Send Orders for Reprints to reprints@benthamscience.ae
Current Organic Synthesis, 2016, Volume

1

Polymers Tailored for Controlled (Bio)degradation through End-group
and In-chain Functionalization
Joanna Rydz*a,b, Marta Musioła and Marek Kowalczukc
a

Centre of Polymer and Carbon Materials, Polish Academy of Sciences, Zabrze, Poland; bInstitute of
Polymers, Bulgarian Academy of Sciences, Sofia, Bulgaria; cDepartment of Biology, Chemistry and Forensic
Science, University of Wolverhampton, Faculty of Science and Engineering, Wolverhampton, UK

Please provide
corresponding author(s)
photograph

Abstract: Currently, polymers can be created with specific properties that are tailored to a wide range of
applications from medical to everyday products as packaging. There are different techniques to prepare novel
polymer materials with various architectures and specific groups via a variety of reaction mechanisms of
different complexity. End-group modification of polymers is a powerful tool for tailoring polymer properties. The endgroup and in-chain functionalization strategy must be carefully selected based on catalyst, polymerization conditions, and
other limitations such as solute solvent interactions or aggregation. The review provide a brief description of the
functional moieties and an outline of synthetic strategies used for tailoring the (bio)degradable polymer properties by endgroup and in-chain functionalization.
Keywords: polyesters, (bio)degradation, functional moieties, macromolecular architectures, controlled/living polymerization
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1. INTRODUCTION
From the perspective of sustainable development,
(bio)degradable polymers are considered safe for the
environment and are an interesting alternative to
conventional polymers. The demand for (bio)degradable
polymers that are designed to provide materials for timelimited applications is still growing. Degradation has a
significant effect on the properties of polymer materials and
therefore the perfect (bio)degradable polymer material
should match the mechanical properties and the time of
degradation to the needs of the application [1-10]. As the
most representative example of environmentally relevant
polymeric materials, aliphatic and aliphatic-aromatic
polyesters play a predominant role as (bio)degradable,
biocompatible and bioresorbable polymers due to the
presence of potentially hydrolysable ester linkage (-C(O)O-).
However, they often lack good mechanical and physical
properties that can be enhanced by functionalization [11,12].
Introduction of functional groups such as carboxy (C(O)OH), hydroxy (-OH), amino (-NH2), bromo (-Br),
chloro (-Cl) groups, ketal moiety (R2C(OR)2 (R ≠ H)), or
carbon-carbon double or triple bonds, causes the aliphatic
polyesters are becoming increasingly important in recent
years. Other important members of (bio)degradable
polymers include polyanhydrides (PAH), poly(ester
anhydride)s (PEAH), polyurethanes (PUR), poly(ester
urethane)s (PAUR) poly(ortho ester)s (POE), poly(ester
amide)s (PEA), poly(ester urea)s (PEU), poly(ester imide)s
(PEI), poly(ester amide)s (PEA), polycarbonates (PC) or
poly(carbonate urethane)s (PCUR) [13].
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The development of new functionalized material is based
on the availability of methods providing control over the
chemistry and structure of the initiator and diverse range of
active end groups in the monomers, allowing to obtain welldefined end-functionalized polymers and block copolymers
[14]. Such possibility is provided among others by living
polymerization that is a chain polymerization in which chain
transfer and chain termination are absent [15]. Thus, in a
simple manner using few monomers variety of new materials
can be created with significantly different properties by
changing the topology of the polymer (linear, crosslinked or
branched polymers in particular star-like, hyperbranched
polymers, or dendrimers), polymer composition (homo-,
random, periodic, block, graft (co)polymers), or position of
the functional groups in the polymer chain: end, in-chain,
side (end-functional, telechelic, site-specific functional,
multifunctional polymers or macromonomers) [14,16] (Fig.
1).
Fig. 1. Topologies of functional polymers.

