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Abstract. Polyhydroxyalkanoates are a family of natural polyesters being produced as intracellular carbon and energy
reserves by a wide variety of microorganisms. They have developed rapidly in both research and development efforts globally in the last 15 years. Till now, over 100 different types of PHAs have been successfully biosynthesized using both
genetic engineering and fermentation techniques. Their unique biodegradable, biocompatible and thermoplastic characteristics make PHAs promising candidates for the commodity and biomedical applications. This review focused on the chemical synthesis of the derivatives of the biosynthesized PHAs.
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1. Introduction

sion in the bacterium Bacillus megaterium [8]. Several inherent deficiencies of PHB have limited its
medical applications, including the brittleness due
to the high crystallinity and the narrow thermal processing window because of the thermal instability.
PHA copolyesters containing, besides 3-hydroxybutyrate (3HB, Figure 1a), 4-hydroxybutyrate (4HB,
Figure 1b) [9–11], 3-hydroxyvalerate (3HV, Figure 1c) [12–16], 4-hydroxyvalerate (4HV, Figure 1d)
[17–18], hydroxypropionate (HP, Figure 1e) [19–
20], hydroxyhexanoate (HHx, Figure 1f) [21–23],
and hydroxyoctanoate (HO, Figure 1g) [24] units
can be produced by different microorganisms.
Varying the copolymer composition affords obtaining copolyesters with adjustable mechanical and
processing properties exceeding those of the P3HB
homopolymer. Terpolyesters poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-4-hydroxybutyrate)

Hydroxyalkanoates (PHAs) are a family of polyesters that accumulate as carbon/energy or reducingpower storage. Till now, over 100 different types of
PHA have been successfully biosynthesized using
both genetic engineering and fermentation techniques [1–4]. Their unique biodegradable, biocompatible and thermoplastic characteristics make PHAs
promising candidates for commodity applications,
including recyclable packing materials, kitchen films,
diapers, sanitary napkins. Recently, much interest is
focused on the biomedical applications as surgical
suture and swabs, wound dressings, vascular graft,
blood vessel, and scaffold for new tissue in growth
[5–7].
Poly(3-hydroxybutyrate) (P3HB) is the most common short-chain-length PHA, first discovered in
1925 by Lemoigne who described it as a lipid inclu*
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Figure 1. Monomer units of the main PHAs: (a) P3HB; (b) P4HB; (c) P3HV; (d) P4HV; (e) PHP; (f) PHHx; (g) PHO, letter
(n) and asterisks (*) represent the number of repeat units and the chiral centers, respectively

(P3HB3HV4HB) [25–27], poly(3-hydroxybutyrateco-3-hydroxyvalerate-co-3-hydroxyhexanoate)
(P3HB3HVHHx) [28, 29] and poly(3-hydroxybutyrate-co-4-hydroxybutyrate-co-3-hydroxyhexanoate)
(P3HB4HBHHx) [30, 31] have be synthesized by
changing the feedstock and microorganisms.
Natural blocky-structured PHAs have been successfully synthesized in vivo by microorganisms and in
vitro. Diblock copolymer PHB-b-PHHx was produced by a recombinant Pseudomonas putida
KT2442 with its !-oxidation cycle deleted to its
maximum [32]. P3HB-b-P3HP was biosynthesized
via the engineered Escherichia coli strain from two
parallel synthetic pathways that were modulated by
independent regulatory systems to produce the 3HB
and 3HP monomers, respectively [33]. PHA synthase from Ralstonia eutropha (PhaCRe) was engineered to acquire an unusual lactate (LA)-polymerizing activity, which incorporated LA units into the
P3HB backbone with a block sequence in vivo
using recombinant Escherichia coli LS5218 [34].
The mutated PhaC1SG from a thermo-tolerant bacterium (Pseudomonas sp. SG4502) showed high thermal stability in synthesizing P(LA-co-3HB) in an in
vitro reaction system by sequential feeding of the corresponding two substrates [35]. Fermentation of
Alcaligenes eutrophus in a culture containing polyethylene glycol (PEG) or polysaccharide has produced a hydroxyterminated block copolymer consisting of PHA [36, 37].
Biosynthesis provides a versatile way to produce the
copolymers with desired sequence patterns, random
or block. However, PHAs still suffer from some disadvantages: the deficiency of the commercialized
PHAs, high cost compared to that of petroleum-

based polyesters, and the difficulty in controlling
the structure and molecular mass, which would be
solved to some extent via synthesizing copolymer or
functionalizing PHAs chemically. This paper summarized the chemical synthesis of the PHAs derivatives.

