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“Now is the law of the jungle,
as old and true as the sky;,
And the wolf that shall keep it may prosper,
but the wolf that shall break it must die.

As the creeper that girdles the tree trunk,
the Law runneth forward and back;
For the strength of the pack is the wolf.
And the strength of the wolf is the pack.”

Rudyard Kipling
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Scope and Objectives

Scope and Objectives

The main objective of this thesis is to synthesize and characterize novel biodegradable
copolyester elastomers which can be employed in several applications in the medical
field. To achieve this, the drawbacks of polylactide and poly(e-caprolactone), two
polymer models, have to be overcome. Therefore, our materials must satisfy the

following characteristics prior to carrying out tests on animals and clinical trials:

v" Reliability. Predictable degradability and mechanical behaviour during the use
of the material. Do not undergo significant supramolecular rearrangements
during either the storage time before use or/and for long-term applications
(physical aging).

v' Efficient processing with thermoplastic techniques. Good thermal stability and
do not present excessively high melting temperatures.

v" Proper mechanical performance at room temperature (21 °C) and at body
temperature (37 °C), the temperatures at which the biomaterials are intented to
be employed. Exhibit stable mechanical properties at both temperatures and
cover a wide range of stress-related properties (elastic modulus and tensile
strength).

v Flexibility and ductility. They have to display high elongation at break values
and avoid the inherent brittleness of polylactides.

v" Not to be cytotoxic. Allow the adhesion and proliferation of cells on the
biopolymers.

v' High hydrolytic degradation rates. Improve the degradability of poly(e-
caprolactone). The degradation of the biomaterials should meet the requirements
of the medical device or match the tissue regeneration rate (in the case of tissue
engineering scaffolds).

v" Do not generate highly crystalline resistant remnants in advances stages of
degradation. These residues can trigger foreign body reactions and remain in the
human body for years once the biomaterial has lost its properties and has

fulfilled its function.
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Scope and Objectives

For this purpose, in this work it will be necessary to:

>

Develop a synthesis procedure for the ring-opening polymerization of several
cyclic esters and establish the mechanisms of the reactions. Work at different
synthesis conditions and check several catalysts in order to obtain efficient
yields and polymers with large enough molecular weights.

Determine accurate values of the copolymer compositions and study their chain
microstructure distribution of sequences.

Study the thermal properties and the crystallization of the different polymers.
Test the mechanical properties at room temperature and body temperature and
after different times of degradation in an aqueous medium.

Carry out in vitro degradation studies at 37 °C. The changes in water absorption,
weight loss, macroscopic morphology, crystallinity, phase structure, molecular
weight and mechanical properties of the copolymers must be monitored.
Evaluate the thermal stability of the materials by means of thermogravimetric
analysis.

Study the citotoxicity of the materials by means of cell adhesion and

proliferation studies.

12
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Introduction

1. Thermoplastic Elastomers

This group of polymers [1-2] consists of materials that can be melted and reshaped by
processing techniques (i.e., injection, compression molding or extrussion) and that they
also exhibit elastic behaviour similar to that of vulcanized (chemically crosslinked)
conventional elastomers. The principal difference between thermoplastic and
thermosetting polymers is the type of cross-linking bond in their structures. Thermosets
form irreversible covalent chemical bonds during the curing process and do not melt,
but decompose while thermoplastic become pliable or mouldable above a specific

temperature and solidifies upon cooling.
1.1. Morphology

Crosslinking is a critical structural factor which contributes to impart high elastic
properties. Rubber-like materials consists of relatively long polymeric chains having a
high degree of flexibility and mobility, which are joined into a network structure. This

linkage may be either chemical or physical. Physical linking can be obtained by [3]

(1) absorption of chains onto the surface of finely divided particulate fillers;
(2) formation of small crystallites;
(3) coalescence of ionic centers; and

(4) coalescence of glassy blocks.

These physical crosslinks are, in general, not permanent and may disappear on swelling
or increase in temperature. Physical, thermoreversible networks are present in most

thermoplastic elastomers (TPEs).

Most TPEs are essentially phase-separated systems. Usually, one phase is hard and solid
at ambient temperature whereas the other is an elastomer. Often, the phases are bonded
chemically by block or multiblock polymerization. In other cases a fine dispersion of
the phases is apparently sufficient [4]. The hard phase gives these TPEs their strength

and represents the physical crosslinks. Without it, the elastomer phase would be free to

15



Introduction

flow under stress and the polymer would be practically unusable. On the other hand, the
elastomer phase provides flexibility and elasticity to the system. The glass transition
temperature (Ty) and the crystalline melting temperature (Ty,) determine the points at
which the particular elastomer goes through transitions in its physical properties. As an
illustration, Figure I represents the measurements of flexural modulus over a wide range

of temperatures. There are three distinct regions:

(1) At very low temperatures, that is, below the glass transition of the elastomeric
phase, both the hard and elastomer phases are hard, so the material is stiff and
brittle.

(2) Above the T, temperature, the elastomeric phase softens and the material is
elastic, resembling a conventional vulcanized rubber.

(3) As the temperature increases, the modulus stays relatively constant (a region
referred to as “rubbery plateau”) until the point where the hard phase softens or

melts. At this point the material becomes a viscous fluid.

10°
Hard elastomers

| Weak fluid

100 Service materials
Flexural — lemperature -
Modulus, : range '
psi
103 .
Soft elastomers
102}
Stiff brittle
materials
t Temperalure 1
Tg of peraiu Tg
soft orTm
rubbery of hard
phase phase

Figure 1. Stiffness of typical thermoplastic elastomers in dependence on temperature (Courtesy Hanser

Publishers).
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The service temperature range lies between the T, of the elastomeric phase (lower
service temperature) and the T, or Ty, of the hard phase (upper service temperature).
The exact values depend on the service conditions of the final product and, often, the
actual lower service temperature will be higher than T, of the elastomer and the actual

upper service temperature will be lower than the T, or Ty, of the hard phase.
1.2. Types and History

The development of thermoplastic materials having more or less elastic properties
started in the early 1930s with the invention of plasticization of PVC at the B.F.
Goodrich Company [5]. This invention led to further interest in flexible plastics and
eventually to the development of blends of PVC and NBR (butadiene-acrylonitrile
rubber) [6-7]. The PVC/NBR blends, when properly formulated, have a rubber-like look
and feel and bridge the gap between liquid plasticized PVC and conventional cured
elastomers. Thus, they can be considered as the precursors of thermoplastics elastomers,

as we know them today.

A major breakthrough occurred with the discovery of the basic diisocyanate
polyaddition reaction in 1937 [8], which was first applied to produce polyurethane
fibers and then to the development of some elastomeric polyurethanes by DuPont and
ICI [9-11]. The work at DuPont focused on elastic fibers and eventually led to the
invention of elastic linear copolyesters, prepared by melt-ester interchange between two
melt copolymerized polymers [12]. This synthetic elastomer had higher strength than
vulcanized natural rubber and exhibited a rapid elastic recovery. It was used to make
fibers by extrusion or spinning from solutions and can be considered to be the first
thermoplastic elastomer. The DuPont patent dated 1954 [13] describes it as a segmented

polyurethane fiber with excellent elastic properties.

Further development of thermoplastic polyurethanes continued through the 1950s and
1960s. In 1962 a group from the B.F. Goodrich Company presented an article on
“Virtually cross-linked polymer, Polyurethane VC” which was soluble, had high tensile
strength, good elasticity, high abrasion resistance, and could be processed as a

thermoplastic [14-15]. Commercial polyurethane thermoplastic elastomers were
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introduced in the 1960s by B.F. Goodrich, Mobay and Upjohn in the United States and
by Bayer A.G. and Elastogran in Europe.

Styrene-diene block copolymers were first developed by Shell utilizing anionic block
copolymerization of styrene with butadiene (S-B-S) and styrene with isoprene (S-I-S)
and were introduced commercially in 1966 as Kraton®. Phillips Petroleum Co. Entered
this field in 1968 with radial styrenic block copolymers. In 1972 Shell added the S-EB-
S copolymer, where, EB is the ethylene-butylene copolymer segment. S-EB-S
copolymer is prepared by hydrogenation of the polybutadiene center block thus
eliminating the double bonds and improving resistance of the product to oxidative

scission and ozone attack [16]. The product was introduced as Kraton G*.

Copolyetherester thermoplastic elastomers were developed during the 1960s and were
commercialized by DuPont in 1972 as Hytrel®. The randomly segmented copolymer
contains poly(tetramethylene oxide) terephtalate soft segments and multiple
tetramethylene terephtalate hard segments. The attributes of this material were high
strength, high elasticity, excellent dynamic properties, and creep resistance. Similar
products were commercialized by the GAF Corporation in the late 1970 (Pelprene®), by
Eastman Chemical Co. in 1983 (Ecdel®), and by the General Electric Corporation in
1985 (Lomod®).