The functional groups may be introduced into the
monomers (sometimes in a protected form) before the
polymerization or into the polymer chains by
postpolymerization modification. (Bio)degradable functional
polymers can be synthesized by various direct methods, such
as anionic, cationic, free radical or coordination
polymerization, as well as in-chain or surface
postpolymerization modifications [18].
This review provide a brief description of the functional
moieties and an outline of synthetic strategies used for
tailoring the (bio)degradable polymer properties by endgroup and in-chain functionalization.
© 2014 Bentham Science Publishers
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2. DEGRADABLE FUNCTIONAL MOIETIES
Polymer degradation can be caused by mechanical
action, heat (thermal degradation), light (photo- or photooxidative
degradation),
ionizing
radiation
(radio
degradation), chemical agents as water, acid, base
(hydrolytic degradation), reactive gases as e.g. oxygen
(oxidative or thermo-oxidative degradation) or by fungi,
bacteria, yeasts, algae, (biodegradation) and their isolated
enzymes (enzymatic degradation) [17]. Type of functional
groups in the polymer backbone has the greatest impact on
the rate of degradation [18].
Enzymatic and hydrolytic degradations are the key
degradation mechanisms considering the biomedical field,
since the majority of the bioresorbable polymers contain in
the backbone hydrolytically or enzymatically susceptible
chemical linkages, such as ester (-C(O)-O-), anhydride (C(O)-O-C(O)-), orthoester (-C(OR)3-), carbonate (-O-C(O)O-), amide (-C(O)-NH-), urea (-NH-C(O)-NH-), urethane (NH-C(O)-O) or glycosidic [19] (Fig. 2). The rate of
hydrolytic degradation of various polymers is often
considerably faster than biodegradation [20].
Fig. 2. Functional moieties of (bio)degradable polymers.

The tendency to hydrolytic degradation depending on the
type of functional moieties is as follows: anhydride >ester
>orthoester >carbonate >urea >urethane >>ether. Carbonates
are known to be hydrolytically more stable than esters due to
the two oxygen atoms adjacent to the carbon, which form a
pseudo  electron system and stabilize the C-O bond. This
linkage however is less stable then the urethane due to the
strong electro-negative effect of oxygen [21].
A different number of the same functional groups
inserted into the polymer backbone can affect the rate of
hydrolysis. The presence of various functional groups in the
copolymer also changes the degradation. Moreover, spacing
(steric hindrance) or solubility in water can affect the rate of
degradation. Placing alkyl groups (-CnH2n+1), which causes
in steric hindrance in the vicinity of groups susceptible to
degradation such as an ester moieties, can reduce water
attack and hence the degradation. Those groups also reduce
the solubility. The neighborhood of the functional groups is
also important. Esters with substituents in ortho-position are
more readily hydrolyzed under acidic conditions than esters
with substituents in meta position [18,22].
The rate of degradation of polymers with ester moiety
also significantly differs from each other, taking into
consideration steric hindrance or crystallinity. Degradation
rate is as follows: poly(lactide-co-glycolide) >polyglycolide
>poly(DL-lactide)
>poly(L-lactide)
>polycaprolactone
>poly(3-hydroxybutrate). Crystallinity is enhanced by: (1)
symmetric, regular structure of the polymer which allows
packing of the polymer chain in regular and tight way and
(2) highly polar side groups that increase the intermolecular
forces. Isotactic polymers generally have a higher degree of
crystallinity than atactic. Block copolymers have a higher
degree of crystallinity than random copolymers from the
same units. Thus, the regular polyesters crystallize readily.
Even atactic polymer with hydroxy or nitrile (-CN) side
groups will crystallize due to polarity [23]. Polylactide
(PLA) with hydrophobic pendant methyl group (steric
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hindrance of -CH3) is more protected from the attack of
water molecules than polyglycolide (PGA). Amorphous
poly(DL-lactide) (PDLLA) or copolymer of poly(L-lactide)
(PLLA) and polyglycolide, wherein the PGA segments are in
an amorphous state, degraded more rapidly than partially
crystalline PLLA or PGA [24]. When the polylactide content
increases, the degradation rate of the copolymer decreases
[25]. Also polycaprolactone (PCL) backbone with
chemically inert and hydrophobic long methylene segments
((-CH2-)5) between ester linkage is less susceptible to
hydrolysis as compared to PLA and PGA. Furthermore, the
hydrophobic character of glycolide and lactide copolymers
must be adequately modulated in order to prevent the
divergence between the rate of degradation of these materials
and biological activity. More hydrophilic polymers, such as
poly(alkylene tartrate)s, copolymers with gluconic acid or
with naturally occurring molecules as lysine, contain
functional groups which may enable the conjugation of
bioactive molecules [26].
The rate of hydrolysis of ester linkage may also vary
depending on the pH [18]. The hydrolytic chain cleavage of
polylactide and polyglycolide increases the concentration of
carboxy end-groups and decreases the local pH with
degradation time, which accelerates autocatalysis [5,27].
Azide pendent groups (-N3) introduced into aliphatic
polyesters by the formation of derivatives with tertiary
amines, ammonium salts and poly(ethylene oxide) grafts
make the aliphatic polyesters resistant to degradation,
including even PLA which is very sensitive to attack by
weak nucleophiles [28].
Hydrolysis of polyesters with alkoxyl (-OCnH2n+1) and
acyl end-groups (-(O)CR) does not depend on the type and
size of terminal group. It has been found that the hydrolytic
stability of ester bonds which are formed in polyester by a
monofunctional reagent decreases with a reduction in the
hydrocarbon length in the chain of this reagent. The
hydrolytic stability of the polyester with relatively longchain end groups depends on the stability of dicarboxylic
acid-glycol bond. Resistance to hydrolysis is decreased as
follows: neopentyl glycol >ethylene glycol >propylene
glycol [29].
During
degradation
of
polycarbonate-based
polyurethanes the carbonate linkages are the weakest sites in
the polymer backbone. Hence the degradation rate should
depend on amount of carbonate linkages compared to
urethane. However, there is no linear relationship over the
carbonate content. Carbonates can exist in amorphous or
crystalline state and can form strong hydrogen bonds with
the urethane amines. Therefore H-bonded urethane linkage is
more stable than a non-H-bonded one. Degradation initiates
the cleavage of the non-H-bonded carbonate and urethane
linkages. The highly organized structure of H-bonded hardsegment domains hides potential cleavage sites. Also for
phase separated polymers, stability increases if the surfaces
is enriched in the phase with higher amount of H-bonded
(hard polyurethane) segments compared to the phase that has
poor H-bonding as polycarbonates [30]. The degree of phase
separation and soft-segment crystallinity have proven to be
less important compared to hydrogen bonds between the
carbonate and urethane segments. The susceptibility to
hydrolysis decreases as follows: non-H-bonded carbonate
>non-H-bonded urethane >H-bonded carbonate >H-bonded
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urethane. Water molecules can easily access the H-bonded
moieties due to hindrance effect of organized chemical
structures included in the H-bonded network and therefore
bonded water reduces the attack by free water molecules and
hinders the hydrolysis. A higher hard segment content at the
surface contributed significantly to an increase in stability
[31].