2. PHAs with unsaturated side chains and
their derivatives

The introduction of other functional groups in PHAs
has also been achieved via the biosynthesis route.
Poly(3-hydroxy undecenoate) (PHU, Figure 2), being
obtained from P. oleovorans with a mixture of sodium
octanoate and 10-undecenoic acid [38], is a novel and
multifunctional type of PHA, which has attracted
much attention owing to its unsaturated side chains.
These vinyl groups can be oxidized to carboxylic acid
using osmium tetraoxide/oxone or acidic potassium
permanganate treatment [39, 40], or converted to
alcohol (nearly 100% hydroxylation) using 9-borobicyclononane [41]. The partially hydroxylated
(50~60%) PHU being treated with potassium permanganate at 20°C was completely soluble in polar
solvents (80/20 acetone/water, methanol or dimethyl
sulfoxide), indicating a considerably enhanced

Figure 2. Monomer unit of PHU, letters (n, m) and asterisks
(*) represent the number of repeat units and the
chiral centers, respectively
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hydrophilicity [42]. Epoxides-terminated side chains
being converted from the vinyl terminal of PHU has
been reported to be modified with diethanolamine
to obtain a cationic PHA with pendant amine side
groups [43, 44]. When exposed to air at room temperature for 40 days, the unsaturated copolyester
formed a highly flexible and biocompatible elastomer [45].
The double bonds of the unsaturated PHAs can be
homo-/copolymerized via free radical mechanisms
to graft poly(methyl methacrylate) or by UV irradiating to graft PEG in the presence of benzoyl peroxide [46] and benzoyl peroxide [24], respectively. The
halogenated PHU could be transformed to macro
reversible addition-fragmentation chain transfer
agents via the substitution reaction with potassium
ethyl xanthate, which further initiated polymerization
of N-isopropylacryl amide to obtain thermo-responsive and amphiphilic brush copolymers [47, 48].
Though the side chains of the unsaturated PHAs can
be easily grafted to add chemical groups or cross-link
with other polymer chains, it has been very difficult
to obtain structurally controllable block-PHAs. A !oxidation deleted Pseudomonas entomophila was
used to biosynthesize block copolymers of 3-hydroxydodecanoate (3HDD) and 3-hydroxy-9-decenoate
(3H9D), which was produced by feeding dodecanoic acid firstly to form a P3HDD block followed
by adding 9-decenol to form a P3H9D block [49].
This method allows further chemical modification
to widen PHA diversity, promising to control the
PHA functionality to meet various requirements.

as well as a carboxylic end group [50]. The dominant thermal degradation occurred via a random
chain scission (cis-elimination) with a six-membered ring ester intermediate [51–54]. If 2,2!-bis(2oxazoline) was introduced in the thermal degradation, a hydroxyl-terminated PHBV was achieved
with an improved thermal stability [55].
Telechelic oligomers with hydroxyl groups are commonly produced via alcohololysis, a transesterification reaction of alkanediols and high molecularweight PHAs. The chain length of the macrodiols
could be easily controlled by the alcoholysis time.
When a catalyst (dibutyltin dilaurate) has been
applied along with diethylene glycol, a yield of the
telechelic hydroxylated PHB (PHB-diol) has been
reported to be 80% [56]. Acid (hydrochloric acid or
sulfuric acid) catalyzed the methanolysis to produce
PHB and PHBV oligomers, having a free secondary
hydroxyl as well as a methyl ester protected carboxylic acid for the two respective chain ends [57,
58]. "pitalsk# et al. [59] and Akita et al. [60] have
studied the alcoholysis of PHB with two types of
alcohol (ethylene glycol or glycerol) in the presence
of p-toluene sulfonic acid, and found that the controlled degradation of PHB proceeded by random
chain scission, and the molecular mass decreased
by almost two orders of magnitude. The alcoholysis
with ethylene glycol was significantly faster than
that with glycerol. Different from the thermal degradation, the crystallinity did not change significantly
during the alcoholysis.
Abiotic hydrolysis of PHAs is a relatively slow
process under mild conditions [61, 62]. Based on the
mechanism of the heterogeneous hydrolysis, the scission of PHB chains occurs at the surfaces and interfaces of lamellar crystals. In acidic or alkaline solutions, PHB can be hydrolyzed via the random scission of the ester bonds, forming insoluble/soluble
oligomers or monomeric acids [63]. The unsaturated end group was formed by dehydration of the
chain ends by !-elimination after ester hydrolysis,
different from the mechanism of thermal decomposition [64].
Other PHAs oligomers, such as PHB macrodiols
with a hydroxyl group and a double bond at different chain ends [65], PHB-amine conjugate containing hydrolysable imine bond [66], chlorination of
PHAs (PHB or PHO) and their corresponding quaternary ammonium salts, sodium sulfate salts, and
phenyl derivatives [67], have also been produced by

