as a novel
biomedical material and a plasticizer of linear PLA [231]. However,
branching significantly disturbed stereocomplex crystallization,
which might be used for the alteration of the stereocomplexation
level, and therefore, this can be a tool for the control over the release
of active compounds [58].

Among the numerous reports on the synthesis of stereoblock
PLLA-b-PDLA, little attention was paid to the properties of star
shaped PLLA-b-PDLA copolymers and the differences between lin-
ear and multi-armed PLLA-b-PDLA copolymers are still unclear.
Furthermore, in the blend of linear and 4-arm PLLA-b-PDLA/PLAs,
the stereocomplexation will form between the PLLA block and PDLA
block, and between the free PLA chain and enantiomeric PLA block
[68,306,307].

Recently, the linear, 3-, 4-, and 6-arm star-shaped stereoblock
PLA copolymers were synthesized via two-step ring-opening
ranched polylactides: Synthesis, characterization, and properties.
0.004

sorbitol as the initiators, respectively [306,308]. The stereoblock
copolymers exhibit a faster crystallization rate than the racemic
PLLA/PDLA blends. In addition, the formation of stereocomplexes

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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rom high molar mass stereoblock copolymers was  complete and
eversible whereas for the racemic blends the homocrystallities
ere observed. Moreover, the branching effect was related to lower

c, Tm, Xc, and long period (LP), which is ascribed to the crystalline
nd amorphous layer thickness, of star-shaped copolymers in com-
arison to linear counterparts. The mechanical properties were also
ffected by the branching number because the storage modulus of
tereoblock copolymers decreases with increasing number of arms
308]. Tsuji and co-workers investigated the influence of linear PLAs
n the crystallization of 4-arm star-shaped stereo diblock PLAs. The
tereocomplex crystallinity was increased after the addition of lin-
ar counterparts; it depends on the molar mass of PLAs and was
igher for low Mn PLAs [306].

. Cross-linked PLA

.1. Solvent-free systems

For the improvement of the poor processability of PLA, var-
ous methods were used to introduce a branched architecture
nto the PLA matrix, including chemical cross-linking [7,309,310],
adiation-induced cross-linking, and peroxide-induced cross-
inking [255]. Usually, low molar mass star-shaped PLAs with
nsaturated end-groups (e.g., with acrylate and/or methacrylate
nd-groups [140,152–154, 311]) were used for the formation of

 cross-linked structure. Biobased thermoset resins were synthe-
ized from star PLA having glycerol [148,312,313], pentaerythritol
147,151,153], and xylitol [152] as cores. The resins were thermally
ured employing a free-radical polymerization strategy [152,153].
he thermal curing was also performed with dibenzoyl peroxide
s the initiator [312,313] and, N-dimethylaniline as the accelerator
312].

Star-shaped biodegradable polyesters and polymer networks
roduced from end-functionalized star polymers have been gath-
ring increasing attention for use as biomaterials having functions,
uch as controlled release of drugs, stimuli-responsivity, and shape-
emory, in addition to environmentally benign materials having

ailor-made thermal, mechanical, and biodegradable properties
29,101,154,314–316].

The process of cross-linking was studied in several papers
154, 316]. The cross-linking density increased with the number
f arms in the oligomers. The structures of the oligomers affected
he cross-linking density; therefore, the properties of the cross-
inked polymers. Oligomers with a higher number of arms and
horter lactide blocks exhibited greater cross-linking density and
igher mechanical strength [154]. Cross-linked PLAs were obtained
sing different procedures, namely, from PLA macromonomers
ith furanyl groups and cross-linking with linkers having
aleimidyl groups [156] and from star PLLA via the carbodiimide-
ediated coupling [124] or after the addition of hexamethylene

iisocyanate (HMDI) [61], 2,4-tolylene diisocyanate (TDI) [317],
-(dimethylamino)pyridinium p-toluenesulfonate [124], triallyl

socyanurate (TAIC) [23], succinic anhydride [316] or using carbodi-
mide chemistry [316]. Star polymers with a pentaerythritol core
nd PLA arms having methacrylate and itaconic acid end-groups
ere cured by a free radical polymerization resulting in a thermoset

esin [155]. The cross-linked structure was also obtained from
thynyl-functionalized 4-arm star PLA and a stoichiometric amount
f the cross-linker pentaerythritol tetrakis(3-mercaptopropionate)
nder UV irradiation [135].

Photo-cross-linked elastomers were also obtained from
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

-arm star poly(�-caprolactone-co-d,l-lactide) triacrylates
148,149,318] and 4-arm star PCL-b-PLLA [151] or 4-arm star-
oly(�-caprolactone-co-l,l-lactide) triacrylates [148,149,151].
ioabsorbable networks with a broad range of thermal, mechan-
 PRESS
er Science xxx (2018) xxx–xxx

ical, and degradative properties were obtained by free-radically
cross-linking a series of 3-arm, methacrylate-end capped
poly(d,l-lactide-co-trimethylene carbonate) prepolymers [319].

Triallyl isocyanurate [23] and triallyl trimesate (TAM) [320]
were also used as cross-linking agents for PLLA under � irradiation.
TAIC induced PLLA cross-linking at low concentration (1.0 wt.%) and
low �-ray dose (25 kGy). The gel fraction of the cross-linked PLLA
increased with both TAIC concentration and �-ray dose, whereas
the degree of swelling was affected mainly by the concentration
of TAIC. Cross-linking lowered the melting point and decreased
the crystallinity of PLLA. Dynamic mechanical analysis showed
that complete cross-linking eliminated crystallization and melting
point [23].

Polyesterurethane/poly(ethylene glycol) dimethacrylate
(PEGDMA) interpenetrating polymer networks (IPNs) with good
shape-memory properties were synthesized using a solvent
casting method. Four-arm star-shaped oligo[(rac-lactide)-co-
glycolide] was  coupled with isophorone diisocyanate to form a
polyesterurethane network (PULG), and PEGDMA was photopoly-
merized to form another polyetheracrylate network. The IPNs
were transparent with a gel content exceeding 92%. The values of
strain fixity rate and strain recovery rate were above 93%. PULG
and PEGDMA networks in IPNs were amorphous and did not show
any characteristic diffraction peaks in X-ray diffraction pattern
[321].

Other biodegradable elastomers based on the polymer net-
work formed by the ROP of bis(�-caprolactone-4-yl)propane and
a hydroxy-terminated 3-arm star-shaped block copolymer of d,l-
lactide and �-caprolactone were reported [72,315].

Recently, the synthesis of co-networks built from 4-arm star-
shaped �-caprolactone and l,l-lactide oligomers with a degree of
polymerization per arm (n = 5, 10 or 15) were reported. These stars
with furan and maleimide end-groups underwent the Diels-Alder
reaction and produced co-networks in which the two star-shaped
oligomer units were alternatingly arranged (Fig. 22) [322].

9.2. Hydrogels

Hydrogels are highly attractive materials for use in biomed-
ical applications, such as tissue engineering and drug delivery.
Hydrogels are formed by chemical cross-linking or stereocom-
plex cross-linking. Recently, there appeared a review focused on
the synthesis, characterization, and applications of PLA hydrogels
[323]. Chemical cross-linking, in general, provides mechanically
stable gels, however, it should be taken into account that there is a
health risk associated with the utility of reactive macromonomers
and cross-link agents. In the development of physically cross-linked
hydrogels, stereocomplexation between enantiomeric PDLA and
PLLA blocks in amphiphilic copolymers was  reported to be a pow-
erful tool to provide in situ forming gels [324].

Hydrogel medicinal implants based on PLA and its copolymers
were used as drug delivery vehicles, scaffolds for tissue engineer-
ing, and tissue augmentation; for instance, copolymers of lactic and
glycolic acids with PEG formed thermo-responsive hydrogels. Phys-
ical cross-linking mechanisms of PEG–PLA or PLA-polysaccharides
include lactic acid segment hydrophobic interactions, stereocom-
plexation of d- and l-lactic acid segments, ionic interactions, and
chemical bond formation by radical- or photo-cross-linking [323].

Hydrogels formed from PLA star polymers based upon 3-, 4-,
and 8-arm star PEG backbones were studied for their poten-
tial biomedical applications [56,103,112,113,325–327]. Improved
hydrogel properties were achieved through the aqueous mixing
ranched polylactides: Synthesis, characterization, and properties.
0.004

of equimolar solutions of star PEG–PDLA and PEG–PLLA polymers
to create stereocomplex interactions between stars [112,113] and
through the threading of cyclodextrins onto biodegradable poly-
mers [29,325].

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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Stereocomplex-mediated hydrogels were obtained from the
pposite chirality of 8-arm star block PEG-b-PLLA copolymers
PEG-b-(PLLA)8). Rheology measurements confirmed the gel for-

ation upon mixing of polymer solutions of opposite chirality
nd showed improved mechanical properties for PEG-b-(PLA)8
ydrogels compared with the linear PLA-b-PEG-b-PLA hydrogels,
hich was attributed to the higher number of stereocomplexation

ites of the PEG-b-(PLA)8 star block copolymer [328]. Recently, a
ore detailed analysis of the physical, mechanical, and degrada-

ion properties of stereocomplexed PEG-b-(PLA)8 hydrogels, and
he mechanism of the temperature-dependent formation of stere-
complexes as studied by NMR  and rheology were reported. The
elation mechanism was presented at a macromolecular level for
tar-shaped PEG-b-PLA diblock copolymers that formed a hydro-
el by stereocomplexation [324]. Upon mixing PEG-b-(PDLA)8 and
EG-b-(PLLA)8 solutions, inter-aggregate bridging of dangling PLA
hains by the formation of stereocomplexes led to spontaneous
elation. Upon heating, the rearrangement of macromolecules led
o an increase in the extent of stereocomplexation. It was  reported
hat the stereocomplexes in the mixed enantiomer PEG-b-(PLA)8
ydrogels were rigid and highly stable up to 70 ◦C. That finding
enotes the presence of a temperature irreversible gel system.
ompared with single enantiomer hydrogels of similar concentra-
ion, stereocomplexed PEG-b-(PLA)8 hydrogels exhibited enhanced

echanical properties and stability at 37 ◦C in phosphate buffered
aline (PBS) [324]. Typically, 8-arm star block PEG-b-PLLA copoly-
ers (PEG-b-(PLLA)8) formed micelles in aqueous solutions and

ggregates at low concentrations. The properties of two  types of
hese star block PEG-b-PLLA copolymers with linking ester and
mide groups (-NHCO-) between the PEG and the PLA blocks were
nvestigated. The stable amide linking unit in the PEG-(NHCO)-
PLLA)8 hydrogels slowly degraded; therefore, those hydrogels are
f interest as materials for biomedical applications, such as con-
rolled drug delivery systems and matrices for tissue engineering
326].
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

Eight-arm star block PEG-b-(PLLA)8 copolymers, functionalized
ith pyridine, formed star block PEG-b-PLLA-py metallo-hydrogels

n the presence of transition metal ions (Cu2+, Co2+ or Mn2+). These
EG-b-PLLA block copolymer hydrogels combined the excellent
ctide (M4LAOn) star oligomers [322], Copyright 2017. Reproduced with permission

biocompatibility and biodegradability and could be used in a wide
range of industrial and biomedical applications [329]. Chemically
cross-linked PEG-b-PLLA hydrogels were prepared by a Michael-
type addition reaction between 8-arm thiol-terminated star PEG
(PEG-(SH)8) and acrylated PEG-b-PLLA star block copolymers (PEG-
b-(PLLA12)8-AC). These hydrogels possessed excellent mechanical
properties. The degradation time of the formed hydrogels ranged
from a few days to several months depending on the incorpo-
rated amount of PEG-(SH)8. Lysozyme was released from the highly
cross-linked PEG-b-(PLLA12)8-AC/PEG-(SH)8 hydrogels mainly by
diffusion [144]. In addition, it was  reported that miktoarm star poly-
mers PLLA/PEG formed thermo-responsive hydrogels in water at
high concentrations (>22.5 wt.%) [330].