The graft copolymers of chitosan with high content of
covalently grafted oligo(L-lactide) has proven to be
thermally more stable as compared to chitosan. Introduction
of flexible units into the rigid polymer chain should disrupt
the crystalline structure and might favor the formation of
strong hydrogen bonds between grafted chitosan chains thus
causing decrease of hydrolytic degradation [36].

Synthetic polymers of high molar mass usually less
readily undergo biodegradation. Exceptions are synthetic
aliphatic polyesters which are susceptible to microbial attack
regardless of the molar mass. Enzyme binds only substrates
that exactly fit into the active site therefore polymer chain
must be flexible. Polymers with more rigid chain can slower
be biodegradable. Polyesters derived from medium-sized
diacids are more easily degraded by microorganism than
those derived from the long or short-size diacids. Among the
polyesters, PLA is less susceptible to microbial attack
because PLA-degrading microorganisms are not widespread
in the environment [32,33]. Polyamides contain the same
amide linkage as polypeptides or proteins; however, due to
the high crystallinity and strong chains interactions, the
biodegradation rate is so low that they are regarded as nonbiodegradable polymers. Biodegradation can be forced
through introduction of side groups such as hydroxy,
hydroxyalkyl, carboxy, methyl, benzyl (-CH2C6H5), formyl
(-CH(O)) or ester moiety. Susceptibility to biodegradation
can also increase if the polymer structure possesses
unsaturated moieties, straight alkane chains of longer than
nine-carbons, lower number of halogen substituents and
ortho- or para-substituents on a benzene ring; lack of
aromatic units, solubility in water. In addition
biodegradation increases under anaerobic conditions while
under aerobic conditions is reduced [20Error! Bookmark
not defined.]. Aliphatic poly(ester amide)s containing amide
and ester linkage or poly(ester urethane)s with long repeating
units are more readily biodegraded. Biodegradation rate
increases with increasing the content of ester moieties.
Biodegradation of polyurethanes depends on the structure:
those based on polyethers structure are resistant, whereas
those based on polyesters structure are susceptible to
biodegradation [33,34]. Also, hydrophobic surface
modification of polyurethane-base material with fluorinated
end-groups (with one or more fluorine atoms) affects
(reduces) biodegradation [19].