3. PHAs copolymer via an oligomer-first
method

A two-step reaction is applied in this route: PHAs
are first functionalized with termini other than the
native hydroxyl and carboxyl groups to produce
PHAs oligomers, and these telechelic chains of PHAs
have been used for the chain-extension reaction to
synthesize new copolymers. PHAs oligomers could
be obtained via various thermal or chemical methods with the concomitant partial depolymerization
in order to reduce solution viscosities and facilitate
subsequent modification.
Pyrolysis is an easy method to produce the functionalized PHA macromonomers. At the moderately
low temperature (170~200°C), PHB degraded into
a well-defined oligomer containing one unsaturated
end group, predominantly a trans-alkenyl end group,
38
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various chemical methods. These PHAs oligomers
could be used for building the block (diblock, triblock, or star block), graft, or even brush type graft
copolymers of PHAs via different mechanism,
mainly coupling reaction and macroinitiating reaction, to explore the suitable chemical and physical
properties, processability and biocompatibility.

have been employed to synthesize PHAs derivatives (Table 1). It should be noted that these impurities (coupling agents) would be left inside the
copolymers, so that the coupling reaction is often
used for systems without other options.
3.1.1. Acyl chloride
Coupling mechanism using acyl chloride as a bridge
to link the hydroxyl-terminated PHAs macromonomers with other dihydroxyl-teminated oligomers is
a direct method to produce block copolymer. For
example, a PHO-diol and a PHB-diol were chosen to
produce block copolyesters with terephthaloyl chloride (Figure 3), where a polycondensation reaction
occurred between COCl and OH groups. Since water
can inhibit the polymerization by reacting with
TeCl to give the corresponding acid, the reaction
must be carried out under an anhydrous condition
and a nitrogen atmosphere [70].

3.1. Coupling reaction
Coupling reaction is a general and powerful strategy for preparing PHAs derivatives. For example,
PHB oligomers were directly coupled with amino
groups of chitosan to synthesize graft copolymers
[68, 69], though the yield was rather low. The indirect
coupling reaction usually uses an agent between the
PHAs macromonomer and the second component.
Acyl chloride, 1,3-N,N-dicyclohexylcarbodiimide
(DCC)/4-(dimethylamino) pyridine (DMAP), and
diisocyanate are three main coupling agents that

Table 1. Coupling reaction for the synthesis of PHAs derivatives
Coupling agent
Terephthaloyl chloride

PHAs macromonomers
Other components
PHB-diol
PHO-diol
PHB-diol
Methoxy-PEG-monocarboxylic acid
Multifunctional cores (trimethyol propane,
1,3-N,N-dicyclohexylcarbodiimide PHB-diol
pentaerythiritol or dipentaerthritol),
4-(dimethylamino)pyridine
"-caprolactone
PHB-COOH
Hydroxyethyl methacrylate
(via thermal degradation)
PHB-diol
PCL-diol
PHB-diol
PEG
PHB-diol
PCL-PEG-PCL triblock copolydiol
PHB-diol
Poly(propylene glycol), PEG
Poly(butylene glycol adipate)-diol OR
PHB-diol
Poly(diethylene glycol adipate)-diol
1,6-hexamethylene diisocyanate
P3HB4HB-diol
PHBHHx-diol
P3HB4HB-diol
PHHxHO-diol
P3HB4HB-diol with different 4HB contents
P3HB4HB-diol
and segment lengths
P3HB4HB-diol
PEG
PHBHHx-diol
PEG
Toluene diisocyanate
PHB-diol
PCL-diol
Poly[glycolide-co-("-caprolactone)]-diol
PHBV-diol
Poly[(L-lactide)-co-($-caprolactone)]-diol
2,2,4-Trimethylhexamethylene
PHBV-diol
diisocyanate
PHB-diol
PCL-diol
PHB-diol
PHO-diol
L-Lysine methyl ester diisocyanate PHBV-diol
PHB-diol
PCL-diol
PEG-diisocyanates

