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1.1
Historical Background

1.1.1
Biomedical Applications

Biomaterials are defined as any materials intended to interface with biological
systems to analyze, treat, or replace any tissue, organ, or function of the body [1].
The current trend in biomaterial development is shifted toward the use of biode-
gradable materials that have definite advantages in the fields of tissue engineering
[2] and drug delivery [3]. The general principle is to use a material that achieves a
specific therapeutic task and is subsequently, over time, degraded and removed
harmlessly from the body. As an increasingly relevant part of the medical device
and controlled release industry, biodegradable polymers are used to fabricate
temporary scaffolds for tissue regeneration, medical sutures, and nano- or micro-
scale drug delivery vehicles [4-6].

The important properties that are required for biodegradable biomaterials can
be summarized as follows:

¢ Nontoxic and endotoxin-free, aiming to minimalize unwanted foreign body
responses upon implantation.

¢ Degradation time should be matched to the regeneration or required therapy
time.

e Mechanical properties must be suited to the required task.

¢ Degradation products should be nontoxic and readily cleared from the body.

e Material must be easily processed to allow tailoring for the required task.

Although natural polymers such as collagen have been used in medical applica-
tions throughout history, synthetic polymers are valuable also, as they allow us to
tailor properties such as mechanical strength and erosion behavior. Naturally
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occurring biopolymers are typically degraded by enzymatic means at a rate that
may be difficult to predict clinically. Furthermore, natural polymers may have
unwanted side effects arising from inherent biological activity. This has led to the
widespread use of biodegradable synthetic polymers in therapeutic applications.
Of this class, biodegradable aliphatic polyesters, which are degraded hydrolytically,
are by far the most employed.

1.1.2
Poly(Hydroxycarboxylic Acids)

All polyesters are, in principle, hydrolytically degradable. However, only (co)poly-
esters with short aliphatic chains between ester bonds typically degrade over the
time frame required for biomedical applications. The major group of this material
are the poly(hydroxycarboxylic acids), which are prepared via ring-opening polym-
erization of lactones or cyclic diesters. Indeed, the first biodegradable polyester
used as a medical suture in the 1960s was based on the polyglycolide. Scheme 1.1
shows the most common monomers and the polymers they produce. These
can be summarized as diglycolide, stereogenic dilactides, lactones such as e-
caprolactone and stereogenic B-butyrolactone, the cyclic trimethylene carbonate,
and p-dioxanone. As the polymerization methods of these monomers are broadly
applicable to each, copolymers such as poly(lactide-co-glycolide) are readily
produced.

Another source of poly(hydroxycarboxylic acids) is from bacteria, which store
polyesters as their energy source [7]. These polymers are known as polyhydroxy-
alkanoates (PHAs) in the literature. The most common polymer derived from
bacteria is poly(3-hydroxybutyrate), which has the same structure as the polymer
which can be obtained from optically active B-butyrolactone [8]. Poly(3-
hydroxybutyrate) formed in this way is strictly stereoregular, showing the (R)
configuration. Biotechnologically produced polymers are discussed in more details
in Chapter 2 of this handbook.
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Scheme 1.1 Common cyclic monomers for the preparation of polyester derivatives.
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1.2
Preparative Methods

1.2.1
Poly(Hydroxycarboxylic Acid) Syntheses

Polyesters can be synthesized via the direct condensation of alcohols and acids.
This may take the form of condensing dialcohols and diacids, for example, AA +
BB systems, or the direct condensation of hydroxycaboxylic acid monomers, for
example, AB systems. Various catalysts and coupling reagents may be used but
typically the polyesters formed in this manner have low and uncontrolled molecular
weight and are not suitable for biomedical applications. The majority of cases
where a high degree of polymerization was obtained came via ring-opening polym-
erizations of cyclic monomers of the type shown in Scheme 1.1 [9]. The cyclic
dilactones are prepared from the corresponding hydroxycarboxylic acid by elimina-
tion of water in the presence of antimony catalysts such as Sb,0; [10]. These dimers
have to be purified rigorously if high degrees of polymerization are sought, as
impurities such as water and residual hydroxycarboxylic acids can hinder polymeri-
zation. Enantiomerically pure lactic acids are typically produced by fermentation.

Ring-opening polymerizations may be initiated by nucleophiles, anionically,
cationically, or in the presence of coordinative catalysts. Representative mecha-
nisms are shown in Scheme 1.2. However, precise mechanisms may vary from
case to case and are an ongoing important area of study [11, 12]. As a testament
to the popularity of the ring-opening polymerization approach, over 100 catalysts
were identified for the preparation of polylactide [13].

The typical complex used for the industrial preparation of polyglycolide deriva-
tives is tin(II)-bis-(2-ethylhexanoate), also termed tin(II)octanoate. It is commer-
cially available, easy to handle, and soluble in common organic solvents and in
melt monomers. High molecular weight polymers up to 10° Da and with narrow
polydispersities are obtained in a few hours in bulk at 140-220°C. Approximately
0.02-0.05wt% of catalyst is required. Care must be taken when polymerizing
dilactides, if stereochemistry is to be preserved. This means that milder conditions
are to be selected relative to the homopolymerization of diglycolide.

For the copolymerization of dilactide and diglycolide catalyzed with tin(II)
octoate, different reactivities are observed. A chain with a growing glycolide end
will add a further diglycolide with a preference of 3:1. With a terminal lactide unit,
the preference for diglycolide is 5:1. Due to this, glycolide blocks tend to form,
separated by single dilactides. One possibility to improve the homogeneity of
the composition of the obtained polyesters is the online control of the monomer
ratio by addition of further monomer. However, this method is technically
complicated.

The mechanism is a nonionic coordinated insertion mechanism, which is less
prone to the side reactions commonly found in ionic polymerizations, such as
transesterification or racemization [14, 15]. It has been found that the addition of
alcohols to the reaction mixture increases the efficiency of the tin catalyst albeit
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Scheme 1.2 Overview of various mechanisms relevant to polylactide synthesis.

by a disputed mechanism [16]. Although tin(II)octoate has been accepted as a food
additive by the U.S. FDA, there are still concerns of using tin catalysts in biomedi-
cal applications.

Aluminum alkoxides have been investigated as replacement catalysts. The most
commonly used is aluminum isopropoxide, which has been largely used for mech-
anistic studies [17]. However, these are significantly less active than tin catalysts
requiring prolonged reaction times (several hours to days) and affording polymers
with molecular weights generally below 10° Da. There are also suspected links
between aluminum ions and Alzheimer’s disease. Zinc complexes, especially
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Scheme 1.3  Stereochemical possibilities observed with polylactide synthesis.

zinc(Il)lactate, are a plausible replacement with low toxicity and activities of the
same order as aluminum complexes [18]. Zinc powder may also be used but then
the active species has been identified as zinc(II)lactate in the preparations of poly-
lactide [19]. Iron salts and particularly iron(II)lactate show comparable activity, but
prolonged reaction times mean that some racemization occurs in the synthesis of
high molecular weight (50,000 Da) poly(r-lactide) [20].