For thermo-oxidative degradation, the presence of C-H
bonds or unsaturated polymer units increases the ability of
the formation of peroxy radicals while the saturated
polymers structure increases resistant. Also, polymers
without hydrogen or with non-reactive methyl or phenyl (C6H5) groups show resistance to oxidation [35]. Functional
groups susceptible to oxidative degradation are group with
labile hydrogen as benzylic carbon (Ph-C*HR), allylic
carbon (CR1=CH-C*HR2) and tertiary carbon (CR1-CR2CR3-) or α-positions with respect to heteroatom. Also
introduction of ether (-O-), ketone (-C(O)-), amine (-NH-),
methylene or ester linkages into the polymer chain such as
polyolefin can accelerate oxidative degradation [23,37].
However, the relatively stable to oxidation carbonate linkage
in polycarbonate-based polyurethanes lowered the rate of
degradation in comparison to the poly(ether urethane)s [38].

Thermo,- photo-, radio-, oxo- and mechanical
degradations are important degradation mechanisms
considering ageing and pre-programmed lifetime of
particular polymeric materials [17].

2.
POLYMERIZATION
TECHNIQUES
IN
SYNTHESIS OF FUNCTIONAL (BIO)DEGRADABLE
POLYESTERS

Polymer structure including elemental constituents, type
of bonds (covalent or noncovalent) and degree of
unsaturation is important from the standpoint of thermal
degradation. Degradation processes involve bond scission
that is related to energy expenditure. For example, C-F bond
(-CF2CF2-) has a higher thermal stability compared to C-H
bond (-CH2CH2-) due to higher energy. Thermal degradation
is initiated by scission of weak linkages such as ester or
carbonate in case of hydrolytic degradation. Tacticity of
polymers can also contribute to the thermal stability.
Ordered polymers have lower thermal stability than random
ones. Increase of the intermolecular forces and the
improvement of the thermal stability can be achieved by
copolymerization [23,35].

Functional moieties susceptible to photo degradation are
unsaturated carbon-carbon bonds (e.g. polyene), aromatic
rings (e.g. 1,1'-biphenyl-4,4'-diamine), carbonyl (-C(O)-),
nitro (-NO2) aromatic, amine oxide (N-oxide), alkyl, sulfide
salt (S2-) moieties or weak C-H and O-H single bonds as well
as N-nitrosamines (R2NN(O)) and organochlorines such as
ArCl [20,37].
Radio degradation (radiolysis) breaks chemical bonds;
therefore degradation depends on the absorption properties
and bond energy. The tertiary carbon bonds in the polymer
chain and radiation-absorbing moieties (aromatic rings) are
sensitive to radiation attack and form free radicals [39].
Polymer mechanical degradation occurs under the
influence of shear forces by random breaking of C-C bonds
which results in the formation of terminal C-radicals with
possibility to polymer chain scission or braking of C-H
bonds which results in the formation of C-radicals with
possibility to chain branching. The degradation increases
with increasing of the applied mechanical stress [40].

The most widely used representatives of the aliphatic
polyesters are polymers based on cyclic monomers (cyclic
esters or diesters) such as 2-oxetanone (β-propiolactone), 4methyloxetan-2-one (β-butyrolactone), 3,3-dimethyl-2oxetanone (pivalolactone), tetrahydro-2H-pyran-2-one (δvalerolactone), 2-oxepanone (ε-caprolactone), 3,6-dimethyl1,4-dioxane-2,5-dione (lactide, LA) and 1,4-dioxane-2,5dione (glycolide) synthesized in the presence of an initiator
and/or a catalyst as well as comonomers [41].
Polyesters
such
as
polylactides
and
polyhydroxyalkanoates (PHA)s are widely used in
biomedical applications, however, the lack of functional
moieties along the polymer backbone that are susceptible to
the functionalization reactions gives less ability to interact
with biological systems [2,42]. A number of routes have
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been used to introduce functional groups into polyesters
[13,43]. The most common are: (1) synthesis of new
functionalized
monomers
[44,45],
(2)
chain-end
modifications by introducing functional groups to the
initiator used in ring-opening polymerization and/or the
postpolymerization modification of the polymer hydroxy
chain-end [46,47], and (3) copolymerization reaction
[44,48]. Numerous overviews describe these methods [4953].
The use of a well-defined initiator in controlled
polymerizations leads to one α-chain-end derived from the
initiator and the other ω-chain-end from the propagation
species [54]. Chemical modification of the ω-chain-end by
the introduction of other polymer chain or small molecules
can lead to telechelic polymers with the same functional
groups at both the α- and ω-chain ends or to allow
postpolymerization reactions [55,56]. Telechelic polymers
are synthesized via radical, cationic, and anionic
polymerizations including ring-opening polymerization
(ROP) [57], step-growth polymerization [58,59], atom
transfer radical polymerization (ATRP) [60], reversible
addition-fragmentation chain transfer polymerization
(RAFT) [61], nitroxide mediated polymerization (NMP) [62]
and ring-opening metathesis polymerization (ROMP) [63].
The two main routes to obtain functionalized aliphatic
polyesters
are
step
polymerization
using
mild
chemo/enzymatic catalysis and ring-opening polymerization
initiated by cationic, anionic, or radical initiators (Fig. 3)
[49,50,64,65]. Radical ROP is the way of synthesis of
polymers with main chains containing heteroatoms [66].
Fig. 3. Main strategies for the synthesis of aliphatic
polyesters with functional groups: (I.A) – selfpolycondensation of hydroxy acids or their esters, (I.B) –
polycondensation of diacids or their esters with diols, (II.A)
– ROP of lactones by cationic or anionic catalysis, (II.B) –
radical ROP of cyclic ketene acetals.