The stereocomplexation, i.e., co-crystallization, of PLLA and
PDLA blocks was also exploited to introduce stable cross-links, and
thereby, improve the mechanical properties of hydrogels formed
by PEG-b-PLA star block copolymers [112,300,326,328,331]. Fur-
thermore, it was  shown that enantiomeric PEG-PLA star block
copolymers with a central PEG core and outer PLA blocks gelated
faster and formed stereocomplexed hydrogels with improved
mechanical strength, compared with triblock PLA-b-PEG-b-PLA
copolymers [112,328,332].

Star block copolymers PEG–b-(PLA)8 and triblock copolymers
of PLA-b-PEG-b-PLA were also demonstrated to form hydrogels
through stereocomplexation [328]. The 8-arm star triblock copoly-
mers of PEG–b-PLLA–b-PEG formed an irreversible hydrogel that
had a very high storage modulus of 9.8 kPa at body temperature. The
formation of stereocomplexes using star-shaped, hyper-branched
or mixed star-shaped/linear PLA enantiomers seems to be an
important way  to enhance their physicochemical properties, allow-
ing them to be used in biomedicine as drug delivery systems or
materials for tissue regeneration [323,331]. Stereocomplexes of 8-
arm PEG-b-PLA star block copolymers linked by an amide group
between the PEG core and the PLA arms were recently prepared,
and their aggregation behavior in water was characterized [326].
ranched polylactides: Synthesis, characterization, and properties.
0.004

These materials were found to form gels at significantly lower
polymer concentrations in comparison with the corresponding
copolymers containing PLA single enantiomers, displaying higher
storage moduli and stability to degradation in vitro [332].

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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0. Properties

Poly(l-lactide) is an important biodegradable thermoplastic
olyester, which has potential applications in wound closure,
urgical implants, scaffolds and delivery of drugs because of its
iodegradability, biocompatibility and good mechanical proper-
ies. However, PLLA possesses some inherent drawbacks such as
igh crystallinity and low rate of degradation, which greatly limit

ts application in drug release systems. Therefore, modifications are
ecessary before successfully using this polymer [187].

A recently published review paper presented the current state
nd recent advances in the synthesis, characterization, properties,
nd applications of the star-shaped resins made from lactic acid or
actide and multi-hydroxyl core molecules. In these papers, the dis-
ussion of the role of the polymer architecture on the properties of
esins was performed. Especially, rheological, physiochemical and
hermomechanical properties of synthesized star-shaped resins
ere compared and discussed [7].

Interest in synthesis, characterization, and properties of the
tar-shaped PLA [8,18,30,37,82,85,197, 214,215,333,334] is related,
mong others, to the ability of homo- and copolymers of LAs to
ydrolytical and biological degradation, accompanied by useful
hermomechanical properties [134]. The properties of PLA poly-

ers and their correlation to the structure was also discussed
335].

Long-chain branching (LCB) has a significant effect on the phys-
cal properties of polymers, and even a small amount of LCB
eads to great alteration on melt and solution rheological, ther-

al  and mechanical properties [21,54,227,235,336], as well as the
iodegradability of polymers [337]. The introduction of long-chain
ranches into PLA molecules, even in a small amount, has a signif-

cant effect on the rheological, thermal, and mechanical properties
54,223]. Branched polymers can be processed at lower tempera-
ures than their linear counterparts, which could be advantageous,
specially in the processing of thermo-labile polymers, such as
LAs [99]. Nouri et al. reported that the presence of branched
LLA increased the shear thinning, shear and extensional viscos-

ty, and elastic modulus of linear PLLA [223]. Therefore, polylactide
ith different branched structures is an important modifier to

mprove PLLA performance [226,249,259,299,338]. Ouchi et al.
emonstrated that the incorporation of polyol carbohydrates, such
s glucose and dextran, could influence the surface active prop-
rties of the resulting star-shaped PLLA [146,339]. Star-shaped
LLAs would be interesting polymers as the physical properties and
egradation rates should be different from those of linear PLLAs
340].

In star/branched PLAs the presence of many arms/branches with
arious end-groups influences the physical properties of polymers.
he typical functional groups in star/branched PLAs are hydroxyl
nd-groups. The presence of a large number of hydroxyl chain ends
nhances the polymer solubility and simultaneously improve the
rocessing properties of the PLAs. These features are of crucial

mportance for their potential application in biomedical devices
35,341]. The investigation of the relation between the chain
tructure and critical properties, particularly crystallization and
xtensional rheology of high molar mass branched PLAs prepared
y multifunctional initiators or initiator–comonomer molecules
as reported [232].

The star-shaped PLLA, which differs from its linear counterparts
f identical molar mass, exhibited significantly better properties
or use as biomedical materials [29,341], such as smaller hydro-
ynamic radius, lower viscosity, and peculiar morphologies and
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

hermal properties. The star-shaped PLLA degraded in a short time
ompared with the corresponding homopolymers. The influence
f the core structure, the number of arms, arm length, and their
igidity on polymer properties was studied [29,342].
 PRESS
er Science xxx (2018) xxx–xxx

Star-shaped copolymers based on PLAs showed very interesting
properties. These materials of high molar mass and relatively short
PLA chains had higher hydrophilicity and faster degradation rates in
comparison with linear PLA of similar molar mass [66,94,132,315].
Branching improved the toughness and processability of PLA, and
the presence of PEG block introduced amphiphilicity into star
copolymers. The branched polylactide copolyesters were prepared,
and it was reported that solubility and solution viscosity depended
strongly on the degree of branching [24,89,231]. It was  observed
that in dilute solutions, the linear PLLA exhibited higher intrinsic
viscosity than the star-shaped one; however, in the concentrated
solutions, the star-shaped PLLA gave higher values of dynamic vis-
cosity, storage, and loss moduli than the linear one [8].

Branched and star-shaped macromolecules have also a different
entanglement level and possess a higher density of chain-ends than
linear chains of comparable molar mass. This affected mechanical
properties, degradation behavior and physical ageing [99,230,256].
For polymers made from a 98:2 ratio of the l- to d- enan-
tiomeric monomers, it was found that the entanglement molar
mass was  approximately 9000 g/mol (Me ≈ 8700 g/mol), while the
molar mass for branch entanglement was inferred to be nearly 35
000 g/mol (Mb ≈ 34 600 g/mol). Therefore, the ratio of the molar
mass for branch entanglement to the entanglement molar mass
was roughly four (Mb ≈ 4 Me). These results suggest that PLA may
be a semi-stiff polymer that is characterized by relatively open
chain conformations in the melt state [220]. It was also reported
that the critical molar mass for entanglement (Mc) was close to
9000 g/mol (that corresponding to 383 backbone bonds), and the
molar mass between entanglements (Me) was near 4000 g/mol
(that corresponding to 165 backbone bonds) [230].

10.1. Thermal properties

Linear PLLA has a melting point of 170–183 ◦C, a glass-transition
temperature of 55–65 ◦C [3,31,343–345] and a degree of crystal-
lization approximately 70% [346]. PLLA has a narrow window of
processing (12 ◦C) [14], whereas a 90/10 l- to d-copolymer has a
much wider range of processing (40 ◦C) because of its lower melt-
ing temperature [3]. Polylactides were found to be highly sensitive
to heat, especially at temperatures higher than 190 ◦C [347].

Multi-arm PLLA has a lower glass transition temperature (Tg),
melting temperature (Tm), crystallization temperature (Tc), and
decomposition temperature (Td), as well as low crystallinity (Xc),
compared with those of linear PLLA [8,29,35,81,197,198,200]. It
was determined that the crystallization of PLLA was effectively
suppressed by the formation of a star topology [187]. In addi-
tion, in the dilute solutions, the star-shaped PLLA exhibited lower
intrinsic viscosity than a linear one. However, in the concentrated
solutions, the star-shaped PLLA have the higher dynamic viscosity,
storage, and loss moduli than the linear one and shows the greater
dependence of rheological properties on temperature [8]. The rela-
tionship between viscosity and temperature was caused by the
presence of arms entanglements that suppress chains longitudinal
movement [27]. Tg, Tm, transition crystallization temperatures of
crystalline forms, and crystal growth mechanism were not affected
by the presence of branching, however, they were dependent on
the Mn or Mn per arm [59,193,198,263]. The glass transition tem-
perature and the melting temperature of the star-shaped polymers
increased with increasing arm length [92] and as well with the total
molar mass [140].

The most of the investigations focus on the overlapping effects
derived from branched structures and some other effects (e.g., end-
ranched polylactides: Synthesis, characterization, and properties.
0.004

groups) on PLA properties. The effects of branching architecture on
crystallization and thermal properties were studied using linear
2-arm and 4-arm star poly(l-lactide). Suitable polylactides were
obtained using bifunctional (1,3-propanediol) and tetrafunctional

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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pentaerythritol) initiator, respectively with a wide range of molar
ass (Mn = 5000-60 000 g/mol). It was observed that the 4-arm

tar architecture delayed or disturbed non-isothermal crystalliza-
ion and isothermal crystallization, compared to the 2-arm linear
rchitecture. However, the glass transition temperature, segmental
obility, melting temperature, and other crystal features were not

ffected by the presence of branching. It is worth noting that these
roperties depended on Mn or Mn per one arm [59].

For star polymers with a cross-linked large core and a high
umber of arms, the core influenced the thermal properties more
onsiderably by inducing a nonuniform distribution of segmental
obility and conformation of the arms from the core to the arm

hain ends, e.g., higher chain density and more stretched chains
ear the core [29].

It was reported that for linear and star PLLA polymers con-
aining 16 − 21 arms with similar molar masses (Mn = 71 000 − 72
00 g/mol) but with different degrees of crystalline perfection, the
wo melting peaks for the star polymer was observed, in compari-
on to the linear polymer in which one melting was  detected [197].
he degree of crystallinity (Xc) of the star polymer (0.25) was lower
han that of the linear polymer (0.41) because of the more com-
act structure of star polymer that disturb in the alignments of
he polymer chains in the crystallization process. The decomposi-
ion temperature (Td) for the star (287 ◦C) was also lower than that
or the linear polymer (307 ◦C) [32]. The thermal properties of the

ulti-arm star copolymers were characterized by DSC [35,219].
It was also observed that stereocomplex film formed from two

nantiomeric 8-arm star-shaped copolymers with PEG-b-PLLA and
EG-b-PDLA arms exhibited higher Tg and higher PLA crystallinity
han the original enantiomeric films [266].