As can be seen in Scheme 1.3, polylactides can exist in isotactic, syndiotactic,
and heterotactic blocks. The configuration has obvious consequences for the mate-
rial properties of the final polymer. While the ring-opening polymerization of ,1-
dilactide or p,p-dilactide leads to isotactic polymers, the polymers of the rac-dilactide
should consist mainly of isotactic diads. This is due to the fact that rac-dilactide is
commonly used as a mixture of b,p- and 1,1-dilactide with very little meso-dilactide
content. The formation of syndiotactic diads is expected in the case of meso-dilactide
polymerization, but the longer range sequence structure of such polymers is typi-
cally atactic. Due to the expense of producing stereopure dilactides, a kinetic resolu-
tion procedure was developed whereby chiral SALEN (salicylimine) ligands in
combination with aluminum isopropoxide catalyst produced isotactic polylactides
from rac-dilactide. Optical purities were high at 50% conversion; kinetics show that
the catalyst system has a 28:1 preference toward one isomer. By choosing the
appropriate SALEN ligand enantiomer, selective polymerization of either 1,1- or
p,p-dilactide could be achieved [21]. Similar approaches using SALEN ligands have
been employed to produce syndiotactic and heterotactic polylactides [22].

Tin(II)octoate is also the most common catalyst used for the polymerization of
cyclic lactone monomers such as e-caprolactone; although the mechanism of
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polymerization may differ [23]. In addition, rare-earth metal complexes have been
shown to work as effective catalysts leading to high molecular weight polylactones
with low polydispersity [24, 25]. An efficient cationic ring-opening polymerization
of lactones has been developed using scandium trifluoromethanesulfonate as cata-
lyst. Poly(e-caprolactone) with narrow polydispersity and a molecular weight in the
order of 10* Da was produced in quantitative yield after 33h at room temperature
in toluene. Only 0.16 mol% of catalyst was required. Similar results were obtained
for poly(d-valerolactone). Notably, the reaction was relatively tolerant to the pres-
ence of moisture and other contaminants [26].

1.2.2
Metal-Free Synthetic Processes

The use of low molecular weight organic molecules to catalyze ring-opening
polymerization is a rapidly expanding field [27]. Organocatalytic routes toward
polyesters typically involve a nucleophilic polymerization mechanism; problems
with side reactions are minimal and products with high molecular weights and
very narrow polydispersities can be formed. In addition, organocatalysts may be
significantly more abundant and less toxic than metal containing catalysts. These
factors point toward future large-scale synthesis applications. Many examples are
based around traditional acyl substitution catalysts such as phosphines [28], and
pyridine-derivatived nucleophiles [29]. In more recent developments, N-heterocyclic
carbenes have shown great promise, allowing the synthesis of polylactides with
molecular weights up to 10* Da [30]. Supramolecular catalysts are known, which
can stabilize transition-states in a noncovalent fashion and thus can exert a great
effect on reaction rate and mechanism. To this end, thiourea-containing supramo-
lecular catalysts have shown excellent promise [31].

The enzyme-catalyzed synthesis of polyesters is another technique that is being
developed as a very ecologically friendly process with several benefits over conven-
tional chemical polymerization [32]. Enzymatic reactions are often extremely regio-
and stereospecific, so unwanted side reactions can be largely eliminated.
Lipase-catalyzed ring-opening polymerization has been applied to many substrates
including a wide range of lactones and lactides. As an example, poly(p,r-lactide)
with molecular weights up to 10° Da could be synthesized in bulk, but recovery
yields were relatively low [33]. Among the problems associated with enzymatic
polymerization are the high cost of enzymes, long reaction times, and relatively
low molecular weight products. These challenges are to be met before enzymes
can be used for industrial scale synthesis.

1.2.3
Polyanhydrides

Polyanhydrides are an important class of biodegradable polymers which are closely
related to the polyesters [34, 35]. Monomers used are commonly hydrophobic long
chain fatty-acid-derived diacids or aromatic group containing diacids such as
shown in Scheme 1.4a. Polyanhydrides are treated in detail in Chapter 3. They are



1.3 Physical Properties

0 [e]
o
n
o "0
b) (0] o o} (o] (0] [¢] (o] o (0] (o]
n+1 + n —_—
HO)J\ R1)J\OH CI)J\Rz)J\CI Ho)J\R%J\O{J\ Rz)ko)k R1)J\O:|':
c) (0]

o e} o} 0
n + s
HO)J\R)J\OH CIJJ\CI HO RXO}H

n

Scheme 1.4 Typical polyanhydrides and synthetic methods.

mentioned here for comparative reasons, as they typically degrade in an alterna-
tive manner to poly(hydroxycarboxlic acids) due to their hydrophobic nature
(Section 1.4).

Aliphatic diacids can be polycondensated to polyanhydrides by reaction with
acetic acid anhydride. The reaction proceeds in two steps. First of all, oligomeric
polyanhydrides with terminal acetate groups are received, further reacting to high
molecular weight products at elevated temperatures and under vacuum. Using
catalysts like cadmium acetate in the second step, average molecular weights of
10° Da are reached. Under comparable conditions, glutaric acid and succinic acid
form cyclic monomers in contrast to sebacic acid. The reaction of dicarboxylic acids
and diacidchlorides results in poor molecular weight products (Scheme 1.4b). A
method to gain high molecular weight products even at low temperatures is the
use of phosgene as condensation agent (Scheme 1.4c). Formed hydrochloric acid
in the reaction is sequestered and removed from the growing polymer by use of
insoluble proton scavengers.

1.3
Physical Properties

1.3.1
Crystallinity and Thermal Transition Temperatures

As shown in Table 1.1, high molecular weight polyglycolides, polylactides, and
copolymers thereof are typically strong, stiff materials with high modulus (E) and

7
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Table 1.1 Material properties of various poly(lactide-co-glycolides) [5].

Comonomer proportion (mol%) Polymer properties
Diglycolide  L,L-dilactide  rac- T,(°C) T.(°C) E(GPa) og(MPa) &5 (%)
Dilactide
0 100 0 57 174 3.6 58 2.1
0 84 16 55 124
0 75 25 60 - 34 46 1.6
0 50 50 60 - 33 46 3.2
0 25 75 59 — 2.8 41 2.9
0 0 100 59 - 3.2 48 8.7
100 0 0 36 228 7.0 15.0
90 10 0 37 200
75 25 0 44 -
50 50 0 44 -
25 75 0 52 -
75 0 25 43 -
25 0 75 54 -

tensile strength (o3). These properties are of similar magnitude to those found
within human hard tissues (bones, ligaments, tendons) [36], and are useful for the
biomaterial applications mentioned in Section 1.1.1.