Controlled/living polymerization techniques offer
specific methods for end-group functionalization controlled
by the active propagating species and the kinetics of the
polymerization reaction [67]. By appropriate selection of the
functional initiators or macroinitiators as well as addition of
a second monomer controlled/living (co)polymerization
provides the best opportunity to regulate the properties of
target materials by control of the composition, functionality
and topology at the molecular level and to obtain tailor-made
polymers suitable to the desired applications [68,69] (Fig. 4).
Fig. 4. ROP of β-butyrolactone and feasibility of
copolymerization. Reprinted from Couffin et al. [70].

Diversity of the end groups in synthetic polyesters results
from the use of appropriate initiator and/or a catalyst. Many
different approaches have been developed in order to obtain
functionalized poly(3-hydroxybutyrate)s with the desired
end groups [71-74]. The anionic ROP of β-substituted βlactones seems to be a perfect tool for the preparation of
analogues of natural aliphatic biopolyesters, PHAs with the
desired molecular structure, including the structure of the
end groups [75]. Using this approach, with the aid of metalfree anionic initiators, block and random synthetic PHA

Rydz et al.

copolymers can be prepared by anionic ROP of βbutyrolactone with comonomeric β-substituted β-lactones
and characterized at the molecular level [76].
Functionalized polyesters can be obtained also by metalfree organocatalytic controlled/living ROP with alcohols as
cationic initiators and trifluoromethanesulfonimide (1,1,1trifluoro-N-[(trifluoromethyl)sulfonyl]methanesulfonamide,
HNTf2) as the catalyst (Fig. 5) [56].
Fig. 5. HNTf2-catalyzed ROP of ε-caprolactone (ε-CL), 1,4dioxepan-5-one (DXO), and DL-lactide (rac-LA) using 3phenylpropan-1-ol (PPAL), propargyl alcohol (prop-2-yn-1ol,
PAL),
6-azidohexan-1-ol
(AHAL),
N-(2hydroxyethyl)maleimide (1-(2-Hydroxyethyl)-1H-pyrrole2,5-dione, HEMI), hex-5-en-1-ol (HEAL), 2-hydroxyethyl
methacrylate (2-propenoic acid, 2-methyl-, 2-hydroxyethyl
ester, HEMA), and poly(ethylene glycol) methyl ether (αhydro-ω-methoxypoly(oxyethylene), MPEG). Reprinted
from Makiguchi et al. [56].