Double melting and crystallization peaks were observed for the
iktoarm stars containing PLLA and PEG arms and an oligomeric

ilsesquioxane (POSS) core [348]. These separate transition curves
orrespond to PLLA and PEG arms that differ from their linear poly-
ers. Tm, Tc, and Xc of the PLLA and PEG arms of the miktoarm

tars are lower than those reported for the corresponding homo-
rm stars because of imperfections in the crystallization domains
ormed as a result of the presence of two different arms in the same

iktoarm star [32].
A decrease of crystallinity and increase of degradation rate for

tar-shaped PLLA with a xylitol core was observed with the increase
f the xylitol molar fraction. These polymers were amorphous when
he molar fraction of xylitol was higher than 6%, or semicrystalline
hen the molar ratio of xylitol fell below 6% [349]. The thermal

tability of star-shaped polyesters significantly decreased with the
egradation of the polyester polyol obtained in an acid solution
71]. Star-shaped PLLAs exhibited a faster hydrolysis rate compared
ith linear polylactide because of lower crystallinity and increased

umber of arms [79].
It was observed that the melting temperatures (Tm) of the

ranched PLLA/branched PDLA stereocomplexes were in the range
f 210–220 ◦C. For the polymers with higher molar masses (Mn

 140 000 g/mol) two melting temperatures were observed. It
as related to the presence of homo- and stereo-crystallities

n the mixture of branched PLLA/PDLA. In addition, there was
 marked difference in the melting temperatures of stereocom-
lexed branched and linear polylactides with similar molar masses.
he lower melting temperature of stereocomplexes composed of
ranched polylactides was related to the size of stereocomplex
rystallites and lower values with the decreasing PLA branch length
as observed [35,58,231]. In addition, the Tg and Tm values of the

ranched PLLA increased with its increasing molar mass.
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

It was reported that films of linear stereoblock PLA and stereo-
iktoarm stars formed stereocomplex crystals with Tm greater

han the films prepared from the linear and star homopolymer PLAs.
he decrease in the Tm and crystallinity of the stereocomplex crys-
 PRESS
er Science xxx (2018) xxx–xxx 35

tal with the increase in the arm number of the star was observed.
It was caused by the higher crystalline imperfections due to the
increase in the number of chains ends and branching points in the
polymers [38].

Subsequently, stereocomplex formation between PLLA and
PDLA in the melt state was investigated and altered via the addi-
tion of multi-branched PDLA additives. Two different 3- and 4-arm
star-shaped PDLA additives were synthesized as potential heat
resistance modifiers and incorporated into PLLA at 5, 10, and 20
(w/w) through melt blending. The mechanical and thermome-
chanical properties of these blends were compared with those of
linear PLLA, as well as with blends formed by the addition of two
linear PDLA analogs that had similar molar masses to their star
counterparts. Blends with linear PDLA additives exhibited two dis-
tinct melting peaks at 170–180 ◦C and 200–250 ◦C that implied
that two distinct crystalline domains were present, one of the
homopolymer and the other of the stereocomplex, the more sta-
ble crystalline structure, formed by the co-crystallization of both
poly(l-lactide) and poly(d-lactide) enantiomers. In contrast, for
blends of PLLA with multi-branched PDLA a single broad melting
peak was observed by X-ray diffraction (XRD) data indicating that
stereocomplex crystallites were exclusively formed [350].

10.2. Crystallization

A long-chain branching (LCB) structure was  found to affect the
crystallization of PLA products [236,320]. The multi-branched short
chain PLLA is an effective nucleating agent that is not only respon-
sible for the acceleration of PLA crystallization in multi-directions
but also for good miscibility with PLA [255,351]. The crystalliza-
tion kinetics for linear PLA and LCB PLA samples were extensively
investigated using polarized optical microscopy and DSC. The intro-
duction of long-chain branched structures into PLA improved the
melt viscosity of PLA and reduced the diffusion rate of PLA chain
segments during the transformation of the PLA melt into crystals.
Therefore, the spherulitic growth rate decreased on increasing the
long-chain branching degree for LCB PLA samples. Thus, the overall
crystallization rates of the LCB PLA samples are faster than that of
linear PLA [338,352]. Recently, a broad review was  published on
PLA crystallization [353].

The initial degree of crystallinity (Xc), that is, the crystallinity of
samples before reheating, was  calculated by using Eq. (1):

XC = �Hm − �Hcc
93.6

× 100% (1)

where �Hm is the melting enthalpy, �Hcc the cold crystallization
enthalpy, and 93.6 the melting enthalpy in J/g of 100% crystalline
PLA [338,354].

In star PLLAs, the presence of arms reduces the crystallinity
of polymers [85,102,193,194,198]. The star-shaped structures
possessed different arms, implying their distinct nucleation mech-
anisms, and the more arms of a star-shaped PLLA led to a
lower spherulite growth rate and decreased crystallizability
[59,64,69,90,200]. It was reported that the Tg depended on Mn,
whereas the Tm or crystalline thickness, and Tc of the star depended
on the Mn of the arm not on the overall Mn and were similar to
those of linear polymers [59]. The star-shaped PLLA contained more
crystalline imperfections because of the increased number of end-
groups and branching points. These facts led to lower crystallinity,
which, in turn, lowered the melting temperature of the star PLLA.
On the cooling scan, the star-shaped PLLA exhibited the crystalliza-
tion peak at a lower temperature on account of the aforementioned
ranched polylactides: Synthesis, characterization, and properties.
0.004

reasons [8]. At rest, the polymer chains would have a coiled struc-
ture to maximize entropy. The steric hindrance resulting from a
coiled conformation has a dominant effect on the static state. As
a result, the star-shaped PLLA exhibited a lower rate of crystal-

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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ization than the linear one in the case of quiescent crystallization,
s previously discussed. Shearing leads to uncoiling and stretch-
ng of molecules, and therefore, the branching points causing steric
indrance would have a less serious effect on crystallization. In
onsequence, chain mobility would have a dominant effect over
he steric effect in dynamic crystallization. Thus, the star-shaped
LLA gave a higher rate of crystallization than the linear one under
hear [8]. The physical properties of the star and linear PLLA having
ide ranges of molar masses were studied by the use of DSC, TG,

nd polarimetry [200]. The star-shaped PLLA polymers with more
rms are expected to have faster degradation and drug release rates
90].

The crystallization of linear (2-arm) PLLA and 4-arm star PLLA
as analyzed and the following phenomena were observed. Both

on-isothermal and isothermal crystallization of star is disturbed,
ompared to the linear architecture. This leads to the higher Tcc,
ower Xc, and radius growth rate of the spherulites (G) values for
-arm star than to those for linear 2-arm PLLA. The presence of
ranching architecture in macromolecules was not influenced on
he Tg and segmental mobility, Tm and crystalline thickness, and
c. The Tm or crystalline thickness, and Tc(�) of star depended on
n(arm), not on Mn, and the values were similar to those of linear,
hen plotted as a function of Mn(arm). Regime analysis exhibited

hat crystal growth mechanism depends on Tc, crystalline form, the
olar mass and presence or absence of branching [58,81,303].

With the increase of the number of arms in PLLA-b-PDLA stars
ot only the melting temperature and the degree of crystallinity
ecrease but also the change of parameters related to the crys-
alline structure, such as spherulitic growth rate, crystallites size,
ong period, and crystalline layer thickness of PLLA-b-PDLA chains

as observed [308]. In addition, the lower Tm of stereocomplexes of
ranched PLAs than those measured for the stereocomplexes pre-
ared from linear PLAs with similar molar mass was ascribed to the
ecrease in the average size of the stereocomplex crystallites with
he decreasing PLA branch length [231].

In contrast, the thermal properties and crystallinity (Tc, Tm, and
c) of star-shaped PCL-co-PLA block copolymers were independent
f the number of arms of the polymer [355]. Crystallization kinet-

cs and the spherulitic morphology of these star block copolymers
ere also studied [55,340,356]. It was also stated that in 4- and

-arm star PLLA-b-PEG block copolymers, the Tm, Tc, and Xc of the
LLA block within these PLLA-b-PEG copolymers decreased with
n increasing branch arm number, whereas Xc of the PEG block
ithin the copolymer inversely increased. Additionally, both the

LLA and PEG blocks within the block copolymer mutually influ-
nced each other, and the crystallization of both the PLLA and PEG
locks within the PLLA-b-PEG copolymer could be adjusted through
oth the branch arm number and the arm length of each block [80].

The influence of branching in PLLA polymers on crystallization
roperties was studied in several papers [64,81,200,220,357,358].
ong-chain branched (LCB) PLA showed a higher crystallization rate
han linear PLA during isothermal crystallization. Less perfect crys-
als were formed for the LCB PLA samples, that was  responsible
or their lower melting temperatures and crystallinities [263]. The
rystallinity of branched PLA was lower than its linear counterpart,
nd the crystallinity of branched PLA could be controlled by tai-
oring the branched chain lengths [231]. It was reported that the
ddition of a chain extender improved the crystallization kinetics
f PLA samples [250,352].

The melt elasticity of PLA was also improved by converting it into
n ionomer. Ionomers are polymers containing small amounts (up
o 15 mol%) of ionic groups, which associate to form nanometer-
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

ized clusters because of the micro-phase separation from the
ielectric medium of the polymer. The degree of crystallinity of the
tar telechelic PLLA ionomers was found to be lower than that of
he precursor star polymers. The star ionomers showed two glass
 PRESS
er Science xxx (2018) xxx–xxx

transition temperatures: one close to the precursor polymer and
the other higher than that of the precursor polymer. These ther-
mal  attributes corroborate the hindered chain mobility of the star
ionomers chains [122].

10.3. Rheology

Rheological investigations of star polymers were carried out
both in solution and in melt [32]. It was reported that long-chain
branching (LCB) had a significant effect on the rheological prop-
erties of polymers, and even a small amount of LCB could lead
to a great increase in extensional viscosity, shear viscosity, and
elasticity [227,235]. The complex viscosity, elastic and viscous
modulus for chain branched PLA were improved resulting from
the enhancement of molecular entanglement, and consequently,
a higher draw ratio could be achieved during the subsequent hot
stretching [232,237].

Multifunctional monomers, such as epoxy [218,250], anhydride
[227], diisocyanate [263], and acrylate [236], were used to prepare
LCB PLA with high molar masses and improved melt strengths com-
pared with their linear precursors. The LCB structure contributed
to the enhancement of the zero-shear viscosity, complex viscosity,
storage modulus, melt strength, and strain hardening under elon-
gational flow. In star PLA polymers the zero shear viscosities were
dependent on the number of arms, and a higher melt viscosity was
observed for stars with higher numbers of arms [220]. Branched
PLLAs had high viscosity and elastic modulus at low frequencies
compared with linear PLLA and an increased shear thinning behav-
ior. Among the branched PLLAs, star-shaped PLLAs had the highest
viscosity and elastic modulus, which was  associated with longer
branches [223]. In the dilute solutions, the linear PLLA exhibited
higher intrinsic viscosity than the star-shaped one. In the con-
centrated solutions, the star-shaped PLLA gave higher values of
dynamic viscosity, storage, and loss moduli than those of the lin-
ear one. Star PLLA exhibited also a more noticeable shear thinning
behavior and greater dependence of rheological properties on tem-
perature than the corresponding linear polymer [8]. The rheological
properties of linear PLA were also improved by �-irradiation [23]
and electron beams [309,359] cross-linking.

Rheological measurements showed a dramatic increase in the
elasticity of star telechelic poly(l-lactide) ionomer melts relative
to that of star PLA precursor melts. The star ionomer melts were
predominantly elastic (storage modulus (G′) > loss modulus (G′′),
large relaxation time) while the star PLA precursor melts were pre-
dominantly viscous (G′′ > G′, short relaxation time). The viscoelastic
properties of the star telechelic PLA ionomers could be modulated
in a facile manner by varying the number of ionic groups per star.
The influence of ionic associations of star PLA ionomers on the ther-
mal  properties and the linear viscoelastic rheological properties of
the star PLA ionomers was also reported [122].