Polyglycolide is of high crystallinity, 40-55%, and has a relatively high melting
point of 228°C. The glass transition temperature is 36 °C. Polyglycolide is insoluble
in most organic solvents with the exception of highly fluorinated solvents, which
must be taken into account when processing materials. Upon copolymerization
with dilactides, amorphous materials are produced if the diglycolide content is less
than 25%. The glass transition temperature rises from 36°C to 54 °C as the amount
of dilactide monomers are incorporated into the polymer. Poly(r-lactide) has
slightly lower crystallinity of 37%; T,=57°C and T,, = 174°C. Incorporation of
rac-dilactide as a comonomer gradually decreases the crystallinity and at 25% rac-
dilactide content amorphous polymers result. Poly(p,1-lactide) with a glass transi-
tion temperature of 65°C is completely amorphous. The bacterially produced
poly(3-hydroxybutyrate) is highly crystalline at 60-80% and has T, = 10°C and T,
of 179°C. The modulus is 3.5GPa. As shown in Table 1.2, incorporation of
3-hydroxyvaleric acid as comonomer leads to a softer and more elastomeric mate-
rial [37].

Materials comprised of the other major groups of poly(hydroxycarboxylic acid)
are considerably softer and more elastic. The polyetherester polydioxanone has a
melting point of 115°C and a glass transition temperature in the range of —10-
0°C. The crystallinity is approximately 55%. Polydioxanone has a lower modulus
(1.5 GPa) than the polylactide materials, and loses mechanical strength at a higher
rate during hydrolytic degradation. Poly(e-caprolactone) is a semicrystalline
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Table 1.2 Physical properties of various poly([3-hydroxybutyrate]-co-[3-hydroxyvalerate])s [5].

Amount of 3-hydroxyvaleric T, (°C) T. (°C) E (GPa) € (%)
acid (mol%)

0 10 179 3.5 6
9 6 162 1.9

20 -1 145 1.2

25 -6 137 0.7

polymer with a melting point in the range of 59-64°C. The glass transition tem-
perature is —60 °C. Poly(e-caprolactone) has a relatively very low modulus (0.4 GPa)
but an extremely high elongation at breakage of over 700%. Poly(trimethylene
carbonate) is an elastomeric polyester with high flexibility but limited mechani-
cal strength, and is the most commonly employed in copolymers to increase
elasticity [38].

1.3.2
Improving Elasticity by Preparing Multiblock Copolymers

While the degradation rate and the degradation behavior of the polymers described
previously are adjustable, the mechanical properties of these materials are only of
restricted variability. The homopolymers of the o-hydroxycarboxylic acids are
highly crystalline, brittle materials. The elongations at break are relatively low
compared to polymers such as polyethylene terephthalate (e = 100%) and poly-
propylene (ex = 400%) [37]. The mechanical properties are sufficient for the pro-
duction of fibers [39]. However, in addition to the described polymer systems,
elastic, tough materials are desirable. A concept to realize this requirement is the
preparation of phase-segregated block copolymers. One segment should be crystal-
lizable and act as crosslinking unit to give the material the desired strength. The
second segment should be amorphous, with a low glass transition temperature
that is responsible for the elasticity. This principle is shown in Figure 1.1.

One method to generate high molecular weight multiblock copolymers is to the
co-condensation of two bifunctional linear prepolymers, known as telechelic poly-
mers [40]. A group of copolyesterurethanes can be used as a case in point [41].
Poly([3-R-hydroxybutyrate]-co-[3-R-hydroxyvalerate])-diol is used as crystallizable
segment. It is prepared by transesterification of high molecular weight bacterially
produced polyester with a low molecular weight diol. The number average molecu-
lar weight, M, of this telechelic polymer ranges from 2100 to 2500 gmol ™. The
soft segments are telechelic copolyester diols (M, = 500-3000 g mol™), prepared by
ring-opening polymerization of lactones with a low molecular weight diol. A low
molecular weight diisoyanate was used to link the polymer blocks through ure-
thane linkages. In this way, the final polymers may be considered as poly(ester
urethane)s. With the correct conditions, products with an average molecular
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Figure 1.1 Schematic diagram of the morphology of multiblock copolymers.
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Table 1.3 Influence of the weight content of hard segments in multiblock copolymers on
material properties [41].

Hard segment content (wt%) E (MPa) & (%) T; (°C) Tn (°C)
31 60 1250 —24 132
46 186 1130 -18 134
61 400 270 -10 136

weight of more than 10° Da were obtained. As can be seen in Table 1.3, lowering
the weight percentage of hard segments lowers the material modulus and increases
the elongation at break. These polymers have low glass transition temperatures,
which prevents them from forming brittle materials at body temperature.

Routes to prepare polyester-based block copolymers have been widely studied
[42]. The most direct route is via sequential addition of monomers to systems
polymerizing under living conditions. However, this is not broadly applicable to
polyester synthesis as the monomers must have comparable reactivities under one
set of conditions. This approach is more effective for the copolymerization of
similarly functionalized lactones, although the resultant blocks generally have
similar physical properties, so phase segregation is not realized [43]. The large
difference in reactivity ratio between dilactides and lactones makes it difficult to
synthesize such block copolymers. However, an elegant approach using a cyclic
tin oxide catalyst has been developed to produce ABA-type triblocks [44, 45]. The
ring-expansion mechanism is outlined in Scheme 1.5. This process forms telech-
elic polymers that can be crosslinked directly with diisocyanates or activated
diesters.
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Scheme 1.5 Ring-expansion mechanism for the preparation of ABA triblock polyesters.

1.33
Covalently Crosslinked Polyesters

A further method to produce elastomeric polyester-based materials is the prepara-
tion of crosslinked amorphous polyesters. In this case, crystalline regions are
absent but mechanical strength is given by the inherent rigidity of the network.
Such materials are often described as “cured” polymers [46]. Due to the absence
of crystalline regions, erosion occurs more homogeneously, and properties can be
tailored by composition. Such elastomers were prepared by the photopolymeriza-
tion of methacrylate functionalized star-shaped poly([e-caprolactone]-co-[rac-
lactide]) (see Section 1.5.2). Networks suitable for implant materials were obtained,
with physical properties adjustable by selecting the molecular weight of the pre-
cured polymers [47]. Poly(diol citrates) were synthesized by reacting citric acid with
various diols to form a covalent crosslinked network via polycondensation [48].
The physical properties and degradation characteristics could be controlled by
choosing different diols and by controlling the crosslink density of the polyester
network. Biocompatible materials with elongations at break as high as 500% could
be obtained. Other common crosslinkers used for curing polymers are multifunc-
tional isocyanates and acid chlorides.