Thermoplastic polyolefin blends (TPOs) were developed throughout the 1960s. The first
patent on record is that of Hercules Inc. covering blends of crystalline polypropylene
and ethylene-proylene copolymers (EPM), in which the propylene content was more
than 50 % [17]. Dynamically vulcanized blends of polypropylene and chlorinated butyl
rubber were patented in 1962 [18]. Partially dynamically cured blends of EPM or
ethylene-propylene monomer with polypropylene using peroxide curing were the
subject of two Unroyal patents issued in 1974 [19-20]. Uniroyal Inc. introduced TPR
thermoplastic rubber materials consisting of blends of partially dynamically cured

EPDM with polyprolylene in 1972.

Thermoplastic vulcanizates (TPVs) are materials based on an extensive research done at

the Monsanto Company during the 1970s and 1980s. These are mechanically mixed
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blends with a thermoplastic [21]. The first commercial product was Santoprene” based
on a blend (or alloy) of EPDM and polypropylene introduced in 1981. A similar product
based on a blend of butadiene-acrylonitrile rubber (ASTM designation NBR) and
polypropylene, Geolast® was introduced in 1985 [22].

Polyamide thermoplastic elastomers were introduced in 1982 by ATO Chemie followed
by Grilamid® and Grilon produced by Emser Industries and by Dow Chemical
Company’s Estamid® [23-25]. The properties of polyamide TPEs depend upon the
chemical composition of the hard (polyamide) block and the soft (polyether, polyester,
or polyetherester) block.

Single-phase melt-processable rubber (MPR) is based on work done at DuPont in the
early 1980s and led to the commercialization of proprietary products under the name

Aleryn® in 1985.

During the last two decades of the 20th century many new developments have taken
place, such as functionalized styrenic TPEs [26-27], new and improved TPVs, softer
MPRs, and MPRs with improved physical properties, TPEs based on blends of natural

rubber and polypropylene [28], thermoplastic fluoroelastomers [29], etc.
1.3. Thermoplastic Polyether Ester Elastomers

Thermoplastic polyether ester elastomers (COPEs) are multi-block copolymers, which
can be represented by a generalized formula (-A-B-), [30]. They are essentially
copolyether esters with alternating, random-length sequences of either long-chain or
short chain oxyalkalene glycols connected by ester linkages [31]. Structurally, they are
related to polyurethanes and polyamide elastomers in that they also contain repeating
high-melting blocks that are capable of crystallization (hard segments) and amorphous
blocks with a relatively low glass transition temperature (soft segments). The
elastomeric behaviour of these materials is due to the presence of a physical network
between the hard blocks (formed by rigid chains or crystalline domains), which act as
physical cross-links, and the soft amorphous phase which surrounds them. Figure II
shows a model of microstructure of chain conformation in the COPs materials. The ratio

of hard to soft segments, the length of the sequences and the chain microstructure
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distribution determine the properties of the polymers, which can range from soft

elastomers to hard elastoplastics slightly flexible.

Figure I1. Model of microstructure of chain conformation in the COPs materials with large amorphous,

rubbery regions between crystalline or rigid domains.

2. Properties of the (Co)polyesters

In the last decade, the synthesis of biodegradable polymers has been stimulated to fill
the needs of new materials in the regenerative medical science. Polyesters synthesized
from ring-opening polymerization (ROP) of cyclic ester monomers [32,33] (lactones
and cyclic carbonates) have found wide applications in temporary implants used in
surgical procedures of osteosynthesis, surgical threads and fibers, controlled-release
drug carriers, scaffolds in tissue engineering and medical devices like catheters in
urology and stents in cardiology. In addition to tin (II) octoate, extensively used in the
synthesis on a large scale of resorbable polymers [34], other metal-containing catalysts
have been studied for the ROP of ring-strained lactones and cyclic carbonates. These
include zinc or aluminium alkoxides [35-39], rare earth metal compounds [36, 39-42]
and bismuth catalysts [43]. Some of these catalysts also raise health safety concerns.
Hence, enzymatic ROP has also been studied to address attention about possible toxicity

of heavy metal catalyst and initiators [44].
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2.1. Structural Units

A great number of monomers are commercially available for the synthesis of
(co)polyesters. Figure III shows the chemical structure of some of them, including
lactide, glycolide and e-caprolactone, three of the best known cyclic esters. The racemic
stereochemistry, the length of straight methylenes and the ratio of ester groups will

determine the properties of the copolymers obtained from them.

O

sodiboallodic e

3

nlI

D-Lactide & L-Lactide Glycolide p-dioxanone trimethylene
carbonate

p-Propiolactone p-Butyrolactone  y-Butyrolactone +y-Valerolactone &-Valerolactone

O
O \/\Q

s—Caprolactone s—Decalactone d-Hexalactone

O

O/\/O (@) o—Pentadecalactone

Ethylene brassylate

Figure III. Scheme of the chemical structures of several cyclic esters.
2.2. Chain Microstructure

Statistical copolymers, synthesized by simultaneous polymerization of two
comonomers, can show different chain microstructures ranging from blocky to random
depending on synthesis conditions, relative rates of incorporation of each comonomer
[45-47] and catalysts used to control the tacticity and monomer alternation [48-50]. If
copolymer distribution obeys Bernoullian statistics, random copolymers are formed and

their number average sequence lengths are given by the molar content of the repeat units
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with the following expressions: /4 = 1/(B) and /g = 1/(A) [51]. However, polymerization
may follow other types of statistics (e.g. Markovian), resulting in a variety of statistical
copolymers that show longer sequences than Bernoullian random structures [52]. These
copolymers, known as tapered or gradient, are intermediate structures showing block
lengths between those of random and diblock copolymers, as shown in Figure IV. The
values of number average sequence lengths, estimated by means of Nuclear Magnetic
Resonance (NMR) spectroscopy, are usually compared to the Bernoullian random
lengths obtaining the randomness character value (R), which is commonly used as a
comparative parameter in the chain microstructure discussion. Thus, R tends to 0 for a

block copolymer while in a random one R tends to 1.

Eandom Copolymer

0000000000000 00600000

Block Copolymer

00000000 000000006006060

Gradient Copolytner

000000000000 000000600

Figure IV. Ilustration of random, block and tapered (gradient) copolymers.

Repeat unit sequence is a useful but underutilized tool for the control of copolymer
properties. Properties of many naturally occurring macromolecules and biological
macromolecules such as enzymes, transport proteins, cytochromes, polypeptides, DNA
or polysaccharides, are vitally dependent on their repeat unit sequence distribution. In
contrast, the sequence control to tune properties has not been fully exploited in synthetic
copolymers [53-55]. Different distribution of sequences affects the copolymer
properties and, as a consequence, copolymers having similar comonomer composition
may differ dramatically in their behaviour. It has been reported that final properties of
statistical copolymers, including solubility, thermal and mechanical properties and

biodegradability, are strongly dependent on chain microstructure [56-57].
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As an example, three statistical poly(L-lactide-co-g-caprolactone) (PLCL) copolymers
of 70 % L-lactide content with different chain microstructure ranging from moderate
blocky to random (R = 0.47, 0.69 and 0.92, respectively) were studied in a previous
work of our group [58]. The results demonstrate that higher randomness character (R —
1) limits the capability of crystallization of L-LA-unit sequence shifting the melting
temperature of the copolymers to lower values and reducing the crystallinity fraction
substantially (see Figure V). On the other hand, the PLCL showing a random character
closest to Bernoullian distribution of sequences was found to exhibit higher strain
capability and strain recovery values (see Table I) and also was less prone to

supramolecular arrangements during storage.

exo —

-30 0 30 60 90 120 150 180

Temperature (°C)
Figure V. DSC first scans (straight) and second scans (dash) of the nascent copolymers of PLCL A (R =
0.47), PLCL B (R = 0.69) and PLCL C (R =0.92).
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Table I. Mechanical properties at room temperature (21 °C) of the PLCLs of different randomness
character.

Secant Modulus Ultlm:ate Elongation Strain
at2 % Tensile at Break Recovery
Sample Strength
(MPa) (MPa) (%) %)
PLCL A (R=0.47 and /, o = 6.50) 12.0+£1.2 17.2+0.7 486 935+ 2
PLCL B (R=0.69 and /5 =4.35) 17.1+£0.2 29.0+1.7 514 993+ 1
PLCLC (R=0.92 and /1o =3.45) 17.1+£1.2 22.7+£2.6 531 99.8+ 1

2.3. Thermal Properties and Crystal Structure

Polyesters can be either semicrystalline or amorphous [59]. Semicrystalline polymers
have regular repeating units that allow the chains to fold into dense regions called
crystallites. These act as crosslinks giving the polymer higher tensile strengths and
higher modulus (stiffness) as compared to an amorphous analog. No polymer can
completely organize into a fully crystalline material so there are still amorphous areas in
semicrystalline polymers. When a semicrystalline polymer is raised above its melting
point (T,,) it may be shaped into rods or molded parts. Amorphous polymers and the
amorphous regions of semicrystalline polymers exhibit a glass transition temperature
(Tg). At temperatures above T,, a polymer acts more like a rubber and at temperatures
below T,, a polymer acts more like a glass. A polymer that has a T, around body
temperature may be much more ductile when implanted than it appears to be at room
temperature. These properties can affect both the mechanical properties as well as other

properties such as biodegradability.