P3HB4HB-diol

–

Copolymer References
Block
[70]
Block
[71, 72]
Star block

[73]

Comb graft

[74]

Block
Block
Block
Block

[78]
[82, 85–87]
[88]
[92, 93]

Block

[79–81]

Block
Block

[75]
[76]

Block

[77]

Block
Block
Block

[83]
[84]
[94]

Block

[95]

Block
Block
Block
Block
Block
Alternative
block

[96]
[97]
[98]
[96]
[97]
[99]

Figure 3. Components for the synthesis of PHO-b-PHB copolymer using terephthaloyl chloride as the coupling agent
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3.1.2. DCC/DMAP
DCC/DMAP system induces the esterification reaction between PHAs macromonomers and other components. Li and coworkers [71, 72] have synthesized
a PEO-b-PHB-b-PEO triblock copolymers from
PHB-diol and methoxy-PEG-monocarboxylic acid
by esterification reaction for drug delivery applications. PEO and PHB blocks formed separate crystalline phases in the copolymers: the crystallinity of
PHB block increased, while that of the PEO block
decreased. The amphiphilic copolymer could selfaggregate into micelles in the aqueous medium,
being composed of the hydrophobic PHB core and
the hydrophilic PEO corona shell. Once coupled
with multifunctional cores (trimethyol propane,
pentaerythiritol or dipentaerthritol), the PHB-diol
could initiate the ring opening polymerizations of "caprolactone (CL) to form star block copolymers
with structural variation on arm numbers and
lengths [73]. Methacrylic macromonomers of PHB
via thermal degradation could copolymerize with
hydroxyethyl methacrylate to yield a comb graft,
containing 0.5~14 mol% of PHB blocks. However,
the graft was controlled poorly with unpredictable
molecular mass and broad polydispersity [74].

position, being assigned to the thermal degradation
of PHB hard blocks, PBA or PDEGA soft blocks,
and the urethane linkage, respectively [79–81].
Hydrophilic PEG could function as the soft segment to synthesize block copolymers, along with
PHB [82], P3HB4HB [83], or PHBHHx [84] segment (Figure 4/I). PHB and PEG segments formed
separate crystalline phases with a lower crystallinity
and a lower melting point than those of their corresponding pre-polymers, and a glass transition temperature between two pre-polymers. Young’s modulus
and the stress at break of the copolymers increased
with increasing PHB segment length or PEG segment length, whereas the strain at break increased
with increasing PEG segment length or decreasing
PHB segment length [85, 86]. When fabricated into
an electrospun fibrous scaffold, it can be coated
with calcium minerals by simple incubation in simulated body fluid, showing a potential application
for bone regeneration [87]. The multi-block based on
PHB-diol and PCL-PEG-PCL triblock copolydiol
by one step solution polymerization was a semicrystalline with two crystallizable PHB and PCLPEG-PCL blocks. The melting temperature of PHB
segments was ~40°C, less than that of neat PHB.
Only one glass temperature was exhibited, which corresponded to PCL-PEG-PCL components [88].
Proper choice of the composition of the copolymers
(input ratio of hard and soft segments) and the type of
macrodiols allows the production of various materials that possess a wide range of thermal and mechanical properties, procesability, hydrophilicity and
degradability [89]. It should be noted that small crystalline particles of short-chain PHB (PHB-P, Mn =
2300) released when the block copolymers degraded.
Phagocytosis of PHB-P with an irregular shape (1~
10 µm) at high concentrations (>10 µg/mL) was
dose dependent and associated with cell damage in
macrophages (J774), but not in mouse fibroblasts
(3T3) [90]. Primary rat tibia osteoblasts were capable of phagocytosing PHB-P (diameter of 2~20 µm),
and this process was accompanied at low PHB-P
concentrations by dose- and time-dependent alteration of alkaline phospatase activity, but not of collagen type I or osteocalcin [91].
Coupling the second (PEG) and even the third component (polypropyleneglycol, PPG) provided the
PHB-based copolymers with an unexpected and
unique function. The amphiphilic and thermosensitive triblock underwent a sol-gel-sol transition as