Polyesters containing functional side-chain moieties,
such as pendant primary hydroxy groups, can be prepared
from alternating ROP of oxetanes with carboxylic acid
anhydrides, and of 3,3-bisoxetanes with dicarboxylic acids
or by ROP of α,α′,β-trisubstituted β-lactones [26,77,78]. The
presence of the carboxy side-chain groups in poly(malic
acid) (PMLA) backbone allows to obtain range of materials
of different physicochemical properties, either by direct
copolymerization of monomers having different ester side
groups or by postmodification of PMLA [26].
Ring-opening metathesis polymerization (ROMP) is
good method to synthesize polymers with functional groups
only at one of the chain-end (mono-end functional polymers)
as it is one of the most functional group tolerant
polymerization methods known. Usually, the ROMP leads to
the nondegradable polymers. In order to synthesize
functional homopolymer with degradable backbone using
ROMP, strained cyclic or bicyclic monomers that can
undergo polymerization are required, such as for example
unsaturated lactones or cyclic carbonates. So the monomer
must contain core (linear polymer backbone) functionality
giving rise to polymer structure that can undergo degradation
(an acid or enzyme labile functionality such as ester or amide
moieties) and with desired monomer or polymer
functionality needed to enable polymer diversification [79].
ROMP of unsaturated ε-caprolactone (6,7-dihydro-2(3H)oxepinone, DHO2) initiated by Schrock’s Mo-based catalyst,
allows to obtain unsaturated degradable polyesters
[63Error! Bookmark not defined.]. ROMP of unsaturated
lactone or cyclic carbonate gives carboxy or formyl endfunctionalized polymers [80]. Hetero-end functional
polymers, i.e. polymers with different functional groups at
each chain end can be obtained by combining sacrificial
synthesis with the vinyl lactone termination technique [81].
The copolymerization is a good method of tailoring
macromolecular architecture to achieve the desired
functionality. Copolymers are one of the most important
polymeric materials due to the presence of two or more
chemically different polymeric building blocks with specific
properties. Creation of various different architectures, such
as block, star and graft copolymers results in microphase
separation and formation of different domain structures
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(crystalline, amorphous, rubbery or glassy) which acts as
physical crosslinks [82,83].
The ring-opening copolymerization of cyclic esters or
diesters with functional comonomers offers a good method
for the functionalization of the polymer backbone. Precursor
studies have been developed by Vert. Various protected
functional
lactones
are
used
in
ring-opening
copolymerization with lactide [84]. Kricheldorf et al. [85]
for the first time reported a novel approach to the preparation
of functional polylactides by the polymerization of L-lactic
acid O-carboxyanhydride ((5S)-5-methyl-1,3-dioxolane-2,4dione, L-Lac-OCA) monomer using a variety of initiators,
such as pyridine, N,N-diethylethanamine, KOtBu (potassium
2-methylpropan-2-olate), or Ti(O-Bu)4 (titanium(4+) tetra(1butanolate)). This reactive monomer is also investigated by
many other groups. Tailored polymers derived from well
defined poly(hydroxy acid)s can be obtained using different
catalytic approaches: metal-free synthetic methods with
nucleophilic (protic) [86,87], cationic as well as enzymatic
[88] initiators or alkoxy rare earth compounds [89] and with
potential applications in drug and gene delivery systems [9092].
Multifunctional brush and block graft copolymers
consisting of polymer chains covalently attached to a core
can be prepared through “grafting from”, “grafting through,”
and “grafting onto”. Polyesters, atactic or isotactic poly(3hydroxybutanoate) macromonomers, functionalized with
methacrylate end-groups can be copolymerized in a one-step
procedure with several methacrylates via grafting through by
ATRP [12,93]. A water-soluble brush copolymers composed
of synthetic poly(3-hydroxybutanoate) (PHB) and α-hydroω-hydroxypoly(oxyethylene) (PEG) brushes are prepared
applying a three-step procedure, including ATRP processes
[12,94]. Star polymers consist of linear chains covalently
attached to a central core and have a lower density of
functional group when compared to dendrimer or
dendronized polymers [55]. Telechelic star polymers are
molecules made of polymer with one chain-end chemically
bonded to the center of the star while the other chain-end is
functionalized [95]. Star-shaped polyesters with pyrenyl,
polycyclic aromatic hydrocarbon (lipophilic) end- group or
hydroxy (hydrophilic) end-group can be synthesized by ROP
of LA or ε-CL co-initiated with corresponding alcohol and
polyols or 3-isocyanatopropyl(trimethoxy)silane to obtain
(bio)degradable polymers with good mechanical properties
[96,97].
Functionalized polymers could also be obtained by
biosynthesis. Various PHAs with side chains containing
functional moieties (e.g., carbon-carbon double or triple
bonds, ketone or epoxide moieties, acetyloxy (-O-C(O)CH3), aromatic or halogen groups) can be obtained by
advanced in vivo production strategy. The biosynthesis of
functional PHAs which gives different composition units
depend not only on the carbon source and type of
microorganisms, but also on the dilution rate, the carbon to
nitrogen ratio, time and temperature [98,99]. When the
introduction of functional moieties during biosynthesis is
impossible or the presence of functional groups in the PHAs
provides sites for subsequent chemical modification the
postfunctionalization is used to obtain functionalized PHAs
[100,101]. Basic methods to functionalize PHAs are: (i)
chemical in-chain modification of biosynthetic PHAs
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through complete hydrolysis of PHA backbone to chiral
monomer or (ii) degradation to short-chain-length PHA
followed by the synthesis of block copolymers or chemical
side-chain modification through reactions of medium-chainlength PHAs having unsaturated side chains such as crosslinking, epoxidation, conversion of double bonds to diols or
carboxy moieties [102-105]. Biosynthetic PHAs are also
used to obtain poly(ester urethane)s by linking PHA blocks
with diisocyanate coupling agents [106,107].
3.
STEP-GROWTH
POLYMERIZATIONS
IN
SYNTHESIS OF FUNCTIONAL (BIO)DEGRADABLE
POLYMERS
Polycondensation can be performed by various
polymerization techniques such as melt, solid-state,
interfacial and emulsion polymerization. A specific
functionality can be introduced through these method using
functionalized monomers or functionalized initiators [108].
Functionalization of PLA may be used for further
preparation
of
various
polymers.
Direct
melt
polycondensation of lactic acid (2-hydroxypropanoic acid)
and citric acid (2-hydroxypropane-1,2,3-tricarboxylic acid)
leads to carboxy-functionalized PLA (Fig. 6). The structures
involving citryl units into the polymer and subsequent
branching are formed at low concentration of citric acid in
reaction mixtures [109].
Fig. 6. Structure of carboxy-functionalized PLA.