As well as the chain microstructure features, the polymer composition also affects the
thermal properties of the copolyesters. By increasing the content of one of the structural
units, the T, and the melting temperature approached to that of its homopolymer.
Polyglycolide (T, ~ 35-40 and T, ~ 225-230), poly(L-lactide) (T, ~ 60-65 and T, ~
170-180) and poly(D,L-lactide) (T, ~ 55-60) are the polyesters that exhibit higher
melting points and glass transitions temperatures. On the contrary, poly(e-caprolactone)

(PCL), with a T, at ~ 60 °C, is the one that shows the lowest T, (at -65 °C) while other
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homopolymers such as poly(y-butirolactone) or poly(d-valerolactone) have lower Tps

(at 53-60 °C and at 57 °C).

Differential scanning calorimetry (DSC), a thermoanalytical technique developed by
Watson and O'Neill in 1962 [60], allows to study the thermal transitions of a polymer.
As the polymer sample undergoes exothermic processes (such as crystallization) less
heat is required to raise the sample temperature. By observing the difference in heat
flow between the sample and reference, differential scanning calorimeters are able to
measure the amount of heat absorbed or released during such transitions. DSC is also
employed to observe other physical changes, such as glass transitions and it is widely
used in industrial settings owing to its applicability in evaluating sample purity and for

studying polymer curing or crystallization

The degree of crystallinity, crystalline thickness, lattice dimensions, spherulitic size and
morphology and the molecular orientation are parameters of great importance to
characterize the crystalline phase. In addition to the microscopic techniques, wide angle
X-ray diffraction (WAXRD) [61] is often used to determine the crystalline structure of
the semicrystalline polymers. When X-rays are directed in solids they scatter in
predictable patterns based upon the internal structure of the solid. A crystalline solid
consists of regularly spaced atoms (electrons) that can be described by imaginary
planes. The distance between these planes is called the d-spacing. Every crystalline
solid will have a unique pattern of d-spacings (known as the powder pattern), which is a
“finger print” for that solid. In fact solids with the same chemical composition but

different phases can be identified by their pattern of d-spacings.

On the other hand, Dynamic Mechanical Analysis (DMA) is becoming more and more
popular in the laboratory as a tool to investigate the thermal transitions and the
relaxation processes of polymers, including biodegradable (co)polyesters. These
properties can be described in terms of either free volume changes or relaxation times

and are closely related to the dynamic properties [62].
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2.4. Thermal Stability

Thermoplastic polyesters are thought to be transformed into implants or scaffolds by
processing techniques such as injection moulding, blow moulding, thermoforming or
extrusion [63-65]. The understanding of the thermal stability of biopolymers is
particularly important when considering this kind of processes at high processing
temperatures, especially where the final product is intended for use in the biomedical
field [66]. Hence, at high temperatures, as a consequence of thermal decomposition
reactions, biomaterials can undergo a reduction in their properties (e.g. mechanical
properties) not maintaining their performance and reliability during their use. Moreover,
special care has to be taken when processing these polymers because some thermal

degradation byproducts may be toxic to the human body [67].

Thermal degradation studies on poly(e-caprolactone) (PCL) [68-70] and polylactides
(PLA) [71-72] have already received special attention. PCL is believed to degrade by a
two step mechanism, in which random chain scission dominates at lower temperatures
and as the temperature increases specific chain end scission (from the hydroxyl chain
end of the polymer chain) becomes more significant [73]. On the other hand, PLA has
been reported to degrade by a multi step process [74]. The dominant reaction pathway
is an intramolecular transesterification, giving rise to the formation of cyclic oligomers;
in addition, acrylic acid from cis-elimination as well as carbon oxides and acetaldehyde

from fragmentation reactions were also observed.

With regard to L-lactide-co-e-caprolactone copolymers (PLCL), they show intermediate
properties of thermal stability between PCL and poly(L-lactide) [45, 66-67] improving
the features of the latter owing to the presence of highly resistant e-CL units. However,
due to the different sequence distributions of LA and &-CL units, the copolymers
undergo a more complex degradation mechanism. Thus, the PLCLs with higher
randomness character (R — 1) degraded almost entirely in a single stage, and were
more resistant to heat. In contrast, the blockier PLCLs were found more sensitive to
thermal degradation and degraded heterogeneously presenting two different peaks in the
differential thermogravimetric (DTG) curve (see Figure VI). LA-rich sequences degrade

at lower temperatures; the mechanism of this first stage of decomposition is highly
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influenced by the lactide average sequence length (/L), and, at a later stage, those of
CL.
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Figure VI. Thermogravimetric (TG) and differential thermogravimetric (DTG) curves of PLCLs
synthesized with SnOct, (R ~ 0.5) having different LA-unit average sequence length: PLLA (black —);
PLCL 9010 (pink —); PLCL 6634 (blue —); PLCL 4654 (red —).

The factors that influence the thermal degradation of copolyesters, apart from the
thermal resistance of their building units (and their chain microstructural features),
include molecular weight and the presence of moisture, residual and hydrolized
monomers, oligomers and residual metals. In particular, the effect of residual metal
compounds is very important. Many authors [75-79] have evidenced the accelerating
effect of SnOct, on PLA pyrolisis and the results of our group also demonstrated a large
influence of metal-catalyzed depolymerisation in PCL, PLLA and their copolymers, yet

more significant for tin than for bismuth [80]. Figure VII presents the curves of percent
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weight loss and first derivative of weight loss against temperature of three PCLs having

approximately 6000 ppm of residual bismuth content, 4500 ppm of residual tin content

and 50 ppm of residual tin content.
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Figure VII. TG and DTG curves of PCLs with different metal content: PCL 6000 ppm of Bi (blue —);
PCL 4500 ppm of Sn (grey —); PCL 50 ppm of Sn (black —).

2.5. Mechanical Properties

Most of the homopolyesters employed today display a very similar mechanical
behaviour. On the one hand, polyglycolide, polylactides and their copolymers are rather
brittle materials that display high elastic modulus and low elongation at break values (<
15 %) due to their high glass transition temperatures. Polyglycolide and poly(L-lactide)
show modulus of around 7000 MPa and 2700 MPa, respectively and the latter has a
modulus about 25 % higher than amorphous poly(DL,lactide) [59]. These materials are,
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therefore, clearly inappropriate for numerous clinical uses, where highly flexible
biodegradable materials are required. On the contrary, poly(e-caprolactone) (PCL) and
other polyethylene-like polylactones, i.e. poly(w-pentadecalactone) [81] exhibit
modulus from 300 to 400 MPa and deformation at break values > 750 %) but

biodegrade at a very slow rate.

This unsuitability shown by the mentioned polyesters might be overcome by blending
or copolymerization, which can be appropriate methods for the control of mechanical
properties, thermal stability and degradation rates, and thereby to achieve copolyesters
with an elastomeric behaviour. The flexibility, high elongation at break values and
elevated recovery ratios of the elastomers are highly valued features requested for some

medical applications.
2.6. Physical Aging

For creation of reliable medical devices the manufacturers require a deep confidence on
the material supply that must present stability, durability and predictability of the
macroscopic and microscopic properties. Therefore, it is necessary to understand the
changes that biopolymers can undergo in their phase structure and mechanical
properties during either the storage time before use or/and for long-term applications
depending on temperature. This process by which a polymer tends to reach the
equilibrium through slow rearrangement of its chains from a nonequilibrium glassy state
is often referred to as physical aging. Many (co)polyesters resulting from melt
solidification are metastable, i.e. prone to changes in supramolecular organization in
function of time and temperature, and can suffer significant physical aging, particularly

when stored at temperatures close to the T, [82].

Tsuji et al. [83-84], after studying the behaviour of poly(L-lactide-co-g-caprolactone)
(PLCLs) of 50 % and 82 % L-lactide (LA) content, demonstrated that these copolymers
changed their physical properties during storage at 37°C. In an earlier paper [45], in an
attempt to study in more detail the aging effect on the thermal properties of these
copolyesters, films of PLCL with different composition (from 66 % to 90 % LA molar

content) and similar randomness character (R ~ 0.5) were stored at room temperature
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(21 °C) for 5 weeks. The mobility of crystallisable LA unit sequences was found to be
favoured in the case of the e-CL-rich copolymers, making possible the formation of
polylactide crystallites which act as points of reinforcement. As a result, PLCLs in
excess of e-CL (above 23 % ¢-CL molar content) underwent dramatic changes in their
mechanical properties. On the contrary, at higher LA contents the mobility of chains
was impeded and the crystallization process during storage was limited. Nevertheless,
enthalpy relaxations associated to the chain arrangements in the amorphous regions
were found in the LA-rich copolymers as a result of aging. In this context, it is worth
mentioning that a comparison of homopolylactides of L-LA-isomer with various
polylactides with several contents of D-LA-isomer, aged at a similar degree of
undercooling, showed that the enthalpy relaxation value was somewhat higher for the
PLA samples with lower D-isomer content [85], in agreement with the results observed

for the PLCL copolymers.