1.3.4
Networks with Shape-Memory Capability

Polymer networks can be designed in a way that they become capable of a shape-
memory effect [49]. Such materials possess the ability to memorize a permanent
shape, which can substantially differ from their temporary shape. The transition
from the temporary to the permanent shape could be initiated by an external
stimulus such as a temperature increase above a characteristic switching

n
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temperature of the polymer (thermally induced shape-memory effect). Exemplary
shape-memory biodegradable polyesters have been prepared as networks of star-
shaped polymers crosslinked by diisocyanates [50], or as photocrosslinkable mac-
rodimethacrylates [51]. Biodegradable shape-memory polymers will be covered in
more detail in Chapter 8.

1.4
Degradation Mechanisms

In general, two different mechanisms for the biodegradation of polyesters are
discussed in literature: bulk degradation and surface erosion [52]. In the bulk
degradation process, water diffuses into the polymer matrix faster than the polymer
is degraded. The hydrolyzable bonds in the whole polymer matrix are cleaved
homogeneously. Therefore, the average molecular weight of the polymer decreases
homogeneously. In the case of surface erosion, the diffusion rate of water into the
polymer matrix is slower than the degradation rate of the macromolecules. The
degradation only takes place in the thin surface layer while the molecular weight
of the polymer in the bulk remains unchanged. Surface erosion is a heterogeneous
process, with a rate strongly dependent on the shape of the test sample (e.g., size
of the surface) [53].

The majority of polyester materials undergo bulk hydrolysis, as will be explained
in the following section. Polyanhydride materials differ from the common polyes-
ters by the fact that they undergo linear mass loss by surface erosion mechanisms
[54]. The hydrophobic chains preclude water penetration into the bulk of the mate-
rial, thus negating bulk erosion mechanisms.

1.4.1
Determining Erosion Kinetics

Erosion rates can be determined in vitro and in vivo [55]. For in vitro experiments,
the polymers are exposed to an aqueous solution, in which ionic strength, pH-
value, and temperature can be varied. The degradation products of the polymer
can be isolated from the aqueous solution and characterized. The addition of
enzymes is also possible. Furthermore, the polymers can be exposed to cell- and
tissue cultures. By suitable selection and systematic variation of the in vitro test
conditions, the influence of single parameters on the degradation behavior of the
polymer can be determined. Accelerated degradation tests at elevated temperature
(usually 70°C) serve as preliminary experiments for planning the 37°C experi-
ments and to give reference to the extended degradation behavior of the materials.
Another method to accelerate hydrolysis tests is the elevation of the pH-value of
the degradation medium to the alkaline region (as a rule 0.01 or 0.1M NaOH
solution). The reaction of cell- and tissue cultures in contact with the material gives
information on the compatibility of the partially degraded polymer samples and
their degradation products.
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Invivo experiments are performed with different species such as dogs, monkeys,
rats, mice, and sheep [56]. To investigate the degradation behavior, the implants
are typically placed subcutaneously or intramuscularly. The tissue compatibility of
the polymer can be determined by histological investigations. There are several
characteristics to follow in implant material degradation, for example, height,
weight, and mechanical properties of the test device. An additional method for in
vivo tests is marking of the implant with C or by fluorescent chromophores. In
this case, it can be observed where the fragments of the degraded polymer and
the degradation products in the test animal remain. Furthermore, the change in
thermal properties, crystallinity, and the surface properties (wettability, rough-
ness), depending on the degradation- and implantation time duration, can be
determined.

1.4.2
Factors Affecting Erosion Kinetics

Poly(hydroxycarboxylic acid)s degrade via the bulk process [57]. The degradation
process can be divided into three parts. In the first step, water is absorbed and the
polymer swells. Several ester bonds are cleaved already, but there is no mass loss.
In the second step, the average weight is significantly reduced. As ester bonds are
cleaved, carboxylic groups are formed, which autocatalyze the hydrolysis. During
this period, the polymer loses mechanical strength. The third step is characterized
by mass loss of the test sample and an increase in degradation rate. The degrada-
tion of an implanted material is completed when oligomeric and low-molecular-
weight fragments are dissolved in the surrounding medium. The dissolved
polymer fragments are then hydrolyzed to the free hydroxycarboxylic acids. Deg-
radation products, many of which occur naturally within the metabolic cycle (e.g.,
lactic acid), are typically removed from the body without toxic effect. To some
extents, smaller crystalline segments may remain, which are eliminated from the
body by phagocytosis [58].

The degradation times of several poly(hydroxycarboxylic acids) are summarized
in Table 1.4. The differences in degradation rates may be rationalized mainly by
the ability of water to permeate the polymers (crystallinity and hydrophobicity),
and in the case of polylactides the presence of an a-methyl group which hinders
hydrolysis on steric grounds. Copolymers, due to the greater prevalence of amor-
phous regions, are generally degraded faster than homopolymers [59].

The higher degradation rate of poly(rac-lactide) compared to poly(r-lactide) is
due to the higher crystallinity of the isotactic poly(r-lactide). Polyglycolide, being
less hindered at the scission site, is degraded relatively quickly. The degradation
rate of poly(lactide-co-glycolide) can be finely tuned by varying the monomer
content. Polydioxanone and poly(e-caprolactone) are also less sterically hindered
but increased hydrophobicity hinders erosion. Poly(e-caprolactone), with a penty-
lene (-CsH;o-) chain, erodes an order of magnitude slower than polyglycolide.

Due to the high crystallinity, poly(3-R-hydroxybutyrate) is relatively slowly
degraded. In this case, a certain amount of surface erosion takes place first. With

13
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Table 1.4 Comparative degradation times of different polyesters in physiological
conditions [5].

Polymer Degradation time (months)
Poly(r-lactide) 18-24

Poly(rac-lactide) 12-16

Polyglycolide 2-4
Poly(3-hydroxybutyrate) >36

Polydioxanone 6-12

Poly(e-caprolactone) >24

Poly([r-lactide]-co-glycolide) 50:50
Poly([rac-lactide]-co-glycolide) 85:15
Poly([rac-lactide]-co-[e-caprolactone]) 90:10

NN

proceeding degradation, a loss of weight and increasing porosity lead to a bulk
degradation. Poly([3-R-hydroxybutyrate]-co-[3-R-hydroxyvalerate]) is hydrolyzed
more rapidly due to lowered crystallinity. The degradation of the poly(3-R-hydroxy-
butyrate) can be accelerated by microorganisms and enzymes [60]. Bacterially
produced poly(3-R-hydroxybutyrate) is degraded faster than synthetic poly(3-R,S-
hydroxybutyrate), while poly(3-S-hydroxybutyrate) is not hydrolyzed at all [61].
Enzymatic digestion proceeds at the surface of the sample as proved by scanning
electron microscopy. The enzyme, because of high molecular weight, is too large
to diffuse into the bulk of the material. Another important factor to take into
account when considering the processing of these polymers is that above 200°C
thermal degradation can occur [62].