10.4. Mechanical properties

The mechanical properties of PLA can be varied to a large extent
ranging from soft, elastic plastic to stiff and high strength plastic
[195]. PLLA with higher molar masses exhibited better mechan-
ical properties. With the increase of Mn of PLLA from 23 000 to
67 000 g/mol, the flexural strength increased from 64 to 106 MPa,
but the tensile strength remained the same at 59 MPa  [360]. PLLA
possesses good mechanical properties, with elastic modulus and
tensile strength in the range of 3.2–3.7 GPa and 55–60 MPa, respec-
tively [346].
ranched polylactides: Synthesis, characterization, and properties.
0.004

The thermo-mechanical properties of 3-arm star PTMC-b-PLLA
copolymers with controlled molecular features, i.e., controlled
functional end-groups and molar masses, rather narrow dispersity
values, were also studied. The results revealed that a minimal block

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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ize of the PTMC and of the PLLA segments within the copolymers
f Mn,PTMC ≈ 10 000 g/mol and Mn,PLLA ≈ 23 000 g/mol enabled sig-
ificant improvement in the elongation at break (�b) of PLLA up to
28%, while maintaining the Young’s modulus (E = 2781 MPa) close
o that of PLLA (E = 3427 MPa, �b = 8%) [114].

Tg of the elastomers prepared from the cross-linking of an acry-
ated 3-arm star poly(�-caprolactone-co-d,l-lactide) prepolymer

as independent of the prepolymer molar mass and was in the
ange from −6 to −8 ◦C. The Young’s modulus and stress at break of
he elastomers were proportional to the inverse of the prepolymer

olar mass, while the strain at break increased in a linear fash-
on with the prepolymer molar mass. Over a degradation period
f twelve weeks in phosphate buffered saline (PBS), the elastomers
xhibited little mass loss, appreciable mechanical strength loss, and
ittle dimensional or strain at break change [315, 318].

0.5. Degradation

The degradation of PLA is dependent on many factors, such as
olar mass, crystallinity, purity, temperature, pH, the presence

f terminal carboxyl or hydroxyl groups, water permeability, and
dditives acting catalytically that may  include enzymes, bacteria or
norganic fillers [4,5]. The degradation time of PLA varied from 10

o.  to 4 y [361]. A major advantage of lactide-based polyesters over
ther biocompatible polymers is the in vivo degradability into non-
oxic components, which can be further adjusted for the desired

edical application to control drug release rates and mechanical
tability. Because polymer degradation preferentially occurs in the
morphous regions of PLLA, an increase in the number of branching
nits (and chain ends) in branched PLAs enhances both enzymatic
egradability and hydrolysis [102,362]. Star PLA with relatively
hort PLA chains had a higher hydrophilicity and improved degra-
ation profiles [109,334,363,364]. The enzymatic hydrolysis rate of
tar PLLA monolayers was found to be dependent on the average
olar mass of the PLLA arm in macromolecules, not on the overall
olar mass of polymer [362].

The hydrolytic degradation and crystalline morphology change
or the branching architecture and crystallinity of linear (2-arm)
nd 4-arm star poly(l-lactide)s was investigated. It was observed
hat the degradation mechanism of 2-arm PLLA changed from bulk
egradation to surface degradation with kind of the polymer phase
amorphous and crystalline) and decrease with Mn. Initially crys-
allized star PLLA with high molar mass degraded according to
ulk degradation mechanism. In contrast, a branching architecture
nd/or the high number of hydroxyl groups disturbed crystalliza-
ion of 4-arm star PLLAs during hydrolytic degradation at 37 ◦C and
H = 7.4. Influence of star architecture and density of −OH groups
ere also observed for amorphous poly(l,d-lactide)s (2-arm and 4-

rm), although the degradation was carried out in slightly different
onditions [343,365].

The thermal properties and thermal degradation of linear PLLA,
s well as 25- and 51-arm branched PLLA and poly(d,l-lactide-co-
lycolide) (PLGA), polymers were reported. It was  observed that
he degradation kinetics of linear and branched PLLA and PLGA
ere not dependent on polymer architecture. This is in agreement
ith the suggestion that Sn-catalyzed depolymerization is the main

hermal degradation pathway for linear and branched polylactones
ynthesized using Sn catalysts [366].

Furthermore, hydroxyl end-groups in polylactides were trans-
ormed into Cl, NH2, and COOH groups. The cold crystallization
emperatures of PLA with these groups were higher than
hose of OH-terminated polylactides. The thermal stability of
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

H-terminated polylactides was poor, whereas NH2 and -Cl ter-
inated polylactides were more resistant to thermal degradation.

olylactides with Cl and -NH2 end-groups were less resistant to
ydrolytic degradation than that containing COOH end-groups.
 PRESS
er Science xxx (2018) xxx–xxx 37

These end-group effects increased with an increasing number of
chain arms [30].

The degradation rates of star-shaped PLAs films were acceler-
ated with an increase in the number (as well as a decrease in the
molar mass) of arms [102]. Star PLAs with a higher number of arms
(and chain ends) and lower molar masses of arm showed higher
degradability [362]. It was  reported that star-shaped PDLLA had a
higher hydrolytic-degradation rate than the linear poly(d,l-lactide)
with similar molar mass [52], and the hydrolytic degradation
proceeded mainly via surface erosion mechanisms [341]. The
degradability by enzymatic and alkaline hydrolyses of star PLA with
glycerol or sorbitol core was also studied by Arvanitoyannis et al.
[193,367].

Star polylactides with glycerol [193], sorbitol [198], poly(vinyl
alcohol) [26], or dextran [368] core had relatively short PLA chains,
which caused their high hydrophilicity and fast degradation rates
in comparison with those of linear PLA with similar molar mass
[334].

The 4-arm star PEG-b-PLA polymers are thermally stable at
biological conditions. In addition, the star polymers have short
degradation times compared with that of linear PLA, and there-
fore, PEG-b–PLA copolymers may  be an excellent candidate for drug
delivery applications [369]. Oligomeric ethylene oxide blocks in
PLA star polymers enhanced water solubility for the PLA materials
without adversely affecting the non-toxic, non-immunogenic and
biodegradable properties of PLA [29]. A biodegradable 4-arm star
copolymer comprised of poly(�-caprolactone-co-lactide) (PCLLA)
and PLLA blocks having elastomeric properties was obtained and
investigated. A degradation study of the copolymer showed that
degradation first occurred in the PCLLA core, followed by degra-
dation in the PLA ends. Chain scission in the middle core resulted
in the immediate formation of �-CL crystals within the core and
increased crystallinity over time, in both PCLLA core and PLA ends
[370].

Star-shaped PLLA showed lower Tg and Tm than did linear PLLA.
As a result of in vitro degradation, the star-shaped PLLAs showed
faster degradation rates than those of linear PLLAs at 80 ◦C [371].
The degradation of the elastomers is dependent on the cross-link
density [149].

Moreover, hydrolytic degradation of the polymer network pre-
pared by the esterification reaction of hydroxyl-terminated 4-arm
star-shaped PLA and succinic anhydride [316] and in vitro degra-
dation of star-shaped poly(�-caprolactone)-b-poly(l-lactide)-b-
poly(d,l-lactide-co-glycolide) with a cyclotriphosphazene core
were also reported [372].

The cross-linking of degradable aliphatic polyesters strongly
affected the rate and mechanism of degradation (surface or bulk).
The degradation behavior in vivo and in vitro of photo-cross-linked
star poly(�-caprolactone-co-d,l-lactide) elastomers of different
cross-link densities was  studied, and it was observed that the
degradation behavior of the network with the lower cross-link
density proved a bulk erosion degradation mechanism [148]. The
degradation of the network with the greater cross-link density dis-
played a linear decrease in mass and mechanical strength, which
is characteristic of a surface erosion mechanism. The cross-link
density of biodegradable networks also affects their mechanical
properties, including strength and elastic modulus [124].

The influence of the number of branches (chain ends) and
the stereochemistry of PLAs on the enzymatic degradation and
alkaline hydrolysis were studied. An increase in the number of
branches enhanced the enzymatic degradability and the alkaline
hydrolysability. The branched PLLA, PDLA, and PDLLA differed in
ranched polylactides: Synthesis, characterization, and properties.
0.004

mass loss and change in Mn of the PLA segment during the enzy-
matic degradation [102].

In addition, micelles formed from the star copolymer H40-PLA-
b-MPEG showed a sustained release of the entrapped hydrophobic

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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odel drug over a period of 4 to 58 h, and the copolymer itself
egraded hydrolytically within six hours under physiological con-
itions [373].

0.6. Micellization

There are many papers reporting on the micellization of star-
haped copolymers containing PLA arms. To improve the gel
echanical strength and degradation properties, PEG-b-PLA star

iblock copolymers with three [80,374,375], four [66,369,376,377]
r eight arms [66,112,326,328,331] were synthesized, with a
ydrophilic central core and hydrophobic arms and vice versa.
hese copolymers associated into micelles, although differences in
he micellization properties with respect to linear diblock copoly-

ers were observed as a result of the topological constraints of
he star copolymers [328,369,377]. Depending on the block length,
he chain architecture, and the number of arms, unimolecular

icelles or multimolecular micellar aggregates were formed [327].
hus, star-block PEG-b-PLA copolymers formed micelles in the
ilute aqueous solutions. With increasing temperature, micelle
ize decreased dramatically. In a high-concentration solution, the
tar-block copolymer showed a temperature-sensitive sol-gel tran-
ition behavior [374]. The self-assembly into micellar systems of
-arm star copolymers (PEG65-b-PLAn)8 (where: n = 11, 13, 15)
as observed in water at various concentrations and temperatures

327].
The formation of supramolecular aggregates of PEG-b-PLA star

haped copolymers with PEG in the central core was  reported
nly in a few papers [327,331,369,376,377]. The star block PEG-
-PLA copolymer structure with an iron center formed micelle-like
anoparticles that could entrap hydrophobic drugs [182]. AB2 type
-miktoarm star copolymers with PEG as the A arm and PLLA as the
wo B arms had the ability to self-assemble into polymer vesicles
polymersomes) in aqueous solutions [378]. The host–guest prop-
rties of star PLA with a hyperbranched polyglycidol core exhibiting

 core–shell structure, such as reversed micelles, were studied, and
t was shown that water-soluble dyes were successfully encapsu-
ated in a hydrophilic polyglycidol core [89].

Star-shaped block copolymers with 3, 4 and 6 (PLGA-b-PEG)
rms were synthesized to investigate the relationship between the
rm numbers of PLGA-b-PEG copolymers and their micelle proper-
ies [36,379]. The critical micelle concentration (CMC) decreased
ith increasing arm numbers in copolymers [379]. PLGA-b-PEG

tars with 3 and 4 arms showed additionally the temperature- and
oncentration-dependent formation and aggregation of micelles
380]. The 6-arm star PLA polymers and copolymers with styrene
nd N-acryloxysuccinimide (NAS) with a hexahydroxy tripheny-
ene core were obtained [381]. These polymers formed micelles,
nd its cross-linking afforded nanospheres that could be trans-
ormed into hollow nanospheres by hydrolysis of the PLA core [29].