~ PLCL B
»
»
2 4 v
@ -~
1 week v
»
Ve

2 weeks

exo

5 weeks

PLCL C
>
8 months
y Vs
g »~
()
h
30 0 30 60 90 120 150 180 30 6 30 6o 90 130 10
Temperature (°C) Temperature (°C)

Figure VIII. DSC scans of the film of PLCL A (R =0.47), PLCL B (R =0.69) and PLCL C (R = 0.92) at

different times of storage.
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Figure IX. Tensile stress-strain curve of the films of PLCL B (R = 0.69) at different times of storage.

In a later work [58], the aging effect on initially amorphous films of three PLCL with
equal L-LA content and differing chain microstructure (the previously seen PLCL A,
PLCL B and PLCL C) was also investigated. It was proved that the copolymer with
higher random character (R = 0.92) was less prone to rearrangements during its storage
in comparison to the copolymers with larger L-LA average sequence lengths. In
contrast, the moderate blocky copolymers (with lower R) underwent changes in
supramolecular organization in function of time during storage at room temperature
(21°C) and presented a double T, behaviour indicative of the existence of phase
separation into two compositionally different amorphous phases (see Figure VIII).
These structural changes, associated to the crystallization of LA building blocks during
aging, led to significant variations in their mechanical properties. The moderate blocky
PLCLs evolved from being an elastomeric to be partly a glassy semicrystalline
thermoplastic, and, thus, can eventually condition its potential uses for medical devices.
On the contrary, the most random copolymer among them did not undergo any change

in its physical and mechanical properties during the 5 months of the study. Figure IX
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shows the tensile stress-strain curve of the PLCL with R = 0.69 at different times of
storage. At short aging times, the polymer behaved more like an elastomer
thermoplastic but after 5 months the elastic modulus increased from to 17 to 123 MPa,
the offset yield strength rose from 1.3 to 7.6 MPa, its strain at break decreased and its

strain recovery was slightly reduced.
2.7. Biodegradability

Once implanted in the body, the biodegradable device should maintain mechanical
properties until it is no longer needed and then be degraded, absorbed and excreted by
the body, leaving no trace. In the case of the scaffolds applied in tissue engineering,
their degradation should match the tissue regeneration rate and completely disappear

once the tissue has fully regenerated.

Simple chemical hydrolysis of the hydrolytically unstable backbone is the prevailing
mechanism for the polymer degradation. This occurs in two phases. In the first, water
penetrates the bulk of the device, preferentially attacking the chemical bonds in the
amorphous phase and converting long polymer chains into shorter, ultimately water-
soluble fragments. The reduction in molecular weight is soon followed by a decrease in
physical properties as water begins to deteriorate the device. In the second phase, the
fragments are metabolized or released to the outside medium resulting in a rapid loss of

polymer mass [59].

The diffusion of water and the degradation of the polymer compete during the erosion
process of the device. If the water uptake mechanism is dominant, the splitting of
chemical bonds has a smaller effect and the erosion is homogeneous. This is known as
“bulk erosion”. In the opposite case “surface erosion” occurs and degradation proceeds
at the interfacial areas between polymeric specimens and the aqueous environment [86].
Bio(co)polyesters are known to degrade by bulk erosion [87-88]. The diffusion of water
inside the polymer is dominant and so the degradation occurs throughout the whole
material equally and does not proceed from the exterior surface. In the hydrolytic
degradation, a combination of two mechanisms, random and chain-end scission (also

known as backbiting), are identified [89-90]. The chain scission of a polymer is called
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random if the bonds at any position along the polymer chain have the same probability
of being cleaved. In contrast, in chain-end scission, the number of chains ends and the
rate constant for the cleavage of the terminal bond are the essential kinetic parameters.
It is known that random scission controls the molecular weight reduction whereas the

mass loss is due to end scission [90].

Hydrolytic degradation of (co)polyesters is affected by a large number of factors. The
mentioned auto-catalysis effect is reported to be a very important factor [91-93].
Thicker devices are degraded more quickly because all the leachable oligomeric
compounds formed within the matrix are not able to escape from it as soon as they
become soluble [94]. The geometry of the shaped bodies, the surface properties (contact
angle, roughness and surface tension), the pH changes, which can be due to the
degradation products, or the stresses applied during degradation, could also affect the
degradation rate. Chemical composition, the type of chemical bond, sequence structure
[46-47 57] and the morphology (crystalline or amorphous domains) are among other
factors that have an impact on the degradation process. As has been demonstrated,
amorphous regions are preferentially degraded because they are more accessible to
water molecules [95], whereas the presence of crystalline domains slows hydrolytic

degradation down dramatically.
2.8. Biocompatibility and Toxicity

Materials that are biocompatible are those that are not toxic to the body on implantation
and can be classified as being bioinert or biodegradable. There are many factors that
may influence the reaction of the body to the presence of a biodegradable implant. The
response may be related to the size, the processing method that produces it and the
composition of the implant. Not only should implanted materials avoid eliciting
inflammatory and immunogenic responses, but also degraded materials and related
chemicals (monomers, initiators and residual solvents) should be biocompatible in terms
of both the local and the systemic response [96-97]. The degradation rate of the polymer
and the implant site’s ability to eliminate the acidic degradants play an important role in
the local tissue’s reaction to the implant. If the surrounding tissue cannot eliminate the

acid by-products of a rapidly degrading implant then an inflammatory or toxic response
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may result [98]. Toxicity can also occur with normally biocompatible polymers due to
leaching of low molecular weight plasticisers and additives. Therefore, it is important to
characterise the grade of polymer in use. What is sold as polymer X by one
manufacturer may be very different from polymer X sold by another, due to purity and
additives present. Surface reactions and absorption of proteins at the polymer surface
can also provoke problems. Thus, the surface texture and the shape of the implant are

also important.

There have been numerous studies on the biocompatibility of implants since the early
1960s mostly focusing on polyesters of lactide and glycolide. The majority of results
from studies in humans with this kind of polymers are favourable making the future of

biodegradable implants bright.
2.9. Processing, Storage and Sterilization

Biopolyesters may be processed similar to any engineering thermoplastic in that they
can be melted and formed into fibers, rods and molded parts. Final parts can be
extruded, injection molded, compression molded, or solvent spun or cast. High
temperatures are often needed to reduce the melt viscosity or high pressures needed to
enable the polymer to flow through small orifices to create fiber or fill a mold.
However, excessively high processing temperatures can decrease the molecular weight
depending on the thermal stability of the polymer chains. Moreover, the presence of
moisture during processing can also reduce the molecular weight and alter the final
polymer properties. There are also strong interactions among temperature, moisture
content, shear rate and residence time in the machine. Residence time is defined as time
at temperature the material is in the barrel of a molding machine. Higher shear rates and
longer residence times resulted in increasing polymer degradation even at lower
temperatures. In general, processing at the mildest conditions possible and the rigorous

exclusion of moisture are the recommended [99-100].

Due to the fact that the polyesters are in general hydrolytically unstable, the presence of
moisture can degrade them during storage, processing (as already discussed) and after

device fabrication. Therefore, polymers should be packed after manufacture and if
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possible, double bagged under an inert atmosphere or vacuum. In addition, they must be
stored in a freezer to minimize the effects of moisture. The final devices should not be
sterilized by autoclaving or dry heat because this could degrade the device. The
polyester devices are typically sterilized by y-radiation, ethylene oxide, plasma of

hydrogen peroxide or electron beam irradiation.
2.10. Other Properties

For some specific applications, other properties could play an important role. Therefore,
the electric and optical properties, the permeability, swelling and solubility, the surface

properties or the viscosity of the (co)polyesters also have to be investigated.

3. Potential Medical Applications of Copolyester Elastomers

The applications in the medical science of the copolyester elastomers include cell
therapy for the regeneration of soft tissues and some implants and devices employed in
surgical procedures in several branches of medicine. Biodegradable materials with an
elastomeric behaviour are greatly valued in cardiology (heart, valves, arteries and veins)
and urology (urinary track and male genitalia), and for applications in the respiratory
system (larynx, trachea, bronchus, diaphragm and lungs), the digestive track

(esophagus, bile ducts and liver) and the nervous and muscular systems.