Synthesis of biodegradable aliphatic polyesters by two-stage
melt polycondensation has been investigated under different
conditions. Poly(ethylene succinate), poly(propylene
succinate) and poly(butylene succinate) can be obtained
using appropriate diols and succinic acid (butanedioic acid).
The rate constant of esterification reaction is much larger in
comparison to the transesterification reaction which leads to
very high values of the hydroxy end-groups compared to
corresponding carboxy end-groups. Also changes in the
amount of inactive end groups at different reaction
temperatures are observed [110]. Polycondensation of
sebacic acid (decanedioic acid) and glycerol (propane-1,2,3triol) leads to poly(glycerol sebacate). During this reaction
functionalized polymer is obtained with secondary hydroxy
groups. Some of them remain free and some are transformed
to ester moieties that link polymer chains [111]. Aliphatic
polyesters with pendant hydroxy groups can be prepared by
lipase-catalyzed polycondensation between triols and diester
(divinyl adipate) and analyzed by MALDI-TOF mass
spectrometry. The results showed that the polyester chains
are terminated with various groups: vinylic (-CH=CH2),
hydroxy, vinylic and hydroxy, vinylic and carboxy as well as
hydroxy and carboxy groups [112]. Interfacial
polycondensation of 1,6-hexanediol diesters of L- and Dalanine with sebacoyl chloride (decanedioyl dichloride) can
be used to obtain poly(ester amide)s with different alanine
contents [113]. Selectivity of the specific catalysts in the
presence of primary alcohols have a significant impact on the
synthesis of linear polyesters through one step
polycondensation of monomers heaving secondary pendant
hydroxy groups. Enzymatic and Lewis catalysis can be used
to conduct the reaction of the acid functionality with primary
alcohols. This reaction is not going with lateral secondary
alcohols allowing to avoid cross-linking and gelation.
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Polycondensation which is enzymatically catalyzed allows
one-step synthesis of hydroxy pendant polyesters using the
polyol monomer from renewable resources [114]. Glycerol
(propane-1,2,3-triol), butane-1,2,4-triol and hexane-1,2,6triol can be copolymerized with divinyl esters to linear
hydroxy- substituted polyesters by using Novozyme-435
lipase and Candida antartica lipase B [112,115]. Because in
the polymer the pendant hydroxy groups are mainly
secondary, the reaction is regioselective. Also Novozyme435 can be used for copolymerization of glycerol with adipic
acid and 1,8-octanetriol receiving a few intermolecular
crosslinks in addition to hydroxy pendant groups [116].
Optical active poly(ester imide)s (PEI)s with various amino
acid residues in the main chain can be obtained by
polycondensation of N,N’-(pyromellitoyl)-bis-L-tyrosine
dimethyl ester as a diphenolic monomer and two chiral
trimellitic anhydride-derived diacid monomers containing Svaline and L-methionine. The degradation of obtained PEIs
under the soil condition showed that these materials are
biologically active and biodegradable [117]. Poly(ester
amide)s (PEA)s can be obtained from condensation reactions
of α,ω-aminoalcohols with acid anhydrides or dicarboxylic
acid derivatives. If the monomer contains α-amino acid or
carbohydrate units or even one unsaturated monomer it is
easy to obtain functionalized PEAs [118]. Functional
poly(ester anhydride)s (PEAH)s based on succinic acid can
be obtained by the three-step synthesis. The first step
involved melt condensation of allyl glycidyl ether (2[(allyloxy)methyl]oxiran) with succinic acid, the second conversion of carbonyl moiety of the macromer to mixed
anhydride moieties, and the third - melt polycondensation of
ester anhydride prepolymer. 1H and 13C NMR spectra
showed signals attributed to methylene and methine protons
or carbon atoms in allyl moieties (H2C=CH-CH2R) which
confirmed that allyl moieties are presented in side chain of
PEAHs [119].
Polyurethanes (PUR)s are widely use polymers in many
applications from elastic fibers through elastomers to
different foams. This group of polymers is mainly obtained
by polyaddition. The main functional moieties susceptible to
hydrolytic or enzymatic degradation in the (bio)degradable
PURs and poly(urethane urea)s PURUs backbones are ester,
urethane, urea, and amide. Also oxidative degradation by the
ether linkages (-C-O-C-) can be promoted when polyether
polyols such as poly(ethylene oxide) (PEO) are used in PUR
formulations [120].
Poly(amido amine)s (PAMAM)s are highly functional
polymers which offers a variety of strategic properties, such
as biocompatibility or biodegradability. The stepwise
polyaddition of primary or secondary aliphatic amines to
bis(acrylamide)s is used for the preparation of PAMAMs.
The backbone of PAMAM contains a lot of tertiary amino
and amido groups which gives significant possibilities of
further chemical functionalization. pH-sensitive PAMAM
can be obtained by inclusion of the ketals and acetals into the
polymer backbone. To introduce desired functionalities it
need only to vary the monomers used for the polymerization.
Also when useing the oligoamines and disulfide-containing
cystamine bisacrylamide in the polyaddition the reducible
disulfide bonds are introduce into the backbone of linear
PAMAM. This method increases the biocompatibility of the
polymer [121-123]. PAMAMs with amine or acrylamide
terminal groups can be obtained by polyaddition from
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difunctional macromers. Appropriate selection of the
diamine and bisacrylamide comonomers allows controlled
rate of macromer degradation. Higher-functionality
crosslinkers, and hydroxy or carboxy groups can be easily
incorporated into the macromere [124]. Heterotelechelic
PEOs are obtained by living anionic polyaddition of ethylene
oxide (oxirane) initiated by an alkaline metal alkoxide. The
functional group from the initiator became the end group of
the chains to be used further for the anchoring of the pilot
molecules [125]. D-Glucaro-1,4:6,3-dilactone (bicyclic
dilactone of D-glucaric acid) with p-xylylenediamine can be
used to obtained poly(p-xylylene-D-glucaramide) by
polyaddition reaction. This polyamine has many pendant
hydroxy groups [126] (Fig. 7).
Fig. 7. Synthesis of poly(p-xylylene-D-glucaramide): (a) –
D-glucose, (b) – D-glucaric acid, (c) – D-glucaro-1,4:6,3dilactone, (d) – p-xylylenediamine, (e) – poly(p-xylylene-Dglucaramide).