3.1.3. Diisocyanate
1,6-Hexamethylene diisocyanate is a common coupling agent to prepare PHAs elastomers whose segmented and domain structure can be easily controlled by a selection of the monomer units for
building the segments, their relative proportions and
the length of segments. P3HB4HB has been reported
to couple with PHBHHx [75], PHHxHO [76], or only
P3HB4HB with different 4HB contents and segment lengths [77] based on the dihydroxyl-teminated precursors by melting polymerization. Hydrophobic and biodegradable PCL (soft segment) has
been designed to synthesize PCL-b-PHB by onestep solution polymerization. The block polymer
was semicrystalline, having a PCL crystalline phase
along with the PHB crystalline phase and the melting temperature within 126~148°C [78]. Poly
(butylenes glycol adipate)-diol (PBA-diol) or poly
(diethylene glycol adipate)-diol (PDEGA-diol) as
soft segments was also coupled with PHB-diol. When
PHB-diol was less than 50 wt%, PBA and PHB
phases crystallized separately in PBA-b-PHB. However, only PHB segments crystallized in PHB-bPDEGA. Both copolymers showed three-step decom40
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Figure 4. Scheme of the synthesis of the random block copolymer (I) and alternative block copolymer (II) based on PHAsdiol and PEG, R = CH3, C2H5, C3H7, C5H11

the temperature increased from 4 to 80°C. It showed
a very low critical gelation concentration ranging
from 2 to 5 wt%, much lower than that of the commercial thermogelling PEG-PPG-PEG triblock
copolymers (15~20 wt% or above). Moreover, nonbiodegradable PEG-PPG-PEG triblock copolymers
have been reported to show hyperlipidemia and
high plasma level of cholesterol in rabbits and rats
[92], and less cells (L929 mouse fibroblasts) attachment [93], suggesting that introducing a hydrophilic,
biodegradable and biocompatible soft phase in the
PHAs block copolymers is an effective way to design
novel biomaterials.
Other diisocyanate, including toluene diisocyanate
[94], 2,2,4-trimethylhexamethylene diisocyanate
[95–97], and L-lysine methyl ester diisocyanate
[96–98] have also been applied to synthesize block
copolymer. The coupling reaction via diisocyanate
must be carried out under anhydrous conditions and
an argon or nitrogen atmosphere due to the moisture sensitivity of the coupling agent. More importantly, the above coupling approach lacks the block

selectivity and provides the copolymers with the
blocks in a random manner, so that the properties of
the copolymer were not able to be tuned finely. Pan
et al. [99] have attempted to prepare a series of
amphiphilic alternative block copolymers based on
P3HB4HB-diol and PEG via the terminal coupling
reaction of hydroxyl group of P3HB4HB-diol with
isocyanate group of PEG-diisocyanates, so that one
component can be fully characterized (Figure 4/II).
This synthetic methodology provides a way to tailor
the exact structure of the biomaterials.

3.2. Macro-initiating reaction
Macro-initiators can be used as precursors for the
synthesis of block copolymers through radical and
ionic polymerization. Arslan et al. [100] have suggested a two-step route to synthesize PHB-b-PMMA
(where polymethylmethacrylate, PMMA) as follows:
A PHB macroinitiator (PHB-MI), having hydroxyl
groups at two ends of the polymer chain and an
internal azo group, was obtained through the condensation reaction of PHB-diol with 4,4!-azobis(441
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cyanopentanoyl chloride). Through a redox freeradical polymerization of methyl methacrylate
(MMA) with a PHB-MI/Ce(IV) redox system, a
multiblock active copolymers with azo groups
(PMMA-PHB-MI) were prepared, which was further used in the thermal polymerization of MMA to
obtain the final block copolymer. However, it is difficult to produce copolymers with well-controlled
molecular mass and low polydispersity in this way.