If the scaffold or the medical device is to be mass produced, so that surgeons can use it
in the clinic, they must be made from a processing technique that can be up-scaled for
mass production and that can form a variety of shapes and sizes to match that of the
defect of the patient. The products must also have the potential to fill the required
International Standards Organization (ISO) or Food and Drug Administration (FDA)

standards and be easily sterilised.
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3.1. Medical Devices
3.1.1. Occlusion devices for cardiac defects

There are several defects inside the chambers of the heart, if left untreated, may result in
severe health consequences, including heart failure. Earlier interventions were
predominantly surgical, but following the success of transcathether techniques in the
1970s, most occlusion devices are currently inserted percutaneously. The first occlusion
device to obtain approval for commercialization was the AMPLATZER™ septal
occluder (ASO) for the treatment of septal defects. The approved device consists of two
Nitinol discs connected by a waist, and each disc has polyester fabric woven around it.
Since 2001, several new designs have been introduced and many approved for treatment
of defects. All such devices are permanent, and non-retrievable except by surgery. In
general, the devices consist of two components: the frame (support material) and the
fabric (occluding material). The support frames are made from stainless steel, Nitinol
and cobalt-based alloys and must show the ability to “self-expand” with the
myocardium contractions. The purpose of the occluding material for the fabric is to
prevent blood flow, and to provide the platform for cell growth, but it also should be
able to stretch with the frame during deployment [101].
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Figure X. Schematics of ASD, VSD and PDA defects and an ASO septal occluder.

The complications associated with occlusion device are malposition/ embolization [102-
103], erosion [104-105] and thrombus formation associated with atrial septal defects
(ASDs) [106-107]; a similar incidence rate is seen with patent ductus arteriosus (PDA)

devices and a slightly higher incidence rate is associated with ventricular septal defect

36



Introduction

(VSD) devices [108-109]. Although the incidence rates are low, the complication is
usually serious enough to warrant immediate surgical retrieval [102,103,110-113]. The
complications are of particular concern, because they may occur in the more vulnerable
pediatric population; the prediction of the adverse event is not possible because a clear
cause has not been consistently identified; and the severity of an event is with rare

exception an urgent life threatening event.

Most of these long-term complications can be alleviated by the use of fully degradable
devices which eliminate concerns regarding the use of metals inside the heart, and if
fully endothelialized, also minimize migration concerns. The sooner the material
becomes covered with endothelial cells, the better the chances for the long-term survival
of the implant. However, the cellular ingrowth has to be balanced against the primary
need of preventing blood flow through the fabric. Early attempts focused on synthetic
Dacron (poly(ethelene terephthalate), poly(tretrafluoroethylene) or polyurethanes as
occluders fabric materials, but in recent years biodegradable polyesters are being
employed, such as the based on lactide, e-caprolactone and glycolide from the patent of
Venkatraman et al. [114]. The concept of a fully degradable occlusion device is that it
acts as a temporary template for the ingrowing host tissue from the defect edge to cover
the device and thus the defect underneath. The biodegradable occlude should promote
the complete healing response and eventually disappear, because once the defect is
closed and covered, a permanent implant is unnecessary and has potential
disadvantages. Fully biodegradable occluders made of polydioxanone [115], poly(e-
caprolactone) [116] and poly(e-caprolactone) with BaSO, radiopacity filler [117] have
been recently developed. However, biodegradable frames present lower stiffness than
the permanent occlusion devices and the use of nano- or microsized fillers could be

necessary to improve the stiffness required for deployment.
3.1.2. Stents

Cardiovascular stents

The coronary arteries supply blood to the heart muscle. Cholesterol and calcium can

deposit plaques on the walls of these vessels, reducing the amount of blood that can
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flow through them. This is known as atherosclerosis. Lack of enough blood to the heart
muscle may cause chest pain and when there is a severe shortage of blood supply to the
heart, some of its muscle may die, causing a heart attack (myocardial infarction). A
coronary stent is a tube-shaped device placed in the coronary arteries that supply blood
to the heart, to keep the arteries open in the treatment of coronary heart disease. It is
used in a procedure called percutaneous coronary intervention. Similar stents and

procedures are used in non-coronary vessels e.g. in the legs in peripheral artery disease.
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Figure XI. Schematic of stent placement [118]

An ideal stent should control restenosis by limiting negative remodelling and by
controlling excessive healing by delivery of an antiproliferative drug. It also must have
an optimal lumen size and allow vessel growth (for potential pediatric applications)
[119-122]. Beyond 6 months, a permanent implant is unnecessary (the artery does not
need the mechanical support of a stent) and has potential disadvantages including
changes in vessel area or late thrombosis. Although multiple factors predispose to late
thrombosis, it is unusual if the stent is completely absorbed because there would not be
a permanent foreign body exposed to blood even if endothelialisation were functionally
abnormal, delayed or incomplete [123-126]. A number of different materials ranging

from magnesium to a variety of polymers have been used to construct biodegradable
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stents of different designs. However, there are challenges in making a stent that has
sufficient radial strength for an appropriate duration, that does not have unduly thick
struts, that can be a drug delivery vehicle, and in which degradation does not generate

an unacceptable inflammatory response.

The Igaki-Tamai [127-128], constructed from poly(L-lactide) (PLLA), and the
magnesium stents [129] were the first absorbable stents implanted in humans. REVA
stent is made from a tyrosine-derived polycarbonate polymer that metabolizes to amino
acids, ethanol and carbon dioxide, but the best outcomes to date have been with the
BVS stent [130-133]. This stent has a biodegradable polymer backbone of PLLA with a
polymer coating of poly(D,L-lactide) that contains and controls the release of the

antiproliferative drug, everolimus.

Stents for the gastrointestinal tract

Obstruction of the gastrointestinal tract in patients with cancer occurs frequently and
may be mechanical or functional, partial or complete, and may occur at one or at many
sites [134-136]. Tumours can impair bowel function in several ways: occlusion of the
lumen, impairment of peristalsis due to tumour ingrowth, masses in the mesentery or
omentum or adhesions creating an extra-luminal obstruction, and finally infiltration of
the enteric nervous system causing dysmotility [137]. Obstruction due to intraor extra-
luminal obstruction can be treated by endoscopic placement of metallic self-expandable
stents. These prostheses have made it possible to reestablish luminal continuity in
patients with malignant obstruction of esophagus, gastric outlet, small bowel, or colon

who are at high risk of surgical intervention [138-139].

Use of metal and plastic stents for treatment of benign stenoses of the gastrointestinal
tract is associated with several problems [140]. They induce early mucosal hyperplastic
reaction (tissue ingrowth) and are associated with a higher risk of migration. The
rigidity of the metallic stents has also brought some complications. When the stents
directly contact with the tract wall it could become encrusted with body tissue. Stents
made of biodegradable materials could overcome the above mentioned drawbacks and,

furthermore, a surgical removal from body after disease it is not required. Polylactide,
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poly(e-caprolactone-D,L-lactide) or poly(p-dioxanone) biodegradable stents [141-145]
are being investigated for treatment of esophageal strictures and achalasia and benign

intestinal, colonic and biliary strictures.
3.1.3. Urological catheters

Urological catheters are hollow, partially flexible tubes that are used for diagnosing
pathology in the lower urinary tract, to monitor urine output and to relieve urinary
retention. The term catheter comes from the Greek and means to let or send down. The
first catheters were created by the ancient Syrians from reeds and then were developed
in the beginning of the 11™ century [146]. Rubber catheters were produced in the 18"
century but initially were weak and friable at body temperature, resulting in intravesical
fragmentation. Vulcanization improved the firmness, flexibility and durability of
rubber, and popularized catheter use with the availability of later rubber in the 1930s
[147]. Nowadays urinary catheters are made of rubber, polyurethane and other
thermoplastic elastomers, silicone or latex and come in many sizes and types including
both external (condom) as well as indwelling catheters, which may be either a urethral

or a suprapubic catheter.

Figure XII. Schematic from ADAM of the hypospadias defect and the urethra reconstruction.
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Biodegradable devices could be of interest for urethral and ureteral diseases since they
do not need eventual surgery removal. Copolyester elastomers could be an alternative to
the silicone tubes that are currently employed in the surgery of urethral strictures or
hypospadias. After surgery, the catheter holds the new shape of the urethra which is
reconstructed using foreskin or buccal mucosa grafts [148-149]. 2 weeks later this tube

is removed and so may result in healing problems.
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Figure XIII. Suprapubic ureteral catheter.
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With regard to ureteral catheters, they find wide application in urology when
obstruction of the ureter occurs (most commonly from kidney stones which affect 10 %
of population, tumour, stenosis or blood clots), for extrinsic obstructions (fibrosis,
adenopathy or tumours) or to maintain the integrity of the conduct after surgery or
during the treatment of urinary fistulas [150]. Figure XIII show a typical double J
catheter. The pigtail curl on either end help maintain its position in the bladder and
kidney so that the catheter will not migrate. However, as no ideal device has been
developed, the majority of patients with indwelling ureteral stents are at an increased
risk of urinary tract infection and suffer problems of encrustation, bacterial colonization,
dislocation or fragmentation [151]. A perfect ureteral catheter should be biocompatible
to avoid swelling, erosions or hyperplasia and biodurable, displaying an adjusted
degradation rate and showing proper elastomeric behaviour during its use. It also should

be easy to insert, has good internal flow and resists encrustation [152-157].
3.1.4. Nerve guidance conduits

Peripheral nerve injury is often a very serious, debilitating condition that affects 1 in
1000 patients [158-160]. There are a number of established techniques for the treatment
of peripheral nerve repair [161]. For small nerve injury gaps, the coaptation of the two
severed nerve ends via direct suturing is common. For larger gaps this technique is is
frequently not possible or results in increased tension along the re-joined nerve,
decreasing blood flow to the injury site, diminishing the regenerative capacity and
overall surgical outcome [162]. In these cases autologous nerve grafts are commonly
used [163], but are associated with a number of major disadvantages, including donor

site morbidity and increased surgical complications.