The 5-arm star-block terpolymers with PCL inner blocks, PLLA
iddle blocks, and PDMAEMA as outer blocks were prepared using

he ROP and RAFT methods. Spherical micelles with a degrad-
ble core, as well as temperature- and pH-sensitive corona, were
btained in aqueous solutions [382].

The 7-arm star block copolymer comprised of one hydropho-
ic PLLA arm and of 6 hydrophilic poly(N-isopropylacrylamide)
PNIPAAm) arms was synthesized. This amphiphilic copoly-

er  was capable of self-assembling in water into nanosized
icelles approximately 100 nm in diameter. The micelles showed

eversible dispersion/aggregation in response to temperature
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

hanges through an outer polymer shell of PNIPAAm at approxi-
ately 31 ◦C. The reversible and sensitive thermoresponse of this
icelle might provide opportunities to construct a novel drug

elivery system in conjunction with localized hyperthermia [383].
Fig. 23. Structure of star-branched polylactide and poly(2-methacryloyloxyethyl
phosphorylcholine) copolymer (PLA-b-(PMPC)3)3 [137].

A biodegradable 8-arm star block copolymer with perylene
diimide (PDI) core and poly(d,l-lactide)-b-poly(ethyl ethylene
phosphate) (PLA-b-PEEP) arms formed a unimolecular micelle and
can self-assemble into supramolecular micelles. These fluores-
cent supramolecular micelles with controllable sizes in aqueous
solution can be used as a smart fluorescent drug delivery sys-
tem [384]. It was  reported that star PLLA with dendrimer cores
also formed micelles. The synthesis of nanofibrous hollow micro-
spheres self-assembled from star-shaped PLLA with a PAMAM core
as an injectable cell carrier was reported. These nanofibrous hollow
microspheres were an excellent injectable cell carrier for cartilage
regeneration [385].

The synthesis of amphiphilic star-branched polylactide and
poly(2-methacryloyloxyethyl phosphorylcholine) copolymers
(PLA-b-(PMPC)3)3 with (AB3)3-style architecture via a combina-
tion of ARTP, ROP and click chemistry via an “arm-first” approach
was also reported (Fig. 23). The copolymers self-assembled into
micelles and had ultra-low cytotoxicity [137].

The 20-arm biodegradable and biocompatible amphiphilic
hyperbranched H40-PLA-b-MPEG copolymer was synthesized as
a hydrophobic drug delivery carrier. In aqueous solutions, the
copolymer forms unimolecular micelles with the hydrophobic
H40-PLA as the micelle core and the hydrophilic MPEG as the shell.
The diameter of the unimolecular micelles was  in the range of
11–17 nm [373].

The formation of pH- and temperature-sensitive spherical
micelles from 32-arm PDMAEMA-b-PLA star-block copolymers,
prepared using multihydroxyl polyhedral silsequioxane [POSS-
(OH)32] as the multifunctional initiator and a combination of ROP
and ATRP techniques, was reported [130]. Additionally, dendritic
star-block DPLLA-b-PDEAEMA-b-PEG terpolymer micelles exhib-
ited a pH responsive property at different pH values [386].

Amphiphilic 21-arm, star-like block copolymer ˇ-
cyclodextrin-graft-(polylactide-block-poly(2-(dimethylamino)
ethyl methacrylate)-block-poly[oligo (2-ethyl-2-oxazoline)
methacrylate]) [ˇ-CD-g-(PLA-b-PDMAEMA-b-PEtOxMA)] (Fig. 11)
ranched polylactides: Synthesis, characterization, and properties.
0.004

formed stable micelles. The micelle radius increased due to the
stretching of the thick hydrophilic layer in the aqueous solution.
This system existed as unimolecular micelles within a certain

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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oncentration range and was able to maintain a constant particle
ize and a stable structure in vivo. This may  be of great value as

 drug delivery system for the efficient transport of drugs [172].
he formation of unimolecular micelles from ˇ-CD-g-(PLA-b-
DMAEMA-b-PEtOxMA) star-like block copolymers was reported.
hat polymeric micelle could be used for encapsulating gold
anoparticles, whose mesoscopic structure was also explored. The
old nanoparticles tended to distribute in the middle layer formed
y PDMAEMA, and the unimolecular micelles were capable of

mpeding gold nanoparticle aggregation [173].
A novel biodegradable unimolecular reversed micelle consist-

ng of a poly(l-lactide) shell and a hyperbranched d-mannan
HBM) core, that is, a chestnut-shaped polymer (PLLA-HBM), was
ynthesized by the polymerization of l,l-lactide on HBM with 4-
dimethylamino)pyridine (DMAP) as the catalyst. The molar masses
f the PLA chain in PLLA-HBM tended to increase with polymer-

zation time. The number of PLLA chains on PLLA-HBM could be
ontrolled by the ratio of DMAP to the sugar unit in HBM. The
btained copolymer, PLLA-HBM, acted as a unimolecular reversed
icelle with an encapsulation ability towards the hydrophilic
olecule. In addition, the entrapped hydrophilic molecules were

lowly released from the core of PLLA-HBM, and the release rate
as accelerated by the breaking of the PLLA shell when proteinase

 was used as the hydrolase of PLLA. Hence, the unimolecular
eversed micelle, PLLA-HBM, is a good candidate for biodegradable
ontrolled-release systems [73].

1. Applications of star/branched PLA

PLA is a high strength and high modulus thermoplastic, which
an be easily processed by conventional processing techniques used
or thermoplastics, such as injection molding, blow molding, ther-

oforming and extrusion. For large-scale production, the polymer
ust possess adequate thermal stability to prevent degradation

nd maintain molar mass and properties. Its degradation is depen-
ent on time, temperature, low-molar mass impurities, and catalyst
oncentration [347].

Among synthetic materials, PLLA and PLGA are common
iocompatible polymers approved by the US Food and Drug Admin-

stration (FDA) and are extensively used as potential scaffold
aterials for tissue engineering [387]. Different biomedical appli-

ations for PLA were reported [388], e.g., as surgical applications in
uman tissues [361], as controlled delivery carriers [389], for ortho-
edic regenerative engineering [390]. Recently, there appeared a

ew very good reviews on the applications of PLA [391–395] and
n PLA blends in biomedical applications [396].

Star PLA with pentaerythritol and dipentaerythritol cores can be
sed in controlled drug release [397], nanoparticle synthesis [340],
nd micelle formation [109,398]. Electroactive and biodegradable
- and 6-arm star-shaped PLA coupled with carboxyl-capped ani-

ine trimer have a great potential for applications in cardiovascular
r neuronal tissue engineering [399]. The observed reduction in
lasma protein absorption, as well as cell and platelet adhesion,
nto the 8-arm PEG-b-PLLA film surface implies that the film of
his polymer can be utilized as a novel bioabsorbable adhesion-
revention membrane [400].

The dendrimer-like copolymers with arms built from
locks of polystyrene, poly(l-lactide), polystyrene, and poly(N-
cryloyloxysuccimide) were synthesized by a combination of ATRP
nd ROP. In the next stage, the outermost part in the dendrimer-like
opolymers (polystyrene-b-poly(N-acryloyloxysuccimide)) was
ross-linked with ethylene diamine, and the PLLA segments were
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

ecomposed, forming hollow particles. These hollow particles may
ave potential applications in catalysis and bioengineering [401].

Europium-based homostar and star block copolymers are of spe-
ial interest for optical excitation and emission studies, because
 PRESS
er Science xxx (2018) xxx–xxx 39

they exhibit high luminescent quantum efficiencies [179]. Mik-
toarm star polymers PS-b-(PLA)2 and (PS)2-b-(PLA)2 have potential
applications in lithography [402].

11.1. Drug encapsulation

There are many reports on the encapsulation drugs and/or its
models in micelles [40,65,172,182,373,383,384,403–407], micro-
spheres [32,34,59,366,408,409], and nanoparticles [377,410,411]
formed by star/branched PLA molecules.

Micelles were formed by star copolymers: H40-PLLA [411], H40-
PLA-b-MPEG [373], star PLGA [412] or PEG-b-PLA [123], star PLGA-
b–PEG [379], and star with ˇ-cyclodextrin (ˇ-CD) cores [123,413].
The 32-arm star polymers with a poly(amidoamine) (PAMAM) den-
drimer core and PLA arms as the inner lipophilic block and PEG as
an outer hydrophilic block [403], and as well star-poly(d,l-lactide)-
b-poly(N-(2-hydroxypropyl)methacrylamide) and star-poly(d,l-
lactide)-b-poly(N-vinylpyrrolidone) [406] also formed micelles.

As drugs or models of drugs bovine serum albumin (BSA) [412],
doxorubicin [379], doxorubicin hydrochloride (DOX·HCl) [40,414],
anticancer drug etoposide [403], docetaxel [411], the dye Congo
Red [413], camptothecin [65], methotrexate (MTA) [383,404,405],
nimodipine [32], indomethacin [406,407], rifampicin (RIF) [409],
5-fluorouracil [377], and paclitaxel [377,406,410] were used.

In comparison with linear polymers at the same molar mass,
nanocarriers based on a star-shaped polymer molecular structure
showed a smaller hydrodynamic radius, lower solution viscos-
ity, higher drug content, and higher drug entrapment efficiency
[161]. For example, the self-assembly behavior of amphiphilic PEG-
b-(PLLA)2 miktoarm star copolymers was examined in aqueous
solutions [378]. Taking advantage of this behavior, the efficient
encapsulation of the anticancer drug doxorubicin hydrochloride
was achieved [40,378].

Star PLLA possesses more terminal groups that are capable
of connecting with target molecules, which could largely trans-
port the encapsulated drugs to the targeted organs and tissues
[54,334,415]. Star PLLA showed a significantly shorter degradation
time than that of the linear one, which is quite beneficial for the sub-
sequent preparation of drug-loaded microspheres [59,366,408]. For
example, Ouyang and coworkers [412] prepared BSA-loaded star-
shaped PLGA microspheres through a double emulsion/solvent
evaporation method. The release experimental results showed that
BSA-loaded microspheres release the BSA in a controlled manner
and exhibited full release [409]. A 4-arm star PLLA with an ery-
thritol core formed microspheres that were loaded with rifampicin
as a model drug. These microspheres were comparatively investi-
gated in terms of size, morphology, drug encapsulation efficiency,
drug releasing profile, and drug release kinetics [409]. The guest
encapsulations (methyl orange) of star polymers bearing a PEI
core and well-controlled PLLA or PDLLA arms were also inves-
tigated. The guests encapsulated by the star nanocarriers can
be released in a sustained way, and the guest release rate was
modulated through varying the arm length or the type of the
PLA arms [261]. Furthermore, polymersomes of amphiphilic block
copolymers could encapsulate water-soluble cargos, such as phar-
maceutical molecules and biomolecules, within the water-filled
inner compartment [416].

Docetaxel-loaded dendritic copolymer H40-PDLLA nanoparti-
cles were prepared and used as a model to evaluate whether
the dendrimer-based NPs were sequestered by autophagy and
degraded through the autophagic pathway. In addition to being
degraded through the endolysosomal pathway, the nanoparticles
ranched polylactides: Synthesis, characterization, and properties.
0.004

of dendritic polymers were also sequestered by autophagosomes
and fused with lysosomes [411].

Biodegradable recombinant human erythropoietin and fluores-
cein isothiocyanate-labelled dextran-loaded microspheres [397]

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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ere prepared from 4- and 8-arm star block PEG-b-PLLA or PEG-b-
LLG copolymers [66].