1.5
Beyond Classical Poly(Hydroxycarboxylic Acids)

1.5.1
Alternate Systems

In addition to the broadly studied groups described previously, there are some
notable examples to include when discussing biodegradable polyesters. Scheme
1.6 shows a selection of such alternate polyester structures. Various amino acids
were converted to the corresponding a-hydroxycarboxylic acid and then polymer-
ized to give stereogenic a-substituted polyglycolide analogs [63, 64]. This approach
could give access to polymers with more tailored properties and sophisticated
material properties. Polydepsipeptides are an interesting class of poly(ester amide)
which are copolymers of o-hydroxycarboxylic acids and o-amino acids [65]. They
are synthesized from morpholine diones (analogs of diglycolide, in which one
lactone is replaced by a lactam group) by many of the same procedures outlined
for polyglycolide synthesis. Polydepsipeptides degrade through the ester bonds,
whereas the amide linkages remain intact under physiological conditions [66].
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Scheme 1.6 Alternative polyesters and closely related polymers.

There is the possibility to select the amino acid component to incorporate func-
tional groups into the chain in a facile manner [67].

Poly(propylene fumarates) are a bulk eroding class of polyester which are syn-
thesized typically via transesterification [68, 69]. Although molecular weights are
generally low, the unsaturated polymer backbone can be photochemically
crosslinked to provide polymer networks with desired properties for implant mate-
rials. The general concept of crosslinking by photopolymerization has been
extended to the other polyester classes, typically by methacrylate functional groups,
which have been appended to polymeric precursors [70]. Supramolecular polyes-
ters have been developed by attaching self-recognizing binding units on either end
of telechelic polylactones [71]. These polymers are shown to self-assemble via
noncovalent means into long strands composed of multiple individual blocks.
Such systems show a high level of sensitivity to environmental conditions, and as
such may be considered as “smart” polyester systems.

Although not strictly polyesters, some interesting analogs remain. Poly(ortho
esters) are materials which are studied mainly as drug delivery vehicles [72]. Like
polyanhydrides, they have very labile bonds but are hydrophobic in nature. Water
is precluded from the bulk polymer, hence retarding degradation. As such, poly-
orthoesters have fairly linear surface erosion behavior, ideal for controlled drug
release. Polyphosphoesters are hydrolytically degraded polymers that have an extra
degree of versatility due to the pentavalent nature of the phosphorous atom [73].
They are highly hydrophilic and show good biocompatibility. Copolymers with
other esters such as lactides have been prepared and studied for the range of applica-
tions from tissue engineering to drug delivery. Poly(alkyl cyanoacrylates) are rapidly
degrading polymers which have widespread medical applications [74]. Although
they only contain ester units in the side chains, they are degraded not only at the
carbonyl position but at the carbon—carbon sigma bond of the polymer backbone
chain. This behavior separates this class of material markedly from the polyesters.

1.5.2
Complex Architectures

While the properties of linear polyesters have been widely studied, branched poly-
esters are becoming the subject of increasing study. The search for more complex
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architectures is stimulated mainly by the desire to lower crystallinity, increase the
amount of endgroups for further functionalization, or to further control degrada-
tion behavior.

Star-shaped poly(caprolactones) with molecular weights in the 10* Da range
were prepared starting with triol or tetraol multifunctional initiators [75]. These
multivalent products were further reacted with glycolide derivatives to give a star-
shaped block copolymer of poly([e-caprolactone]-block-[lactide-alt-glycolide]). This
globular architecture has a soft segment on the interior with a more crystalline
outer sphere. Hyperbranched polyesters of M, = 10*Da were prepared by copoly-
merizing polylactide with an alcohol-containing lactone as a latent AB, monomer
[76]. This dramatically changed the material properties of the polymer with reduced
crystallinity and lowered glass transition temperature due to the branching.
Poly(ether ester) dendrimers were synthesized from lactic acid and glycerol [77].
These structures have perfect branching radiating from a single point, and make
an interesting class of polyvalent biocompatible material.

Polysaccharides have been used as a multivalent scaffold, from which to graft
polyesters. Polylactide grafted onto pullulan showed a relatively increased degrada-
tion rate which was attributed to the branching effect and the increased hydrophilic-
ity of the pullulan core [78]. Comb polymers were prepared by grafting multiple
polylactides to a linear polymethacrylate chain [79]. Highly crystalline regions were
observed at the interdigitating comb regions, leading to novel material properties.
Interesting and complex structures were formed from polylactides attached to
ligands which are able to aggregate into defined supramolecular complexes with
Cu(I) ions [80]. Size defined nanoparticles resulted.

1.5.3
Nanofabrication

The previous analyses of polyester materials were given largely in the context of
mechanical properties required for tissue engineering or medical implant applica-
tions. Polyesters with nanoscale dimensions, however, are widely studied as nano-
vehicular delivery agents for drugs and biodiagnostic molecules [81, 82]. For the
“top-down” approach, submicron polyester spheres can be prepared by a range of
molding and lithography techniques [83]. In addition, electrospinning techniques
are emerging as a powerful tool for the preparation of nanoscale fibers [84]. Bio-
degradable polyesters may be formulated with inorganic nanomaterials to provide
nanobiocomposites which have relatively controllable physical properties [85].
Polyester/clay biocomposites have been the subject of considerable study.
“Bottom-up” approaches allow the preparation of nanoscale materials without
the need for further processing. Various nanospheres of polylactides and polylac-
tones were prepared in the size range of 80-200nm using a miniemulsion tech-
nique. Endocytic, cellular uptake of fluorescently labeled particles was observed,
with kinetics revealing that polyesters are endocytozed much faster than polysty-
rene particles [86]. Polylactide nanoparticles presenting mannose residues at their
surface were prepared with dimensions of 200-300nm by a nanoprecipitation
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technique [87]. Biochemical assays were used to quantify their recognition of lectin
proteins. Such nanoparticles are designed to be specifically recognized by mannose
receptors, which are highly expressed in cells of the immune system. Future
applications as vaccine delivery agents are anticipated. Thiol-capped polylactides
were used to coat photoluminescent quantum dots, which are designed as drug
delivery nanovehicles with both diagnostic imaging properties and controlled drug
release properties [88]. Another route to nanoscale particles is via micelle forma-
tion of amphiphilic block copolymers [89]. Polyethylene glycol-block-lactides were
shown to form polymeric micelles, into which paclitaxel as a model drug was
encapsulated. Biodistribution and drug release behaviors were studied.

References

—_

w

£

v

(=)

~N

0

o

10

Williams, D.F. (2009) On the nature of
biomaterials. Biomaterials, 30, 5897-5909.
Langer, R.S. and Vacanti, J.P. (1993)
Tissue engineering. Science, 260,
920-926.