An alternative approach to peripheral nerve repair of short injury gap is to utilise an
implantable entubulation device known as a nerve guidance conduit (NGC). These
devices are usually designed not only to act as a guide for the regenerating nerve end,
but also to modulate the internal environment and to promote host regeneration [164-
165]. A small range of commercially available devices exists (i.e. Neurolac or
Neurotube), fabricated from FDA approved materials. While these devices show similar

efficacy to autograft surgery for short injury gap repair, their efficacy for gaps beyond ~
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20 mm is limited [166]. Synthetic NGC materials typically include polymers such as
poly(lactide-co-glycolide) [167], poly(e-caprolactone-co-glycolide) [168] or
poly(lactide-co- e-caprolactone [169]. The only naturally derived material used
commercially to date is collagen [158], although spider silk is being investigated
experimentally [170], as are polymers produced by bacterial fermentation e.g.

polyhydroxyalkanoates [171].

Figure XIV. A nerve tube repair of a nerve injury gap (using NeuraGen, Integra Life Sicences) [172].
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3.2. Regeneration of Soft Tissues

Implants lack three of the most critical characteristics of living tissues: (1) the ability to
self-repair; (2) the ability to maintain a blood supply; and (3) the ability to modify their
structure and properties in response to environmental factors such as mechanical load.
All implants have a limited lifespan and, as life expectancy is continually increasing, it
is proposed that a shift in emphasis from replacement of tissues to regeneration of

tissues is required to satisfy this growing need for very long-term repair [173].
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Figure XVI. Schematic illustration of tissue engineering strategy for the regeneration of a damaged

tissue.

Tissue engineering can be defined as an interdisciplinary field that applies the principles
of engineering and life sciences toward the development of biological substitutes that
restore, maintain or improve tissue function [174-176]. There are three strategies in
tissue engineering: the use of isolated cells or cell substitutes, the delivery of tissue-
inducing substances such as growth and differentiation factors to targeted locations, and

that we are interested in, the cell culture in three dimensional scaffolds.
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There are many criteria that must be fulfilled to create an ideal scaffold. To be able to
regenerate a tissue, the matrix should have a structure that acts as a template for tissue
growth in three dimensions and stimulates new growth in the shape dictated by the
scaffold. To allow a tissue to grow in 3-D, the matrix must be a network of
interconnected pores (see Figure XV) that let cells to migrate through the scaffold and
promote tissue growth throughout the template. The pore network must allow the
culture media to reach all cells, providing them with essential nutrients. Once the tissue
engineered construct has been implanted, the pores must be connected sufficiently such
that blood can penetrate to provide those nutrients. An ideal scaffold would stimulate
blood vessels to grow inside the pore network (angiogenesis) and not only act as a
template for tissue growth, but it should also activate the cells of the tissue for self-
regeneration. It has to be considered that cells seeded on the scaffolds receive and
process a multiple combination of physicochemical and biological cues that will define
their attachment, proliferation and differentiation and, in consequence, the cell cycle
[177]. Therefore, the most critical aspects of the native extracellular matrix should be
mimicked to control the processes regulating cell fate and function. The scaffolds
should act as a delivery system for the controlled release of cell- and gene-stimulating
agents. Common synthetic polymers lack in signals on their surface that promote the
appropriate biological functions of the seeded cells. Growth factors can be incorporated
into biodegradable polymer to immobilise proteins of specific binding sites [178-179].
Alternatively, the incorporation of inorganic bioactive particles [180-183] such as

hydroxyapatite or bioactive glasses has been found to stimulate the cell proliferation.

The scaffold must also be biodegradable or bioresorbable leaving eventually no trace of
its presence. The material by-products should be ones that can be excreted or
metabolised by the body. The degradation and resorption rates must be controllable so
that it can be tailored to match the cell/tissue growth in vitro and/or once it has been
implanted, transfer gradually the mechanical loads from the scaffold to the regenerated
host tissue. Importantly, the mechanical properties of the tissue engineered construct
should also match that of the host tissue and the structure and strength must be

maintained until enough tissue has been regenerated.
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Figure XV. Scanning Electron Microscope (SEM) images of a 3-D polymer matrix made by

electrospinning with a 90:10 DL, lactide-g-caprolactone copolymer from this thesis.

(Co)polyesters are a popular choice of material for tissue-engineered scaffolds and are
suited for the regeneration of soft tissues such as the described below. However, most
tissue-engineered applications are still experimental with limited human trials and
several technological barriers must be overcome in order for clinical use of tissue-

engineered constructs to become routine [184].
Musculoeskeletal system

Tendons connect bones and muscles, while ligaments joint one bone to another. Both
show thick, closely packed collagenous bundles oriented parallel to the longitudinal axis
of each structure with regular sinusoidal waves in the fibrilar matrix [185]. These dense
fibrous connective tissues are considered as viscoelastic materials, transmitting load

with minimal energy loss and deformation [186].

Several approaches are proposed to produce bioengineered tissues for the reconstruction
of anterior cruciate ligament, Achilles tendon or patellar tendon, which are often the
target of traumatic injuries. However, there is still much research required to achieve the
ultrastructural characteristics of the cell-extracellular matrix of these natural tissues. The
poor mechanical properties of the tissue-engineered constructs are a consequence, in
part, of the difficulty of applying proper mechanical-chemical stimuli to the cells as they
proliferate in vitro in their tissue-engineered scaffolds. Current research into the use of

bioreactors that can apply such stimuli in a controlled manner may solve this problem.
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(Co)polyester elastomers are gaining interest in the regeneration of muscles, tendons, or
ligaments thanks to their shape recovery capacity. This property permits a dynamic cell
culture with mechanical stimulation which promotes cell proliferation, extracellular
matrix production, gene expression, etc [187]. By contrast, in non-elastomeric materials
(poly(L-lactide), poly(DL-lactide/glycolide), etc.), this mechanical stimulus could cause

an undesired permanent deformation of the construct.
Cardiovascular system

Cardiovascular disease is by far the most common reason for morbidity and mortality in
the Western world. It comprises malfunction of heart valves, blood vessels, and

myocardium, all of which are subject to tissue-engineering programs [188].

The development of tissue-engineered heart valves is fuelled by the idea of creating a
growing valve for children with congenital cardiac malformations and a totally
autologous biological valve for adults with acquired valve defects. Commercially
available tissue valves include heterograft (porcine and bovine, cross-linked with
gluteraldehyde) and autograft. The disadvantage of these tissue valves is limited
durability (10-15 years). Use of autologous tissue, such as the pericardium, for valve
repair or replacement is a step towards but the goal of several laboratories is to create

heart valves in vitro using stem cell technology.

Vascular replacement or bypass is used to prolong the life of thousands of patients
annually. Blood vessel engineering aims predominantly at generating small-diameter (<
6 mm; e.g., coronary arteries) rather than large-diameter vessels (e.g., aorta, large
mesenteric or femoral arteries), due to the fact that Dacron and other polymers are
already being used in the latter with satisfying results. The supports used as vascular
grafts must be biocompatible (non-thrombogenic, non-inflammatory, non-
immunogenic), be compliant and elastic; they must closely mimic the unique
viscoelastic nature of the artery (elongation at break of ~ 125 % and ultimate tensile
strength of 1 MPa), accommodate pressure changes (and be non-disruptive to blood
flow) and should also be able to “remodel” efficiently: i.e., to allow for growth of a

layer of endothelium in a reasonable period of time [189].
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Finally, myocardial-tissue engineering aims at creating force-developing cardiac tissue
patches to correct cardiac congenital malformations in children (“the growing patch”)
and replace or support heart muscle function after myocardial infarction or in patients
with cardiomyopathies. An alternative to stem cell-mediated cardiac repair is to
associate cells and biomaterials providing an adequate 3D support for transplanted cells,
thereby increasing cell survival and even guiding cell differentiation and fate in vivo.
Biomaterials not only must provide support for the cells but may also mimic the
structural arquitecture of the heart. The constructs should have enough flexibility to
respond synchronically with the myocardium contraction and to effectively transfer the
mechanical stimulus from the myocardial microenvironment to the incorporated cells

[190].
Digestive system

Since the mid-1980s, reconstructing the alimentary tract based on the principles of
tissue engineering has emerged as an alternative treatment to transplantation or the
attempts of substituting native tissue with autogenous tissue derived from another
anatomic location. Recently, tissue engineering has made significant progress in terms
of successfully recapitulating all major structures within the alimentary tract. To date,
esophagus, stomach, small intestine, and large intestine have all been created
experimentally using the methods of tissue engineering and, more importantly,
preliminary studies of these tissue-engineered constructs are beginning to show
evidence for physiological function in a number of animal models. Despite significant
challenges unique to the fabrication of the alimentary tract, ongoing work suggests

enormous therapeutic potential in the years to come [191].
Genitourinary system

Tissue-engineering techniques are currently being investigated for the replacement of
lost or deficient genitourinary structures, including urethra, bladder, male and female
genital tissues, ureter, and renal structures [192]. Kidney is possibly the most
challenging organ in the genitourinary system to reconstruct using tissue-engineering

techniques due to its complex structure and function. Some investigators are pursuing
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the replacement of isolated kidney function parameters with the use of extracorporeal
units, while others are working toward the replacement of total renal function by tissue-
engineered bioartificial structures. Gastrointestinal segments are commonly used as
tissues for bladder replacement or repair. However, these tissues present multiple
complications and investigators have attempted alternative reconstructive procedures,
such as the use of tissue expansion, seromuscular grafts, matrices for tissue

regeneration, and tissue engineering with cell transplantation.