1.2. Drug delivery

The polymer architectures play a crucial role in the drug delivery
ontrol and in the fabrication of drug delivery systems. Typically,
tar PLLA has a more compact structure with smaller hydrody-
amic radius than linear PLLA of similar molar mass, lower solution
iscosity, and peculiar morphologies, which means that it is not
asily stranded in the blood and ensures the bioavailability of the
rug encapsulated [81,326]. The micelles showed a more complete
elease of the drug than did the diblock copolymers, and the lower
ydrodynamic radius of star-shaped polymers may result in better
learance of the carrier polymer from the body [377]. This could
elp to overcome the side effects of chemotherapy by reducing the
dverse effects to the normal cells.

PLA star polymers were studied for their potential effectiveness
s drug delivery vectors and self-assembled micelles. The morphol-
gy [182,340,374,381], solution properties [8,30,56,97,326], and

oading potential [103,406,413,417] were investigated [29]. Dif-
erent star PLA polymers with a core built from porphyrin [160],
holic acid [159,161,418], Boltorn H40 [419], mannitol [158] and
rms containing d-�-tocopheryl polyethylene glycol 1000 suc-
inate (TPGS) blocks were used in the drug delivery systems.
ocetaxel [158–160,418,419], paclitaxel [161,406], chlorambucil

132], indomethacin [406] were used in the drug delivery tests in
reast cancer therapy [158,419], liver cancer [418], cervical can-
er [159,160], and in breast cancer treatment [158,161]. It should
lso be mentioned that the dendritic PLAs were applied in the
mbedding and controlled release of bovine serum albumin (BSA)
197,334], chlorambucil [132], and Rose Bengal [420], as models of
ontrolled release drug delivery systems [29].

Star polymers are proposed as “smart” drug delivery carri-
rs that can sustainably deliver the drug to the target tissue
32,421,422] (Fig. 24) or as a depot for the thermosensitive drugs
318]. It was found that the star polymers showed short degrada-
ion times compared with linear PLA and PLA–b-PEG copolymers,
uggesting use as a short-term drug release agent [369]. Star-block
opolymers showed the high possibility to be used as an injectable
rug delivery system for long-term delivery of drugs, such as pro-
ein drugs and insulin [374].

There are many reports on employing star PLA polymers in
arious drug delivery systems. It was disclosed that the steady
rug (indomethacin) release rate from 4-arm star MPEG-b-PLA
icelles was higher than that of 6-arm star micelles [423]. The

mphiphilic 4-arm star-shaped PDLLA-b–PEG copolymers with PEG
Mn = 850 and 2000 g/mol), with hydrophobic inner PDLLA seg-

ents and hydrophilic PEG external segments have good potential
or the formulation of delivery carriers for bioactive compounds
424]. Amphiphilic miktoarm copolymers with one PLA and three
EG arms for the avidin-biotin system were synthesized. These
tars provided at one end a hydrophilic surface that masked
he hydrophobic core and prevented reticuloendothelial uptake;
hereas on the other end, they provided a hydrophobic core

hat can interact with drugs [157]. Micelles based on POSS-
PAA-(PLLA-b-PEG)4)8 copolymer have promising applications in
ontrolled drug delivery because: (1) they possess better stabil-
ty in vivo than the conventional multimolecular micelles; (2) the
LA membrane of the micelles can encapsulate some hydrophobic
rugs; and (3) their inner PAA hydrophilic cavities can load some
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

ydrophilic drugs via electrostatic interactions, such as DOX·HCl
425]. The drug-release properties of star-shaped PLA attached to

 poly(amidoamine) [334] or PEI [420] dendrimer core were also
eported. The transport capacity of nanocarriers depended on the
 PRESS
er Science xxx (2018) xxx–xxx

length of the PLA arms, and longer arms gave rise to higher trans-
port capacities [420].

Star-shaped PDLLA was  successfully used for the preparation
of novel drug delivery systems of norfloxacin [103]. The presence
of the PLA arms with different reactive terminal groups and the
core of cholic acid (CA) provided greater cell affinity that resulted
in advantages for applications in drug-release microspheres
and tissue engineering [242,417,426]. Other 4- and 6-arm star
PLLA-b-PEG copolymers were synthesized for drug delivery sys-
tems [80,398]. The 4-arm star-poly(d,l-lactide)-block-poly(N-(2-
hydroxypropyl)methacrylamide) and star-poly(d,l-lactide)-block-
poly(N-vinylpyrrolidone), copolymers formed micelles loaded
with indomethacin and paclitaxel. Thermosensitive 3-arm PLA-b-
PNIPAAm star block copolymers formed nanoscale micelles with a
spherical core-shell architecture that can be used for camptothecin
drug release [65]. Such micelles could prove useful for drug delivery
applications [406].

The drug-loaded star-shaped nanoparticles (NPs) had a lower
solution viscosity, smaller hydrodynamic radius, higher drug load-
ing content and higher drug encapsulation efficiency than did the
drug-loaded linear NPs with the same molar mass and composition
[160,427]. The presence of a cyclodextrin core in star PLA was inter-
esting in the frame of drug delivery applications [428]. Amphiphilic
21-arm star block copolymers with a cyclodextrin core were used
for the formation of gold nanoparticles (GNPs) for targeted tumor
therapy and diagnosis in biomedical fields since the sizes and mor-
phologies of GNPs can be easily tuned to achieve prolonged blood
circulation time [172].

In addition, it was  reported that a 20-arm hyperbranched
H40-PLA-b-MPEG copolymer showed no cytotoxicity against a
human endothelial cell line. Therefore, it was suggested that the
micelles formed from this copolymer could be a suitable can-
didate for drug delivery applications because of their stability,
biocompatibility, higher drug loading, and controlled release abil-
ity [373]. Wang et al. [334] and Xi et al. [79] reported the synthesis,
thermal properties, and controlled drug release profiles of a star-
shaped poly(amidoamine) (PAMAM)-PLLA hybrid with a dendritic
hydroxyl-terminated PAMAM macroinitiator [90].

Amphiphilic dendrimer-like star polymers (DLSPs) with
a hydrophobic star-shaped PLLA core and a hydrophilic
poly(amidoamine) (PAMAM) dendron shell were functional-
ized with carboxylic acid, primary amine, and triethylene glycol
functional groups. These functional DLSPs exhibited a unique
unimolecular micelle (14–28 nm)  behavior in aqueous solution
with a small amount of aggregation (205–344 nm), and large
differences in thermal behaviors depending on the nature of
various surface groups were observed. These polymers with an
excellent water solubility (ca. 10–25 mg  mL−1) enhanced greatly
the solubility of hydrophobic drugs, and therefore, they are the
excellent candidates for controlled hydrophobic drug delivery
[126].

The vesicle structures (polymersomes) with controlled size and
morphologies were formed from 4-arm star PEG-b-PDLLA block
copolymers with different hydrophobic lengths. These polymer-
somes were able to encapsulate up to 35 wt.% of hemoglobin under
mild conditions in water. The encapsulated hemoglobin kept its
own  bioactivity and was capable of binding oxygen. Therefore, this
hemoglobin-encapsulated 4-arm PEG-b-PLA polymersomes could
have the potential to be applied as an artificial oxygen carrier for
transfusion [416].

The metal complex star (i.e., Fe(dbm-PLA)3; cf. Table 6) was
investigated as a sensitive luminescent material for drug deliv-
ranched polylactides: Synthesis, characterization, and properties.
0.004

ery. Their unique properties are related to both fluorescence and
room temperature phosphorescence in the solid state caused by
the acidic environment which induces the demetalation and lib-
eration of dbm end-functionalized linear PLA. These dual-emissive

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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Fig. 24. Star-shaped PLA acting as a drug delivery system [421

roperties endow the medical imaging applications of the proposed
ystem. [32].

1.3. Star/branched PLA as medical materials

PLA was approved by the Federal Drug Administration (FDA,
SA) for use as a suture material because of features that offer
rucial advantages [429,430]. Biomedical applications of PLA,
ts copolymers, and networks were reviewed in many papers
29,387,429,431,432].

Tissue engineering was used to create artificial substitutes for
efective tissues and organs and tissue regeneration. The matrix
an be served as a substrate for the attachment, growth, and
igration of cells or can be utilized as a drug carrier to acti-

ate cellular function in the region [7]. Bioabsorbable polymers
re preferred candidates for developing therapeutic devices such
s temporary prostheses, three-dimensional porous structures as
caffolds for tissue engineering and as controlled/sustained release
rug delivery vehicles [429]. Because of the increased cross-linking
he structure and mechanical properties of PLA-based polymers
ere improved greatly [150]. For tissue engineering of hard tis-

ues such as bone, strong and rigid biodegradable materials are
esired. Polylactide is such a material, and it has a long track record
f successful application in the clinic and in the preparation of tissue
ngineering scaffolds [314].

Star-shaped PLA polymers with hyperbranched polyglycerol
89], cholic acid [417], polyhedral oligomeric silsesquioxanes [18],
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

nd POSS [433] core are attractive materials for biomedical appli-
ations.

Star PLLA-b-PEG block copolymers have different gelation
ehavior from the hydrogels made from linear block copoly-
right 2018. Reproduced with permission from Springer Open.

mers [374,375]. It was reported that 8-arm PEG-b–PLA–cholesterol
copolymer formed a gel at 34 ◦C in water, but the 8-arm star
PEG-b–PLA itself did not form a gel at the same temperature.
This cholesterol-substituted hydrogel promoted cell proliferation
and might be used as a tissue engineering scaffold [136,323].
A biodegradable 8-arm star-shaped PEG-b-PLLA block copolymer
was synthesized to create a novel implantable soft material [434].
Highly oriented chain branched PLA with enhanced mechanical
properties and good blood compatibility was fabricated through
solid hot drawing technology. The tensile strength and modulus of
samples increased significantly by stretching. The results of in vitro
blood compatibility showed that, compared with neat PLA, oriented
samples after chain branching exhibited less platelet adhesion, BSA
and BFG protein adsorption, longer activated partial thromboplas-
tin (APTT) and thrombin (TT) clotting times, and a lower hemolysis
ratio, indicating that the samples with high molecular orientation
exhibited an appreciably better blood compatibility than did neat
PLA [237]. Good survival was  obtained for embedded HepG2, and
two UVSMC cell types incorporated into 4-arm star PLA based on
poloxamine [435]. Collagen-containing cross-linked derivatives of
star-shaped PLAs based on poloxamine T1107 as the core were also
produced [435].

The irreversible gel formation temperature-responsive process
(thermogelling) was reported for enantiomeric 8-arm star-shaped
triblock copolymers PEG-b–PLLA-b–PEG (Stri-L) and PEG-b–PDLA-
b–PEG (Stri-D) that formed stable stereocomplexes at higher
temperatures (e.g., 37 ◦C). Thermogelling polymer systems are
ranched polylactides: Synthesis, characterization, and properties.
0.004

expected to be useful for tissue engineering and because of easy
entrapment of water-soluble pharmaceutical or bioactive agents.
For example, proteins could be used as a depot for sustained release
after a simple injection with a syringe at the target site of a human

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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ody [331]. When the star PLLA was used to prepare the drug-
oaded microspheres that were intended to cure human beings,
he raw materials ideally should be nontoxic and bioresorbable.
he employment of the nonbioresorbable residual polyols may  be
armful to the human body after the degradation of star PLLA
167]. Pure natural polyhydroxyl initiators (e.g., erythritol) which
re nontoxic and endogenous to the human metabolic system are
ignificantly better when confronted with the requirements for
ontrolled drug delivery systems [409].