Macroinitiators of PHAs, PHB-O-AlEt2 being produced from PHB-diol and AlEt3, can initiate ROP
of other monomers ("-caprolactone and lactic acid)
to produce PHB-PCL, PHB-D,L-PLA, and PHB-LPLA diblock copolymers, respectively. These diblock
copolymers may serve as emulsifiers for the respective blends of the homopolymers [58]. However, it
is well accepted that aluminum ethyl cannot be used
to synthesize degradable biomaterials due to the
retention of aluminum in vivo and low catalytic
efficiency.
Alkyl tin carboxylate is the most common catalyst
for the synthesis of PLA and PCL because of the
high catalytic activity. The triblock copolymers
containing PHBV and PCL units were synthesized
by using PHBV2000 as a macroinitiator to carry out
ROP of "-caprolactone in the presence of dibutyltin
dilaurate at 130°C. It was found that the crystallization rate of PCL block increased gradually with the
increase of PCL content, though both blocks crystallized more difficultly than the corresponding homopolymers [108]. Methyl-PHB oligomers containing
hydroxyl and carboxyl end groups have been
reported to initiate a controlled coordination insertion ROP of D,L-lactide and $-caprolactone via the
catalyst of stannous 2-ethylhexanoate, respectively
(Figure 5). The triblock copolymers PHB-PLA-PCL
showed potential applications as drug release carriers, or surface coatings on other biomedical devices
[109]. It should be noted that the toxic nature of
stannous ethylhexanoate is a big obstacle for its use

3.2.1. Ring opening polymerization
Ring opening polymerization (ROP) is a useful synthetic route to synthesize biomaterials (Table 2) with
various controllable properties for medicinal and
pharmaceutical applications [101, 102]. The oligo (3hydroxybutyrate) conjugates with sorbic acid, benzoic acid and p-coumaric acid have been obtained
via the anionic ring-opening oligomerization of
racemic !-butyrolactone being initiated by sodium
sorbate, sodium benzoate, and p-coumaric acid potassium salt, respectively [103, 104]. PHAs macroinitiators containing olefinic and carboxylic end groups
were obtained by the controlled depolymerization
of natural PHAs (PHB, PHBV or PHO), being catalyzed by KOH/18-crown-6 complex in a CHCl3/
H2O system. These macroinitiators, having similar
molecular mass (Mn = 3000) and a unimodal molecular mass distribution, were then used in anionic
ROP of !-butyrolactone to obtain the respective
diblock copolymers of natural origin PHA and aPHB [105–107].

Figure 5. Scheme of the two-step synthesis of the PHB-PLA-PCL triblock copolymer through ring opening polymerization
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Low-molecular PHAs

Table 2. Synthesis of the PHAs-based block copolymers via ROP
Monomers
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[109]

Coordination-insertion
ROP

Anionic ROP

PHB-PLA-PCL

PHA-(a-PHB)
PHA:PHB, PHBV, PHO

[105–107]

[108]

[58]

References

Coordination-insertion
ROP

Coordination-insertion
ROP

Mechanism

PCL- PHBV-PCL

PHB-PLA

PHB-PCL

Block copolymers
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in biomedical application, though it has been granted
as a food additive by FDA. Another problem is the
rather low rate of ROP. Therefore, catalysts or cocatalysts that enable the rate of polymerization
and/or the applicability of the reactions to commercially viable systems to be increased would be the
focus of ROP in the next few years.

low critical micelle concentrations, the tunability of
the biodegradability and the loading capacities by
variation in its composition. The water-soluble
copolymers formed core-corona-type micelle aggregates with the critical micelle concentrations of
(1.5~41.1) mg/L and the partition coefficients of
(1.64~20.42)·105. The length of PNIPAAm blocks
on either side of the PHB block could be restricted
to a molecular mass of <20 000 g/mol so as to allow
the final degraded fragment to be easily excreted
from the body via renal filtration. Moreover, the
hydrophobicity of the micellar core could be controlled by adjusting the composition of the copolymer to tune the encapsulation efficiency of hydrophobic drugs [112].
The dibromo-terminated PHB macroinitiator induced
the polymerization of 2-(dimethylamino)ethyl
methacrylate (DMAEMA, Figure 6/III, 6b) and poly
(tertbutyl acrylate) (Figure 6/III, 6c) either. The former amphiphilic PDMAEMA-PHB-PDMAEMA triblock copolymer showed lower toxicity and better
gene transfection efficiency than polyethyleneimine
or PDMAEMA homopolymers [113]. The latter presented a microphase-separated structure at higher