Urothelial defects are fairly common, mainly caused by congenital malformation,
trauma or stricture. Nowadays, they are repaired by traditional reconstructive surgery
using the patient’s own genital tissue or buccal mucosal grafts. However, these
operations are prone to complications, such as fistula formation of urethral strictures,
and alternative methods are needed. Native urethra has a tubular structure; therefore an
ideal biomaterial for urothelial tissue engineering should be elastic to form the tube-like
structure; further, the basement membrane of urothelium is elastic and, therefore, the
elastic biomaterial would mimic the natural growth surface of human urothelial cells.
Additionally, the ideal tissue-engineered urothelium should have a urothelial-specific
surface structure: the cells in the superficial cell layer of native urothelium are large and
frequently binucleated umbrella cells characterized by compact tight junctions and the
presence of defined plaques of asymmetric unit membrane. The native urothelium
expresses intermediate filament proteins, cytokeratins and uroplakins and these proteins
should also be present in the ideal tissue-engineered urothelium. Various natural
biomaterials, such as collagen, small intestinal submucosa or human amniotic
membrane and different synthetic polymers, such as polyglycolide or polylactide have
been studied for urothelial tissue-engineering applications. The problems concerning the
natural biomaterials (poor mechanical properties, xenograft origin and fabrication
difficulties) and the synthetic biomaterials mentioned (hardness and inelasticity) may be

avoided using copolyester elastomers such as poly(L-lactide-co-ge-caprolactone) [193].
Respiratory system

Acute and chronic pulmonary disorders are common causes of morbidity and mortality

throughout life. Since respiration is solely dependent on lung structure and function,
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failure to form adequate lung tissue during morphogenesis and loss of lung tissue
related to acquired or inherited pulmonary disorders are common clinical occurrences
that are often life threatening. While no single system has been developed for
regeneration of functional lung tissue capable of engraftment into the lung, a number of
model systems have been developed that allow the study of various aspects of the
processes that will be required for lung regeneration. The remarkable complexity of the
lung and its requirement for bronchial pulmonary arterial and lymphatic circulations as
well as its connection to the conducting airways and the cardiovascular system present a
considerable engineering hurdle. Various pulmonary cell types can be isolated and
grown under conditions that retain their capacity to reorganize into lung-like structures
in vitro. However, pulmonary cells cannot be readily infused or explanted into airways
or into the pulmonary circulation to induce formation of functional tissue. The study of
lung formation, repair, and tissue engineering will likely provide knowledge regarding
the cellular and molecular processes that allow for future cell- and tissue-based

therapies for the treatment of lung disease [194].
Nervous system

The peripheral nervous system has the potential for self-repair following injury but
clinical success is variable. As previously seen, nerve guidance tubes are the most
promising approach to nerve repair. However, the use of a new generation of nerve
guidance scaffolds that provide controlled release of neurotrophic factors that are
specific to nerve outgrowth, neuronal survival, and nerve sprouting appear to be the key

to achieving a tissue-engineered solution.
Cartilage

Articulating cartilage does not have a blood supply so has little capacity for self-repair.
Tissue-engineered repair of defective cartilage caused by arthritis or trauma could
potentially benefit an estimated 1 million patients per year. Three tissue-engineered
options are available clinically after harvesting chondrocytes from a patient: expand the
cells to a population of millions per cm? in vitro followed by injection into the site of

damage; harvest chrondrocytes as small plugs and transplant them into the defect
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creating a “mosaicplasty”; or grow an expanding cell population on a porous resorbable

fibrous scaffold, followed by implantation into the defect site.
Skin

Many patients need a supply of replacement skin to treat severe burns, loss of skin in
accidents, chronic ulcerations, especially in legs and feet, and for repair of sites where
tumours have been removed. The clinical “gold standard” is use of the patient’s own
skin in the form of a split-thickness autograft. The advantage is the absence of
inmunorejection but the disadvantages are limited availability of normal skin, morbidity
of the site of the autograft and final cosmetic outcome. Tissue engineering of skin
substitutes offer a much needed solution to these problems. The objective is to produce

a “ready to use” skin substitute that performs as well as the patient’s own skin.
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Section 1 Summary

Summary

In this section several copolyesters with a glass transition temperature over 20 °C were
synthesized by ring-opening polymerization and then characterized using different
techniques. They are composed mainly of lactide (L-lactide or D,L-lactide), whose
homopolymer shows a T, at 55-65 °C, while e-caprolactone (Chapter 1) or -
valerolactone (Chapter 2) monomers were added to bring flexibility to the polymer
chain and disrupt the arrangement of the lactide blocks. Both lactide-co-g-caprolactone
and lactide-co-6-valerolactone copolymers present a random distribution of sequences
and an adjusted crystallization capability, and degrade at a very fast rate (far above the
values documented in the literature for the poly(L-lactide)). In view of their mechanical
behaviour these polymeric materials can be employed in the medical field primarily for
the regeneration of soft tissues and for various clinical implants of devices in which an

elastomeric character is desirable.

» Microstructural control has been demonstrated to be a really interesting way to tailor
the properties of the copolyesters. In Chapter 1.1. (Synthesis and Characterization of
Statistical [-lactide-co-e-caprolactone Copolymers with Well-Resolved Chain
Microstructures) several syntheses of statistical poly(L-lactide-co-g-caprolactone)
were conducted at a 75:25 mass feed ratio evaluating the polymerization conditions
(temperatures, times of reaction and comonomer/catalyst molar ratios) in order to
find under which conditions random copolymers are obtained. The mechanisms of
reaction of both catalyst employed, SnOct, and BiSS, differed in the coordination
and activation of the monomers leading to different chain microstructures. BiSS was
found to be less prone to react with lactide, the monomer with higher reactivity, than
SnOct,, and consequently, the desired random copolymers (R — 1) were obtained. In
contrast, the stannous catalyst exhibits a tendency to favor the formation of blocky
sequences (R < 0.6) that provide more capability to crystallize. As a result, the latter
copolymers present a Ty, higher than the corresponding to the random BiSS-
copolymers. Finally, in this study the attachment and proliferation of ADSCs on
some of the obtained copolyemrs were also assessed demonstrating that these

biomaterials are not cytotoxic despite their residual catalyst content.
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In Chapter 1.2. (Effects of Chain Microstructures and Derived Crystallization
Capability on Hydrolytic Degradation of L-Lactide co-e-Caprolactone Copolymers)
the influence on the hydrolytic degradation of the chain microstructure features and
the crystallization capabilities of various statistical L-lactide-co-g-Caprolactone were
studied. Two of the employed PLCLs, despite having similar composition, displayed
completely different performance during the course of degradation owing to their
different randomness character (R = 0.46 vs. 0.96). The blocky copolymer was very
prone to crystallize and undergo more significant supramolecular rearrangements of
their chains. The development of lactide crystalline domains was demonstrated to be
an undesired factor during the degradation process because it dramatically slows
down the degradation rate, inhibits the homogeneous degradation of the biomaterial
and causes greater deterioration in its mechanical properties. In addition, highly
resistant crystalline remnants of low molecular weight are formed which can trigger

foreign body reactions and remain in the human body for years.

In Chapter 1.3. (A New Generation of Lactide-co-e-Caprolactone Copolymers for
Application in the Medical Field) L-lactide and rac-lactide (50:50 mix of L-LA and
D-LA) were copolymerized with e-caprolactone using a catalyst that allows the
random distribution of sequences. D-LA was added, on the one hand, to replace &-
CL, increasing the stress related properties (elastic modulus and strength) and, on the
other hand, substituting L-LA decreases its crystallization capability and enlarges the
amorphous character of the polymer. As a result, the terpolymers of L-LA, D-LA and
e-CL display proper and tunable mechanical behavior, show very little or no
crystallization capability and degrade at a very fast rate while do not generate
resistant crystalline remnants during hydrolytic degradation. This is achieved
because of their controlled D-LA and &-CL average sequence lengths and the
inability to arrange into highly crystalline organized structure of their L-lactide unit

chains.