Sokolsky-Papkov, M., Agashi, K., Olaye,
A., Shakesheff, K., and Domb, A.]. (2007)
Polymer carriers for drug delivery and
tissue engineering. Adv. Drug Deliv. Rev.,
59, 187-206.

Nair, L.S. and Laurencin, C.T. (2007)
Biodegradable polymers as biomaterials.
Prog. Polym. Sci., 32, 762-798.

Lendlein, A. (1999) Polymere als
Implantwerkstoffe. Chem. Unserer Zeit,
33, 279-295.

Vert, M. (2009) Degradable and
bioresorbable polymers in surgery and in
pharmacology: beliefs and facts. J. Mater.
Sci. Mater. Med., 20, 437-446.

Lenz, R.W. and Marchessault, R.H.
(2005) Bacterial polyesters: biosynthesis,
biodegradable plastics and biotechnology.
Biomacromolecules, 6, 1-8.

Shelton, J.R., Lando, J.B., and Agostini,
D.E. (1971) Synthesis and
characterization of poly(B-
hydroxybutyrate). J. Polym. Sci. Polym.
Lett. B, 9, 173-178.

Okada, M. (2002) Chemical synthesis of
biodegradable polymers. Prog. Polym. Sci.,
27, 87 —133.

Gilding, D.K. and Reed, A.M. (1979)
Biodegradable polymer for use in
surgery—polyglycolic—polylacticacid
homopolymer and copolymers.1. Polymer,
20, 1459-1464.

n

12

13

14

1

w

16

17

18

Dechy-Cabaret, O., Martin-Vaca, B., and
Bourissou, D. (2004) Controlled
ring-opening polymerization of lactide
and glycolide. Chem. Rev., 104,
6147-6176.

Albertsson, A.-C. and Varma, LK. (2003)
Recent developments in ring opening
polymerization of lactones for biomedical
applications. Biomacromolecules, 4,
1466-1486.

Gupta, A.P. and Kumar, V. (2007) New
emerging trends in synthetic
biodegradable polymers—polylactide: a
critique. Eur. Polym. J., 43, 4053-4074.
Leenslag, ].W. and Pennings, A.]. (1987)
Synthesis of high-molecular-weight
poly(r-lactide) initiated with tin
2-ethylhexanoate. Macromol. Chem. Phys.,
188, 1809-1814.

Kricheldorf, H.R. and Dunsing, R. (1986)
Polylactones, 8. Mechanism of the
catalytic polymerization of 1,1-dilactide.
Macromol. Chem. Phys., 187,

1611-1625.

Kowalski, A., Duda, A., and Penczek, S.
(2000) Kinetics and mechansim of cyclic
esters polymerization initiated with tin(II)
octoate.3. Polymerization of 1,1-dilactide.
Macromolecules, 33, 7359-7370.

Degée, P., Dubois, P., Jeréme, R.,
Jacobsen, S., and Fritz, H.G. (1999) New
catalysis for fast bulk ring-opening
polymerization of lactide monomers.
Macromol. Symp., 144, 289-302.
Kricheldorf, H.R. and Damrau, D.-O.
(1997) Polylactones, 37. Polymerizations
of r-lactides initiated with Zn(II)r-lactate

17



18

19

20

2

—

22

23

24

25

26

27

28

Polyesters

and other resorbable Zn salts. Macromol.
Chem. Phys., 198, 1753-1766.

Schwach, G., Coudane, J., Engel, R., and
Vert, M. (1999) Ring-opening
polymerization of p,1-lactide in the
presence of zinc metal and zinc lactate.
Polym. Int., 46, 177-182.

Kricheldorf, H.R. and Damrau, D.-O.
(1997) Polylactones, 38. Polymerization of
1-lactide with Fe(Il)lactate and other
resorbable Fe(II) salts. Macromol. Chem.
Phys., 198, 1767-1774.

Majerska, K. and Duda, A. (2004)
Stereocontrolled polymerization of
racemic lactide with chiral initiator:
combining stereoselection and chiral
ligand-exchange mechanism. J. Am.
Chem. Soc., 126, 1026-1027.

Ovitt, T.M. and Coates, G.W. (2002)
Stereochemistry of lactide polymerization
with chiral catalysts: new opportunities
for stereocontrol using polymer exchange
mechanisms. J. Am. Chem. Soc., 124,
1316-1326.

Kowalski, A., Duda, A., and Penczek, S.
(1998) Kinetics and mechanism of cyclic
esters polymerization initiated with tin(II)
octoate, 1. Polymerization of &-
caprolactone. Macromol. Rapid Commun.,
19, 567-572.

Yamashita, M., Takamoto, Y., Ihara, E.,
and Yasuda, H. (1996) Organolanthanide-
initiated living polymerizations of
e-caprolactone, d-valerolactone and
B-propiolactone. Macromolecules, 29,
1798-1806.

Shen, Y., Shen, Z., Zhang, Y., and Yao,
K. (1996) Novel rare earth catalysts for
the living polymerization and block
copolymerization of e-caprolactone.
Macromolecules, 29, 8289-8295.

Nomura, N., Taira, A., Tomioka, T., and
Okada, M. (2000) A catalytic approach for
cationic living polymerization: Sc(OTf);-
catalyzed ring-opening polymerization of
lactones. Macromolecules, 33, 1497-1499.
Kamber, N.E., Jeong, W., Waymouth,
R.M., Pratt, R.C., Lohmeijer, B.G.G., and
Hedrick, J.L. (2007) Organocatalytic
ring-opening polymerization. Chem. Rev.,
107, 5813-5840.

Myers, M., Connor, E.F., Glauser, T.,
Maock, A., Nyce, G., and Hedrick, J.L.
(2002) Phosphines: nucleophilic organic

2

o

30

31

32

33

34

35

36

37

38

39

catalysts for the controlled ring-opening
polymerization of lactides. J. Polym. Sci.
A Polym. Chem., 40, 844-857.
Nederberg, F., Connor, E.F., Méller, M.,
Glauser, T., and Hedrick, J.L. (2001) New
paradigms for organic catalysts: the first
organocatalytic living polymerization.
Angew. Chem. Int. Ed., 40, 2712-2715.
Connor, E.F., Nyce, G.W., Myers, M.,
Mock, A., and Hedrick, J.L. (2002) First
example of N-heterocyclic carbenes as
catalysts for living polymerization:
organocatalytic ring-opening
polymerization of cyclic esters. J. Am.
Chem. Soc., 124, 914-915.