3.2.2. Atom transfer radical polymerization
Atom transfer radical polymerization (ATRP) has
been attracting much attention as a new route to
synthesizing well-defined polymers [110, 111]. Halogenated PHAs as macroinitiators can be used in
ATRP of vinyl monomers to obtain the block, graft,
or brush type multi-graft copolymers. The starting
dibromo-terminated PHB (Br-PHB-Br) macroinitiator (Figure 6/II) was usually obtained by the reaction of the terminal hydroxyl of PHB-diol (Figure 6/I)
with 2-bromoisobutyryl bromide. The macroinitiator then initiated N-isopropylacrylamide in dioxane
to form the triblock copolymer with PHB as the central hydrophobic block and PNIPAAm as the flanking block segment (Figure 6/III, 6a). The exciting
potential for PNIPAAm-PHB-PNIPAAm lied in its

Figure 6. Synthesis of PHB based triblock copolymer by ATRP. I. PHB-diol; II. Br-PHB-Br; III. R!-PHB-R! triblock
copolymer: (a) poly(N-isopropylacrylamide); (b) poly(2-(dimethylamino)ethyl methacrylate); (c) poly(tertbutyl
acrylate), R = CH3, C2H5, C3H7, C5H11
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PHB block content, along with better thermal stability than their respective homopolymers [114].
Graft copolymers based on PHB macromonomers
can be synthesized in a one-step procedure via ATRP
[115]. Vinyl monomers, methyl methacrylate (MMA)
or styrene (S), have been initiated by PHA-Cl (macroinitiator) using cuprous chloride (CuCl)/2,2!-bipyridine complex (catalyst) to obtain PHA-g-PMMA or
PHA-g-PS brush type graft copolymers with different numbers of side arms. Further, the multigraft
brush copolymers PHO-g-PMMA (with more
PMMA content) and PHO-g-(PMMA-b-PS) were
synthesized via ATRP of MMA and S using PHO-gPMMA-Cl as macroinitiator [116, 117]. A brush
copolymer composed of the PHB chain and PEG
brushes was designed as amphiphilic self-aggregating species with potential application in the healthcare field [118].
The graft copolymers via ATRP were of lower polydispersity (~1.2) than the ones by the conventional
free radical polymerization (FRP, 1.6~2.1), and lower
molecular mass (~20 000 for ATRP, 31800~84100
for FRP) [119]. Usually, ATRP is characterized by the
well-controlled molecular mass and polydispersity
of a polymer, which depends on fast initiation with
respect to propagation at a low radical concentration and a fast dynamic equilibrium between the
active and dormant radicals. Therefore, the rate of
polymerization is rather slow, and the solvent polarity could significantly affect the equilibrium of the
active and dormant species. The reaction should be
performed under a nitrogen atmosphere and anhydrous conditions, because O2 and water could be a
hindrance to the polymerization. Another key prob-

lem is the ageing of macromolecules by the remaining transition metal complex.

4. Direct route to synthesizing PHAs
derivatives

Theoratically, the simplest method to synthesize
PHAs derivatives is to link the second component
and PHAs directly through a coupling agent (Table 3),
for example, PHB-co-PEG copolymer by toluene
diisocyanate (coupling agent). Unexpectedly, the
main product was the homopolymer PEG other than
the copolymer owing to the limited hydroxyl on the
macromolecular chains [120]. Active polymers containing peroxide groups ‘in chain’ have been reported
as coupling agents to be grafted onto poly(hydroxyl
nonanoate) at 80°C. But polystyrene or poly(methyl
methacrylate) need to be treated first by using
oligo(adipoyl-2,5-dimethylhexane-2,5-diyl peroxide) or oligo(dodecanedioyl peroxide) to obtain the
active polymers [121–123].
Catalyzed transesterification is a green chemical
method, accompanied with the pyrolysis of PHAs
melt of high molecular mass. Increasing reaction temperature and/or reaction time are advantageous to
the reaction. Through a transesterification reaction
in the presence of 4-toluenesulfonic acid monohydrate, oligo(3HB-co-4HB) conjugate with (4-chloro2-methylphenoxy)acetic acid was synthesized in
one pot under an argon atmosphere. This conjugate
could be used as biodegradable controlled-release
systems of pesticides with potentially higher resistance to weather conditions in comparison to conventional forms of pesticides [124]. If a nucleophile
(monomethoxy PEG, mPEG) empolyed in the trans-