Atom transfer radical polyaddition reactions of 1,2-bis(4vinylbenzyloxy)ethane, styrene monomer, with 2-(2-bromo2-methylpropanoyl)oxyethyl 2-bromo-2-methylpropanoate
or
2-[2-(2-bromo-2methylpropanoyl)oxyethyldisulfanyl]ethyl
2-bromo-2methylpropanoate, difunctional (bio)degradable ATRP
initiators leads to new linear functionalized polyesters with
pendent bromides or disulfide groups in the polyester main
chain [127]. Photoresponsive poly(β-amino ester)s (PbAE)s
can be prepared through polyaddition of (2-nitro-1,3phenylene) bis(methylene) diacrylate and a bifunctional
amine. The polymers can degrade within several minutes
upon UV irradiation due to the fact that they have a
nitrobenzene moiety in each repeating unit [128]. The
degradation rate of PbAEs with pendant primary amines
depends on their side-chain structures. Also pH value has a
significant impact on the degradation. Lowering of pH
causes in decrease of the degradation rate. Mechanism of
degradation
involves
intramolecular/intermolecular
amidation and hydrolysis [129].
CONCLUSIONS
The contemporary synthetic strategies used in tailoring
the (bio)degradable polymer properties by the end-group and
in-chain functionalization presented in this review
demonstrate the importance of the relation between their
subtle molecular structure, properties and function. When the
development of (bio)degradable polymers is in its infancy
the most crucial features are concentrated on the effect of
macromolecular architecture, new monomer systems,
polymerization mechanisms and different polymerization
techniques on final (bio)degradable properties. Significant
efforts have been directed towards the type of functional
moieties and their influence on the degradation manner.
Environmental impact and in particular (bio)degradation in
view of the potential applications in various fields need
particular emphasis. The diverse applications of
biodegradable polymers require specific characterization and
optimization of the material properties, its preparation,
processing and recycling. Pulling these different elements
together should help to design novel biodegradable
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polymeric materials and to avoid failures of the commercial
products manufactured from them.
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