Dove, A.P., Pratt, R.C., Lohmeijer,
B.G.G., Waymouth, R.M., and Hedrick,
J.L. (2005) Thiourea-based biofunctional
organocatalysis: supramolecular
recognition for living polymerization. J.
Am. Chem. Soc., 127, 13798-13799.
Varma, LK., Albertsson, A.-C., Rajkhowa,
R., and Srivastava, R.K. (2005) Enzyme
catalyzed synthesis of polyesters. Prog.
Polym. Sci., 30, 949-981.

Matsumura, S., Mabuchi, K., and
Toshima, K. (1997) Lipase-catalyzed
ring-opening polymerization of lactide.
Macromol. Rapid Commun., 18, 477-482.
Tamada, J. and Langer, R. (1992) The
development of polyanhydrides for drug
delivery applications. J. Biomater. Sci.
Polym. Ed., 3, 315-353.

Kumar, N., Langer, R.S., and Domb, A.J.
(2002) Polyanhydrides: an overview. Adv.
Drug Deliv. Rev., 54, 889-910.

Sabir, M.L,, Xu, X., and Li, L. (2009) A
review on biodegradable polymeric
materials for bone tissue engineering
applications. J. Mater. Sci., 44,
5713-5724.

Poirier, Y., Dennis, D.E., Nawrath, C.,
and Somerville, C. (1993) Progress
toward biologically produced
biodegradable thermoplastics. Adv.
Mater., 5, 30-36.

Pégo, A.P., Poot, A.A., Grijpma, D.W.,
and Feijen, J. (2003) Biodegradable
elastomeric scaffolds for soft tissue
engineering. J. Control. Rel., 87, 69-79.
Leenslag, ].W., Gogolewski, S., and
Pennings, A.J. (1984) Resorbable
materials of poly(r-lactide). V. Influence
of secondary structure on the mechanical



40

4

=

42

43

45

46

47

48

49

properties and hydrolyzability of
poly(r-lactide) fibers produced by a
dry-spinning method. J. Appl. Polym. Sci.,
29, 2829-2842.

Hiltunen, K., Hirkénen, M., Seppili,
J.V., and Viddninen, T. (1996) Synthesis
and characterization of lactic acid based
telechelic prepolymers. Macromolecules,
29, 8677-8682.

Lendlein, A., Neuenschwander, P., and
Suter, U.W. (1998) Tissue-compatible
multiblock copolymers for medical
applications, controllable in degradation
rate and mechanical properties.
Macromol. Chem. Phys., 199,

2785-2796.

Castillo, R.V. and Miiller, A.J. (2009)
Crystallization and morphology of
biodegradable single and double
crystalline block copolymers. Prog. Polym.
Sci., 34, 516-560.

Lofgren, A., Albertsson, A.-C., Dubois, P.,
Jérdome, R., and Teyssié, P. (1994)
Synthesis and characterization of
biodegradable homopolymers and block
copolymers based on 1,5-dioxepan-2-one.
Macromolecules, 27, 5556-5562.

Pospiech, D., Komber, H., Jehnichen, D.,
Hiussler, L., Eckstein, K., Scheibner, H.,
Janke, A., Kricheldorf, H.R., and
Petermann, O. (2005) Multiblock
copolymers of 1-lactide and trimethylene
carbonate. Biomacromolecules, 6, 439-446.
Stridsberg, K. and Albertsson, A.C. (2000)
Controlled ring-opening polymerization
of 1-lactide and 1,5-dioxepan-2-one
forming a triblock copolymer. J. Polym.
Sci. A, 38, 1774-1778.

Amsden, B. (2007) Curable,
biodegradable elastomers: emerging
biomaterials for drug delivery and tissue
engineering. Soft Matter, 3, 1335-1348.
Amsden, B.G., Misra, G., Gu, F., and
Younes, H.M. (2004) Synthesis and
characterization of a photo-cross-linked
biodegradable elastomer.
Biomacromolecules, 5, 2479-2486.

Yang, J., Webb, A.R., Pickerill, S.J.,
Hageman, G., and Ameer, G.A. (2006)
Synthesis and evaluation of poly(diol
citrate) biodegradable elastomers.
Biomaterials, 27, 1889-1898.

Lendlein, A. and Langer, R. (2002)
Biodegradable, elastic, shape-memory

5

o

51

52

53

54

55

56

5

~N

58

59

60

References

polymers for potential biomedical
applications. Science, 296, 1673-1676.
Lendlein, A., Zotzmann, J., Feng, Y.,
Alteheld, A., and Kelch, S. (2009)
Controlling the switching temperature of
biodegradable, amorphous, shape-
memory poly(rac-lactide)urethane
networks by incorporation of different
comonomers. Biomacromolecules, 10,
975-982.

Choi, N.-Y. and Lendlein, A. (2007)
Degradable shape-memory polymer
networks from oligo([t-lactide]ran-
glycolide)dimethacrylates. Soft Matter, 3,
901-909.

von Burkersroda, F., Schedl, L., and
Gopferich, A. (2002) Why degradable
polymers undergo surface erosion or
bulk erosion. Biomaterials, 23, 4221-4231.
Wu, X.S. (1995) Encyclopedic Handbook of
Biomaterials and Bioengineering (eds D.L.
Wise, D.J. Trantolo, D.E. Altobelli, M.].
Yaszemski, J.D. Gresser, and E.R.
Schwarz), Marcel Dekker, New York, pp.
1015-1054.

Gopferich, A. and Tessmar, J. (2002)
Polyanhydride degradation and erosion.
Adv. Drug Deliv. Rev., 54, 911-931.
Zhang, Z., Kuijer, R., Bulstra, S.K,,
Grijpma, D.W., and Fiejen, J. (2006) The
in vivo and in vitro degradation behavior
of poly(trimethylene carbonate).
Biomaterials, 27, 1741-1748.

Lan, C.X.F., Hutmacher, D.W., Schantz,
J.-T., Woodruff, M.A., and Teoh, S.H.
(2009) Evaluation of polycaprolactone
scaffold degradation for 6 months in vivo
and in vitro. J. Biomed. Mater. Res. A,
90A, 906-919.

Gopferich, A. (1997) Polymer bulk
erosion. Macromolecules, 30, 2598-2604.
Woodward, S.C., Brewer, P.S.,
Moatemed, F., Schindler, A., and Pitt,
C.G. (1985) The intracellular degradation
of poly(e-caprolactone). J. Biomed. Mater.
Res., 19, 437-444.

Miller, R.A., Brady, ].M., and Cutright,
D.E. (1977) Degradation rates of oral
resorbable implants (polylactides and
polyglycolates): rate modification with
changes in PLA/PGA copolymer ratios.
J. Biomed. Mater. Res., 11, 711-719.
Pouton, C.W. and Akhtar, S. (1996)
Biosynthetic polyhydroxyalkanoates and

19



1 Polyesters

their potential in drug delivery. Adv. Drug
Deliv. Rev., 18, 133-162.