Table 3. Direct route to synthesizing PHAs derivatives
Second monomer/polymer

Isoprene

PHAs
PHB
PHBV
PHB

Maleic anhydride

PHB

Phenyl vinyl ketone
Methyl methacrylate
2-Hydroxyethyl methacrylate
Methyl methacrylate
Monoacrylate PEG
Monomethoxy PEG

PHBV

PHU
PHU
PHB

Graft
Graft
Diblock

N-isopropyl acryl amide

PHU-Br

Graft

PCL
Styrene

PHB
Diblock
PHBPHBV Graft

Acrylic acid

Copolymer

Initiator/catalyst

Synthetic route

References

Graft

# radiation

Free radical polymerization

[137]

Graft
Graft
Graft
Graft

# radiation
Benzoyl peroxide
# radiation
Benzoyl peroxide

Free radical polymerization
Free radical polymerization
Free radical polymerization
Free radical polymerization

[136]
[128–131]
[138]
[127]

PHBPHBV Graft

# radiation

Free radical polymerization

[132, 133]

Benzoyl peroxide
Free radical polymerization
Benzoyl peroxide
Free radical polymerization
Bis(2-ethylhexanoate) tin Transesterification
Reversible addition-fragmentation
–
chain transfer
Stannous octoate
Transesterification
Free radical polymerization
# radiation

45

[46]
[139]
[125]
[47]
[126]
[134, 135]
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Figure 7. Scheme of the catalyzed transesterification reaction between PHB and mPEG

esterification under bis(2-ethylhexanoate) tin (catalyst), a PHB-b-mPEG copolymer was formed (Figure 7). The diblock copolymers were amphiphilic
and could be self-assembled into sterically stabilized colloidal suspensions of PHB crystalline lamellae. This process was faster than the condensation
reactions between mPEG and PHB oligomers, so
that it is difficult to control the molecular mass of
the PHB moiety. The yield was much higher and the
contamination of products by the reagents like DCC
and DMAP was avoided [125]. The transesterification of thermally unstable copolymer PHB-b-PCL
could be conducted in liquid phase using stannous
octoate as a catalyzer. The crystallization behavior
of PHB-b-PCL copolyesters altered evidently with
the increase in PCL content, though the crystalline
structure of PHB remained unchanged [126].
Grafting polymerization using benzoyl peroxide as
an initiator was often applied to introduce second
component onto the PHAs chains, such as grafting
polymerization of phenyl vinyl ketone onto PHBV
under nitrogen atmosphere [127]. However, long
graft chains may cause new environmental problems. Maleic anhydride showed good reactivity and
controllability in free-radical polymerization so as
to avoid long and undegradable graft chains via
homopolymerization. The crystallization temperature of the graft decreased, and the thermal decomposition temperature increased by ~20°C compared
with that of PHB homopolymer [128–131]. The
drawback of the benzoyl peroxide-initiated grafting
polymerization lies in the high reaction temperature, the large amount of solvents and high energy
consumption, and the difficulties in purifying the
product. The #-radiation grafting polymerization
could be done at the ambient temperature without any
initiator. Vinyl monomers, such as methyl methacrylate or 2-hydroxyethyl methacrylate [132, 133],

styrene [134, 135], isoprene [136], acrylic acid [137],
and maleic anhydride [138] have been reported to
be grafted onto PHB or PHBV with a high yield (up
to 80%).

5. Conclusions

New commercialized PHAs via biosynthesis route
would burst with the development of research and
industrial technique in the next few years, though
time- and money-consuming procedures to bio-synthesize PHAs with specific functional groups are
needed. The derivatives based on these novel PHAs
will increase to meet the requirement for the final
applications. The direct route to synthesizing the
PHAs derivatives is limited owing to the low yield
and purity, while the two-step route is advantageous
to developing the structure- and property-controlled
PHAs derivatives, especially when the living polymerization is applied in the second step. The challenge involves preparing the PHAs’ oligomers with
low polydispersity index.
The new macromolecular synthesis reaction and
mechanism stimulates us to develop the block
(diblock, triblock, or star block), graft, or even brush
type graft copolymers of PHAs into promising candidates as biomaterials. The biocompatibility is still
the most essential properties of the PHAs derivatives for the biomedical application. Therefore, the
research relevant to the biocompatible components
and initiator/stimulators will be an important key to
developing the PHAs derivatives.
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