Implants from inositol-based star-shaped PLLA-b-PEG (star-
haped INO-PLLA-PEG) were reported. They showed controlled
lastomeric mechanical properties (∼18 MPa  in tensile strength,
200 MPa  in modulus, and ∼200% in elongation), biodegradability
nd osteoblast biocompatibility. These results make INO-PLLA-
EG implants highly promising for bone tissue regeneration and
rug delivery applications [150]. Melchels et al. reported photo-
ross-linked methacrylate-terminated 3- and 6-arm star-shaped
oly(d,l-lactide) oligomers usable as tissue engineering scaffolds
314]. The synthesis of strong electroactive shape memory polymer
ESMP) networks based on star-shaped PLA and an aniline trimer
as reported. The 6-arm PLAs with various chain lengths were
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

hemically cross-linked to synthesize the shape memory polymer
SMP) (Fig. 25). The SMP  and ESMP exhibited strong mechani-
al properties (modulus higher than 1 GPa) and excellent shape
emory performance: short recovery time (several seconds), high
n star-shaped PLA and an aniline trimer [436] Copyright 2018. Reproduced with

recovery ratio (over 94%), and high fixity ratio (nearly 100%). These
intelligent SMPs and electroactive SMP  with strong mechanical
properties, tunable degradability, good electroactivity, biocompat-
ibility, and enhanced osteogenic differentiation of C2C12 cells show
great potential for bone regeneration [436].

The synthesis of hollow magnetic silica microspheres (HMS)
with PLA-b-PEG arms loaded with ioversol by physical coating
was also reported. These microspheres encapsulating superpara-
magnetic iron oxide (Fe3O4) were used as a magnetic target for
increasing the local concentration of the contrast media in magnetic
resonance imaging and computed tomography technology [367].

In contrast, Y-shaped glucose-responsive poly(ethylene glycol)-
b-[poly(lactic acid)-b-poly(2-phenylborate ester-1,3-dioxane-5-
methyl) methylacrylate)]2 seems to be a promising candidate that
holds great potential in the treatment of diabetes [437].

11.4. In vitro and in vivo investigations

The toxicity of star and branched PLA was studied in vitro and
in vivo as controlled drug-loaded biomaterials [158,159,438,439].
Investigations in vitro and in vivo were performed with micelles
ranched polylactides: Synthesis, characterization, and properties.
0.004

[125,137], microspheres [440], hydrogels [136], elastomers [149],
star-shaped PLA porphyrin-cored-cross-linked aggregates [168],
and PLA with a branched architecture [267]. For example, the col-
orimetric test MTT  for assessing cell metabolic activity showed that

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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he cytotoxicity of star-shaped porphyrin-cored poly(l-lactide)-
-poly(gluconamidoethyl methacrylate) (SPPLA-b-PGAMA) block
opolymers against COS-7 cells was very low, and when given a
onger irradiation time, more BEL-7402 cancer cells died. These
tar-shaped porphyrin-cored SPPLA-b-PGAMA block copolymers
an be used in photodynamic therapy [168].

Star poly(d,l-lactide) showed clearly improved cell adhesion in
omparison with the linear counterparts [426]. It was reported
hat 4-arm star-shaped PLA with heparin end-groups (sPLA-HEP)
emonstrated in vitro a low protein adsorption and platelet adhe-
ion on sPLA-HEP when compared with star-shaped PLA (without
eparin end-groups). Immobilized heparin also enhanced cell
ctivity on biodegradable polymer surfaces. In addition, the hep-
rin content of sPLA-HEP was higher than in linear PLA-HEP, and
herefore, its bioactivity was also enhanced [438]. An improved
roperty for cell adhesion and the cell proliferation of 3T3 mouse
broblasts and ECV304 human endothelial cells on the cholic-acid-

unctionalized star PDLLA was observed compared with the linear
DLLA [426]. Chapanian et. al. reported that the rate of in vivo
as faster than the rate of in vitro degradation for elastomers

btained from 3-arm star PDLLA triacrylate and 3-arm star-poly(�-
aprolactone-co-d,l-lactide) triacrylate. Both elastomers in vivo
ndergo bulk hydrolysis along with surface erosion occurring due
o the physiological environment [149]. It was also reported that
ighly oriented long-chain branched PLA with enhanced mechan-

cal properties exhibited significantly better blood compatibility
han neat PLA [267].

The aqueous solution (polymer concentration, above 3 wt.%)
f amphiphilic, partially cholesterol-substituted 8-arm PEG-b-
LLA (8-arm PEG-b-PLLA-cholesterol) exhibited instantaneous
emperature-induced gelation at 34 ◦C, unlike 8-arm PEG-b-PLLA.
n extracellular matrix micrometer-scale network structure was
reated by self-assembly between cholesterol groups, with a favor-
ble porosity for the three-dimensional proliferation of cells inside
he hydrogel. L929 cells encapsulated in the hydrogel were viable
nd proliferated three-dimensionally inside the hydrogels. Thus,
-arm PEG-b-PLLA-cholesterol is a promising candidate as a novel

njectable cellular scaffold [136].
Nanoparticles from star-shaped block copolymers with man-

itol [158], porphyrin [160], and cholic acid [159] as cores and
aving d-�-tocopheryl polyethylene glycol 1000 succinate (TPGS)
s end-groups were loaded with docetaxel, and their anticancer
erformance in vitro [160] and in vivo [158,159] was studied

n breast cancer [158] and cervical cancer [159,160] therapies.
t was reported that a 4-arm star PLGA-b-MPEG copolymer
olution loaded with various drugs such as anti-HIV drugs, anti-
nflammatory drugs, or contraceptive drugs could form gels at body
emperature when sprayed into various body parts [439,441]. Gel
iodegradation at body temperature studied in vitro and in vivo pro-
eeded by hydrolysis of ester bonds [439]. Additionally, the in vitro
tudy indicated that thermosensitive, star-shaped porphyrin-cored
oly(l-lactide)-block-poly(N-isopropylacrylamide) showed appar-
nt phototoxicity towards BEL-7402 cancer cells [170].

The in vitro degradation of the amphiphilic hyperbranched
lock copolymer with a dendritic Boltorn-H40 core, a hydropho-
ic PLLA inner shell, and a hydrophilic MPEG and folate-
onjugated poly(ethylene glycol) (PEG–FA) outer shell (H40–PLA-
-MPEG/PEG–FA) degraded into polymer fragments within six
eeks. The doxorubicin (DOX)-loaded micelles from H40–PLA-b-
PEG/PEG–FA block copolymer were used for the study of the

ustained release of the entrapped DOX over a period of approxi-
ately 40 h. The results indicated that these block copolymers have
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

reat potential as tumor-targeted drug delivery nanocarriers [125].
hermoresponsive micelles were formed from 7-arm star block
opolymer PLLA-b-PNIPAAm composed of one hydrophobic PLLA
rm and 6 hydrophilic PNIPAAm arms [383,404]. The in vitro release
 PRESS
er Science xxx (2018) xxx–xxx 43

of the anticancer drug methotrexate (MTX) loaded in the micelles
was investigated and showed a drastic thermoresponsive fast/slow
switching behavior according to the temperature-responsive struc-
tural changes of a micellar shell structure [383]. An enhanced blood
circulation time of 3,3′-dioctadecylindocarbocyanine (DiI) and the
plasma half-life of DiI in micelles formed from an amphiphilic
star-branched PLA and poly(2-methacryloyloxyethyl phosphoryl-
choline) copolymers (PLA-b-(PMPC)3)3 (cf. Fig. 23) in comparison
to linear PLA-b-PEG was observed. The micelles themselves had an
ultra-low cytotoxicity and exhibited superior suppression of serum
protein adhesion compared with that of PLA-b-PEG [137].

The PLA star polymers also acted as a support for DNA co-
precipitate complexes, as well as in vitro drug delivery vectors.
They were also linked through condensation of multiple cholic acid
oligo-PLA macromolecules to form PLA-co-cholate chains [242].

12. Organic–inorganic hybrid materials

Organic–inorganic hybrid materials received significant atten-
tion for their greatly improved physical and mechanical properties
of PLA. Polyhedral oligomeric silsesquioxane (POSS), applied as a
hybrid material, consists of silicon and oxygen atoms arranged
in an inner eight-cornered cage with the Si atoms positioned at
the corners [442]. The functionalized silsesquioxane cages of the
regular octahedral structure were used as initiators for the ring
opening polymerization of l,l-LA, catalyzed by Sn(Oct)2, giving, as
a result, biodegradable hybrid star-shaped POSS-PLLA and linear
systems with an octasilsesquioxane cage as a core and PLLA arms.
POSS presents a unique class of inorganic structures that can be
exploited in the generation of hybrid polymer systems with advan-
tageous properties [433]. The synthesis of a novel amphiphilic
multi-arm star-like block copolymer POSS-(PAA-(PLLA-b-PEG)4)8
was reported (Fig. 26) [425].

A highly branched hybrid copolymer based on POSS was
designed to reduce the brittleness of PDLLA. Good compatibility and
distribution between POSS-g-PCL-b-PLA and PDLLA matrix were
realized simply by adding the PLA segment; however, aggregation
inevitably occurred. The yield stress decreased and elongation at
break increased as the content of POSS-g-PCL-b-PLA increased. That
finding is observed because of the core–shell structure of POSS-
g-PCL-b-PLA, which significantly improved the toughness of the
polymer matrix [443].

Syntheses of POSS hybrid star systems bearing 8 chains
of polylactide were initiated from POSS bearing octa(glicydyl
ether) [63] or octa(3-hydroxypropyl) [444] moieties. In the
next step, the POSS-PLLA was further transformed into the POSS-
containing star-shaped organic/inorganic hybrid amphiphilic block
copolymers, poly(l-lactide)–block–poly(N-isopropylacrylamide)
(POSS-PLLA–b–PNIPAAm) by the RAFT polymerization of
N-isopropylacrylamide (NIPAAm) [444]. Star-shaped POSS-
PLLA–b–PNIPAAm amphiphilic block copolymers self-assembled
into vesicles in aqueous solution. The vesicular wall and coronas
were composed of the hydrophobic POSS core and PLLA, and
hydrophilic PNIPAAm blocks, respectively. With temperature
decreasing from 34 to 30 ◦C, the hydrodynamic radius (Rh) sharply
increased to 93 nm (from ∼53 nm). At temperatures below 30 ◦C,
the Rh nearly did not change during the heating and cooling
processes, indicating that the transition process was  reversible.
These block copolymers could be applied in biological and medical
fields [444].