61 Timmins, M.R. and Lenz, R.W. (1996)

Effect of tacticity on enzyme degradability
of poly(B-hydroxybutyrate). Macromol.
Chem. Phys., 197, 1193-1215.

62 Carrasco, C., Dionisi, D., Martinelli, A.,

and Majone, M. (2006) Thermal stability
of polyhydroxyalkanoates. J. Appl. Polym.
Sci., 100, 2111-2121.

63 Kolitz, M., Cohen-Arazi, N., Hagag, I.,

Katzhendler, J., and Domb, A.]. (2009)
Biodegradable polyesters derived from
amino acids. Macromolecules, 42,
4520-4530.

64 Cohen-Arazi, N., Katzhendler, J., Kolitz,

M., and Domb, A.J. (2008) Preparation of
new o-hydroxy acids derived from amino
acids and their corresponding polyesters.
Macromolecules, 41, 7259-7263.

65 Feng, Y. and Guo, J. (2009)

Biodegradable polydepsipeptides.
Int. J. Mol. Sci., 10, 589-615.

66 Ohya, Y., Toyohara, M., Sasakawa, M.,

Arimura, H., and Ouchi, T. (2005)
Thermosensitive biodegradable
polydepsipeptide. Macromol. Biosci., 5,
273-276.

67 Barrera, D.A., Zylstra, E., Lansbury, P.T.,

Jr., and Langer, R. (1993) J. Am. Chem.
Soc., 115, 11010-11011.

68 Yaszemski, M.]., Payne, R.G., Hayes,

W.C., Langer, R., and Mikos, A.G. (1996)
In vitro degradation of a poly(propylene
fumarate)-based composite material.
Biomaterials, 17, 2127-2130.

69 He, S., Yaszemski, M.]., Yasko, A.W.,

Engel, P.S., and Mikos, A.G. (2000)
Injectable biodegradable polymer
composites based on poly(propylene
fumarate) cross-linked with poly(ethylene
glycol)-dimethacrylate. Biomaterials, 21,
2389-2394.

70 Ifkovitz, J.L. and Burdick, J.A. (2007)

Review. Photopolymerizable and
degradable biomaterials for tissue
engineering applications. Tissue Eng., 13,
2369-2385.

71 van Beek, D.J.M., Gillissen, M.A.]., van

As, B.A.C,, Palmans, A.R.A,, and
Sijbesma, R.P. (2007) Supramolecular
copolyesters with tunable properties.
Macromolecules, 40, 6340-6348.

N

—

72 Heller, J. and Barr, J. (2004) Poly(ortho

esters) —from concept to reality.
Biomacromolecules, 5, 1625-1632.

Zhao, Z., Wang, J., Mao, H., and Leong,
K.W. (2002) Polyphosphoesters in drug
and gene delivery. Adv. Drug Deliv. Rev.,
55, 483-499.

Vauthier, C., Dubernet, C., Fattal, E.,
Pinto-Alphandary, H., and Couvreur, P.
(2003) Poly(alkylcyanoacrylates) as
biodegradable materials for biomedical
applications. Adv. Drug Deliv. Rev., 55,
519-548.

Dong, C.-M., Qiu, K.-Y., Gu, Z.-W., and
Feng, X.-D. (2001) Synthesis of star-
shaped poly(e-caprolactone)-b-poly(pt-
lactic acid-alt-glycolic acid) with
multifunctional initiator and stannous
octoate catalyst. Macromolecules, 34,
4691-4696.

Tasaka, F., Ohya, Y., and Ouchi, T. (2001)
One-pot synthesis of novel branched
polylactide through the copolymerization
of lactide with mevalonolactone.
Macromol. Rapid. Commun., 22,
820-824.

Carnahan, M.A. and Grinstaff, M.W.
(2001) Synthesis and characterization of
polyether—ester dendrimers from glycerol
and lactic acid. J. Am. Chem. Soc., 123,
2905-2906.

Ohya, Y., Maruhashi, S., and Ouchi, T.
(1998) Graft polymerization of 1-lactide
on pollulan through the trimethylsilyl
protection method and degradation of the
graft copolymers. Macromolecules, 31,
4662-4665.

Zhao, C., Wu, D., Huang, N., and Zhao,
H. (2008) Crystallization and thermal
properties of PLLA comb polymer. J.
Polym. Sci. B Polym. Phys., 46, 589-598.
Hoogenboom, R., Wouters, D., and
Schubert, U.S. (2003) L-lactide
polymerization utilizing a hydroxy-
functionalized 3,6-bis(2-pyridyl)pyridazine
as supramolecular (Co)initiator:
construction of polymeric (2 x 2) grids.
Macromolecules, 36, 4743—4749.
Mohamed, F. and van der Walle, C.F.
(2008) Engineering biodegradable
polyester particles with specific drug
targeting and drug release properties. J.
Pharm. Sci., 97, 71-87.



82

83

84

85

86

Soppimath, K.S., Aminabhavi, T.M.,
Kulkarni, A.R., and Rudzinski, W.E.
(2001) Biodegradable polymeric
nanoparticles as drug delivery devices. J.
Control. Rel., 70, 1-20.

Lu, Y. and Chen, S.C. (2004) Micro and
nano-fabrication of biodegradable
polymers for drug delivery. Adv. Drug
Deliv. Rev., 56, 1621-1633.

Greiner, A. and Wendorff, J.H. (2007)
Electrospinning: a fascinating method for
the preparation of ultrathin fibers. Angew
Chem. Int. Ed., 46, 5670-5703.

Bordes, P., Pollet, E., and Avérous, L.
(2009) Nano-biocomposites:
biodegradable polyester/nanoclay
systems. Prog. Polym. Sci., 34, 125-155.
Musyanovych, A., Schmitz-Wienke, .,
Mailinder, V., Walther, P., and
Landfester, K. (2008) Preparation of
biodegradable polymer nanoparticles by
miniemulsion technique and their cell

8

8

8

7

8

1]

References

interactions. Macromol. Biosci., 8,
127-139.

Rieger, J., Freichels, H., Imberty, A.,
Putaux, J.-L., Delair, T., Jéréome, C., and
Auzély-Velty, R. (2009) Polyester
nanoparticles presenting mannose
residues: toward the development of new
vaccine delivery systems combining
biodegradability and targeting properties.
Biomacromolecules, 10, 651-657.

Hou, X,, Li, Q., Jia, L., Li, Y., Zhu, Y.,
and Cao, A. (2009) New preparation of
structurally symmetric, biodegradable
poly(r-lactide) disulfides and PLLA-
stabilized, photoluminescent CdSe
quantum dots. Macromol. Biosci., 9,
551-562.

Liggins, R.T. and Burt, H.M. (2002)
Polyether-polyester diblock copolymers
for the preparation of paclitaxel loaded
polymeric micelle formulations. Adv.
Drug Deliv. Rev., 54, 191-202.

21