Star-shaped POSS-PLA-based polyurethanes (POSS-PLAUs)
ranched polylactides: Synthesis, characterization, and properties.
0.004

were synthesized by cross-linking star-shaped polyhedral
oligomeric silsesquioxane multi-arm polylactides (POSS-PLA)
with polytetramethylene glycol (PTMEG) and hexamethylene
diisocyanate (HMDI). All the POSS-PLAUs had excellent shape

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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ig. 26. Synthetic route to a novel amphiphilic multi-arm star-like block copolyme
SC  Publications.

emory properties with high shape fixity ratios above 99%,
hape recovery ratios of approximately 84% for the first cycle
nd above 89% for the second cycle. POSS-PLAUs with a shorter
rm length showed faster recovery speed because of the higher
ontent of POSS cores [442]. A thermal-responsive shape memory
olymer (SMP), polymer network with urethane cross-linking,
as imparted with a “permanent” shape above a critical transition

emperature (Ttrans) when it was cast in a mold. Such a perma-
ent shape, formed at the elastic state of the material without
xternal stress, was retained (memorized) as the SMP  cools to a
emperature below its Ttrans. The reported POSS-SMPs have great
otential as self-fitting tissue scaffolds and implants, for instance,

n the reconstruction of skeletal and craniofacial defects that are
haracterized with complex and irregular geometries, particularly
t weight-bearing locations [445].

Homo- and hetero-arm star-shaped inorganic–organic hybrid
olymers with a polyhedral oligomeric silsesquioxane (POSS) core
ere also prepared via click chemistry of azide POSS [POSS-(N3)8],

lkynyl poly(l-lactide), and alkynyl poly(ethylene oxide). The melt-
ng and crystallization behaviors of these polymers can be adjusted
y altering the PLLA to PEG reagents ratio. The hybrid polymers
howed different thermostabilities because of the different com-
ositions of the polymers. The hydrophilicity of the star-shaped
ybrid polymers could be improved and adjusted by the alteration
f the composition of PLLA and PEG segments. The hybrid polymers
an self-assemble into micelles in water, and the micelles were
haracterized by DLS and TEM. The size of the micelles changed
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

ith the change of the ratio of PLLA and PEG in polymers [348].
Polyhedral oligomeric silsesquioxane (POSS) initiated the ring-

pening copolymerization of a mixture of �-caprolactone and
,l-lactide forming poly(�-caprolactone-co-l,l-lactide) as the rub-
S-(PAA-(PLLA-b-PEG)4)8 [425]. Copyright 2018. Reproduced with permission from

bery core; next the polymerization of d,d-lactide resulted in
poly(d-lactide) (PDLA) as the outer shell. The outer PDLA layer could
facilitate strong interactions between core − shell rubber particles
and the PLLA matrix via formation of a stereocomplex [446].

13. Blends of linear PLA with star/branched PLA

One of the methods for the improving properties of PLA can be
blending of the star and/or branched PLA with a linear one. Blends
of linear PLLA and star-shaped PLA were reported in many papers
[9, 27, 140, 219,232,334,369,413,447–449].

Multiple 4-arm star-shaped PLLAs, with various molar masses,
were blended with commercial linear PLLA. The initial degrada-
tion temperature of linear PLLA was  increased by blending with
star PLLA. The use of star-shaped PLLA in the blend modified the
runability, heat sealability, and barrier properties because of the
increase in melt viscosity; at the same time, the thermal stabil-
ity improved by branching of the polymer and shifting the start of
degradation temperatures to higher temperatures [9]. Blends of the
star-shaped PLLA with linear PLLA containing up to 30% branched
structure revealed an increase in viscosity. A viscosity increase was
evident even at 10% branched content [223]. It was  reported that
the elongation of the blend of star PLA random copolymers with
PLLA increased with the number of arms of the copolymer [449].

After mixing of linear PLA with 3-arm star-shaped PLA, the
remarkable flexibility and heat resistance of resulting material was
observed, because the mixing of PLAs with different architectures
ranched polylactides: Synthesis, characterization, and properties.
0.004

increase the plasticization and crystallization of the blend [27].
Polymer blends consisting of linear PLLA and different proportions
of dendritic PLLA-based copolyesters, characterized by different
degrees of branching, showed more pronounced hydrophilic char-

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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cter and higher susceptibility to biodegradation with an increase
n the degree of branching [346].

Solution blending investigations of linear PLLA with
tar/branched PDLA were reported [58, 59,297,447]. Star PDLA
dditives, along with their linear analogs, were melt blended with
inear PLLA to promote the formation of the PDLA/PLLA stereo-
omplex [350]. The stereocomplex formation was observed during
he addition of star PDLA into linear PLLA. Short chain-branched
dditives were applied commercially to commodity polymers to
dd ductility to highly crystalline morphologies. The addition of
tar PDLA generally resulted in the enhancement of the thermal,
echanical, and heat resistance of linear PLLA [350]. The incorpo-

ation of star PDLA chains into the linear PLLA matrix additionally
aused the entanglements of chains apart from the formation of
tereocomplexed segments. By contrast, only dendritic spherulites
ere formed in the highly disentangled blends [450].

The rheology of blends of linear and branched PLA architec-
ures was comprehensively investigated [260]. It was  reported
hat the presence of star-shaped PLLA increased the shear thin-
ing, shear and extensional viscosity, and elastic modulus of linear
LLA. In addition to the presence of a branched architecture, phys-

cal cross-links because of the stereocomplex formation existed
etween PLLA and PDLA chains. Based on the rheological charac-
erizations in shear and extensional mode, a great improvement in
LA melt rheological properties was observed for blends containing
he stereocomplex structure compared with the linear/branched
nantiopure blends [223].

The multi-arm PLLA accelerated the crystallization rate of PLLA
y acting as a nucleating agent at environmental temperatures

ower than its melting temperature, and the melting enthalpy of
he PLLA/multi-arm PLLA blends increased greatly compared with
hat of linear PLLA. The increase in the viscosity of PLLA at low
requencies after adding multi-arm PLLA indicated strong interac-
ions between PLLA and multi-arm PLLA. The tensile strength was
ncreased up to 73.7 MPa  with the increase of multi-arm PLLA up to
0% and achieved a maximum at 10% of star content. The homoge-
eous surface indicated better interfacial adhesion between PLLA
nd multi-arm PLLA phases, and the structural difference between
LLA and multi-arm PLLA had little influence on the compatibility of
LLA blends. Additionally, all PLLA/multi-arm PLLA blends showed

ow thermal stability compared with neat PLLA, and their ther-
al  stabilities were observed to depend on the arm number and

rm length of the multi-arm PLLA. These results showed that the
ulti-arm PLLA can not only function as a substituent for nucleating

gents but can also be used as a melt enhancer [451].
Blends of a low-molar mass star copolymer of ε-caprolactone

nd d,l-lactide with a linear oligo(ε-caprolactone) were prepared
nd characterized as a possible biodegradable injectable drug-
elivery vehicle. The melting characteristics, melt viscosity, and
egree of crystallinity of the blends were measured, and an in vitro
egradation study was performed over a period of twelve weeks.
he star copolymer degraded fastest, with a more than 60% mass
ecrease over this period. The melt viscosity of the blends increased
s the star copolymer content increased [98].

The preparation of other blends with star PLLA (or its copoly-
ers) and linear polymers was also described [72,452,453].

or example, amorphous 6-arm star-shaped poly(d,l-lactide-co-
lycolide)s that were toughened with poly(TMC-co-�-CL) rubber
ad excellent mechanical properties in the blend [99].

4. Nanocomposites
Please cite this article in press as: Michalski A, et al. Star-shaped and b
Prog Polym Sci (2018), https://doi.org/10.1016/j.progpolymsci.2018.1

Long-chain branched PLA (LCB-PLA) nanocomposites with dif-
erent clay loadings were prepared via melt extrusion. Joncryl

®

DR-4368 F, an epoxy-based chain extender (CE), was  used to
roduce LCB-PLA nanocomposites by compounding the neat PLA
 PRESS
er Science xxx (2018) xxx–xxx 45

with 0.8 wt.% of CE in the extruder [454]. Recently, the polymeric
composites with 4-arm star PLA with a zinc porphyrin core immo-
bilized on the surface of carbon nanotubes (CNTs) were constructed
by a simple ultrasonic process using the non-covalent method.
Because of the strong �–� interactions between CNTs and the
zinc porphyrin of the star PLA, the CNT/PLA composites were eas-
ily obtained, while the intrinsic graphitic structure of CNTs was
retained [455].

Enantiomeric PLAs that contain approximately 1 wt.% of mul-
tiwalled carbon nanotubes (MWCNTs) were prepared by the
ring-opening polymerization of l,l-LA or d,d-LA in the presence
of MWCNTs modified with organic spacers terminated with OH
groups. PLA stereocomplexes were prepared from equimolar mix-
tures of PLLA and PDLA additionally containing a small amount of
MWCNT-g-PLA, either during precipitation from solution or dur-
ing thin-film formation by the slow evaporation of the solvent.
Moreover, their crystallization in the form of stereocomplexes after
melting was  completely reversible without the formation of any
homo-chiral crystallites. On the other hand, the addition of MWC-
NTs (not modified with PLA) to the mixture of PLLA and PDLA did
not improve the thermal properties of the obtained stereocom-
plexes. The reported results showed that the thermal stability of the
high-molar-mass PLA stereocomplexes was strongly influenced by
the presence of the PLA-functionalized MWCNTs, even though their
concentration in the final material was as low as 0.5 wt.%. Shish-
kebab morphologies for the thin-film stereocomplexes containing
1 wt.% of MWCNT-g-PLA were observed by atomic force microscopy
[456].

The bio-stereocomplex-nanocomposite materials were also
generated by the stereocomplexation of polylactide-graft-
acetylated cellulosic nanowhiskers in the solution. Perfect
stereocomplexes were easily obtained in a relatively short mixing
time (5 min) from various solution concentrations up to 20%
(w/v). The bio-stereocomplex-nanocomposites have excellent
stereocomplex memory to re-form the stereocomplex after melt-
ing, which is the main limitation of stereocomplex materials in
industrial processes [457].

15. Outlook

The increasing number of publications concerning the synthe-
sis of branched and star-shaped polylactides demonstrate the great
interest in this field. The alteration of the architecture from lin-
ear polylactide (PLA) to a star-shaped induces the modification of
the polymer’s physiochemical, mechanical, and diffusional prop-
erties. Therefore, the utility of star-shaped polymers increases for
many applications; however, because of the biocompatibility of
PLA, it is especially useful in biomedical applications or biocom-
posites. In biomedical applications, the star-shaped architecture
of PLA macromolecules provides the unique opportunity to design
specific properties by adjustment of the polymer degradation rate
or the hydrophilicity with the desired application, such as control
drug release rate.

In addition, the cross-linkable star PLA systems provide sev-
eral advantages for biocomposite manufacturing, such as lower
viscosities, good processability, and thermomechanical properties.
Moreover, their extended network is more compatible with natural
fibers, and all of these described features allows for the reduc-
tion of the biocomposite final costs. However, star polymers have a
high number of end-groups that influence their properties and usu-
ranched polylactides: Synthesis, characterization, and properties.
0.004

ally causes faster degradation, e.g., in the case of hydroxyl groups.
Therefore, to increase their thermal stability a suitable stabilizer
should be added. On the other hand, the possibility of the introduc-
tion of different groups at the arm ends in star polymers allows the

https://doi.org/10.1016/j.progpolymsci.2018.10.004
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ormation of the various chemically cross-linked structures, which
ould be thermolabile and/or chemically stable.

PLAs, especially PLAs with non-linear architecture, are notably
xpensive polymers, and they therefore will not be used as the mass
aterials and cannot replace common petrochemical polymers

e.g., polystyrene) in the near future. Therefore, biodegradable and
iocompatible PLAs with sophisticated structures can be applied
rimarily in medicine, where the properties of the material are the
ost important and the price does not play a significant role. How-

ver, there is growing interest in the specific application of PLA as
 filament in 3D printing.
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