The mechanical performance of several lactide-co-d-valerolactone copolymers

(poly(L-LA-co-6-VL) and L-LA-D-LA-5-VL terpolymers) was studied in Chapter
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2.1. (Tensile Behaviour and Dynamic Mechanical Analysis of Novel Lactide-co-o-
Valerolactone Copolymers) by means of mechanical testing at 21 and 37 °C and
dynamic mechanical analysis (DMA). Noteworthy improvements in stiffness and
strength were achieved by adding 8-VL to the reaction mix instead of &-CL, although
both monomers have analogous chemical properties. Poly(lactide-co-o-
valerolactone)s, having higher T,s than the poly(lactide-co-ge-caprolactone)s of equal
composition, may be more attractive in some medical applications, when highly
flexible and deformable materials with adequate mechanical strength are both

required.

» When a biodegradable material is implanted in the human body, medical staff have
to know how it is actually going to behave. Therefore, several parameters should be
taken into consideration when designing and producing a medical device. For a better
understanding of the mechanism of hydrolytic degradation of the copolyesters, in
Chapter 2.2. (In Vitro Degradation Study of Biopolyesters Using Lactide-co-o-
Valerolactone Copolymers) the most important factors were evaluated in a study
carried out on poly(lactide-co-6-valerolactone). The results probed that water
absorption is the key factor in the degradation process and it was favoured by the
resistance of polymers to crystallize, the presence of large amorphous domains and
the decrease in microstructural stereoregularity of the polymer chains. Therefore, the
copolymers that displayed higher levels of water uptake also presented the fastest

degradation rates.
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Microstructures
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Abstract

In view of the improved properties of elastomeric copolymers with a random
distribution of sequences (randomness coefficient (R) —>1), several synthesis of
statistical poly(L-lactide/e-caprolactone) (PLCL) at a 75:25 mass feed ratio were
conducted evaluating the polymerization conditions (temperatures, times of reaction and
comonomer/catalyst (M/C) molar ratios). The mechanisms of reaction of both catalyst
employed, SnOct, and BiSS, differed in the coordination and activation of the
monomers leading to different chain microstructures. BiSS was found to be less prone
to react with the monomer with higher reactivity, i. e., lactide (LA), than SnOct,, and
consequently, the desired random PLCLs (R > 0.85) were obtained. In contrast, the
more reactive SnOct; exhibits a tendency to favour blocky sequences (R < 0.6) that
provide more capability to crystallize. The random BiSS-PLCLs showed crystallinity
with lower melting temperature (Ty,) than moderately blocky SnOct,-copolymers, being
both influenced by the average lactide block length (/L) obtained, a parameter affected
by the LA content and R. The Ty, values increase from 82 to 125 °C when /i only rises
from 3.3 to 5.4, whereas the corresponding T,, of the SnOct,-PLCLs is in the range of
148-163 °C despite the wide range of /15 (5.4-23.5). Also indicative of the high
sensitivity to microstructural chain aspects of the copolymers, the crystallinity degree
(X.) of the PLCLs grows in a logarithmic manner shifting quickly from 2.0 % to around
20.0 % when [ 5 increases from 3.3 to 5.0. Finally, the adhesion and proliferation of
adipose derived mesenchymal stem cells (ADSCs) on some representative PLCLs were
successfully performed with no signs of cytotoxicity despite in some cases of the

presence of a slight residual amount of toxic tin.
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1.1.1. Introduction

Stannous octoate (SnOct;) is the most commonly used initiator/catalyst for ring-opening
polymerization (ROP) of cyclic esters (including cyclic carbonates and cyclic
oligoesters). Several factors are responsible for this fact starting by an excellent
performance that provides high conversion and reaction rates and makes high molar
masses accessible. In addition, SnOct; is easy to handle, displays good thermostability
and is soluble in common organic solvents and monomers [1-3]. SnOct, has been
approved by the Food and Drug Administration (FDA) as a food additive, yet it is
slightly toxic [4].

The ROP of cyclic esters induced by SnOct, is carried out in the presence of active
hydrogen compounds [5-6] and several mechanisms have been proposed. Some authors
consider SnOct, to be merely a catalyst [6-9]. In every propagation step, a hydroxyl-
group-containing compound (eg. H,0, alcohol or a macromolecule with an —OH at its
end) reacts with one monomer unit in presence of the catalyst. It is important to stress
that, according to this group of mechanisms, SnOct, either “free” or complexed,
survives during polymerization and is not converted into any other species chemically
different. There is a second group of authors that assume that SnOct, must be converted
into tin alkoxides in order to initiate polymerization [10-11]. Evidence in support of this
mechanism was provided by Kowalski and co-workers [12] by both a direct observation
of Sn atoms in the polyester chains and kinetics studies. Admitting this mechanism of
reaction, the possible toxicity of the residual amount of tin in the material is an

important issue in SnOct; initiated polymerizations.

When an absorbable polymer is used as a material for a medical implant application, the
metal catalyst is exposed to the body during its degradation and, above threshold
concentrations, may have harmful effects. Therefore the metal catalyst residual content

must be reduced as much as possible. Regarding SnOct,, the FDA has set a threshold
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limit of 20 ppm maximum residual tin in commercially used medical polymers, being

thus essential not to exceed the said threshold [3].

A number of different purification procedures for SnOct,-containing materials have
been reported [13-16], however, the final properties of the biomaterial can be affected
by acid/organic solutions used during the extraction techniques. Decreasing the initial
amount of catalyst is another strategy to reduce the residual amount of tin, however in
this case the impact on the final conversion, reaction control, molecular weights etc.

have to be evaluated.

Using less toxic catalyst/initiators with a performance similar to that of tin compounds
is the alternative that is explored in this work. Among the potential catalysts, bismuth
salts or complexes, such as the bismuth subsalicylate (BiSS), are outstanding for their
low toxicity [3]. In this context, some studies concerning toxicity [17] have
demonstrated that bismuth compounds belong to the least toxic heavy metal
compounds. Bi*" performs even better than Zn®', although small amounts of zinc are

needed in the human metabolism.

Bismuth subsalicylate, under the U.S. trademark Pepto-Bismol, has been used for at
least one hundred years as drug against gastro-intestinal complaints, such as diarrhea,
nausea, heart burn, indigestion, etc [18-20]. This bismuth salt has been also
demonstrated to be useful as catalyst/initiator for homo- and copolymerizations of
lactones and lactides [21-23]. An interesting result was the finding that BiSS favored
the presence of less blocky sequences than those copolylactones prepared with SnOct,

under identical conditions [23].

The microstructural control is particularly relevant to tailor the properties of
copolymers, yet it is usually a forgotten parameter when developing new biomaterials
and when judging their behaviour for medical uses. Depending on the synthesis
conditions, the relative rates of incorporation of each comonomer and the catalyst
nature, different distribution of the sequences of the comonomers building blocks can be
obtained [24-29]. The randomness character value (R), which relates the number

average sequence length values (/;) determined by NMR to the Bernoullian random

80



Section 1. Copolymers of high glass transition temperature Chapter 1.1.

number-average sequence lengths (/i)random, can be used as a comparative parameter in
the chain microstructure discussion. In this way, the R coefficient is equal to 1 for
completely random chains and 0 for diblock copolymers while values above 1 indicate

increased concentration of alternating sequences.

Higher degree of randomness improves the solubility in organic solvents and allows a
more homogeneous hydrolytic degradation [25-27]. At equal comonomers content,
random copolymers are more amorphous than others with higher block unit’s
distribution, exhibiting fastest degradation rates, and even, at certain copolymer
compositions, maintaining their amorphous structure during degradation [26]. In
addition, other properties of statistical copolymers, including thermal and mechanical
properties and resistance to physical aging, are strongly dependent on chain
microstructure [30-31]. In a previous work [30], we studied three statistical poly(L-
lactide-co-g-caprolactone) (PLCL) of 70 % L-lactide content having different chain
microstructures ranging from moderate blocky to random (R = 0.47, 0.69 and 0.92,
respectively). The results demonstrated that higher randomness character (R — 1) limits
the capability of crystallization of LA-unit sequence shifting the melting temperature of
the copolymers to lower values and reducing the crystallinity fraction substantially. As a
consequence, the PLCL with a shorter average length of lactide unit sequences was
found to exhibit higher strain capability and strain recovery values and was less prone to
supramolecular arrangements during its storage at room temperature (21 = 2°C). On the
basis of the above, improving the randomness of copolyesters may be an issue of great

interest [32-34].

In this work several statistical poly(L-lactide/-e-caprolactone) at a 75:25 mass feed
ratio were synthesized in bulk by ROP. Either SnOct, or BiSS were added as
catalyst/initiator under different polymerization conditions, that is, varying the
temperatures, the times of reaction and the comonomer/catalyst molar ratios. The aim is
to evaluate the different synthesis in order to find under which conditions random
copolymers are obtained. In addition, in this study the attachment and proliferation of
adipose derived mesenchymal stem cells (ADSCs) on some of the obtained materials

were also investigated to evaluate the cytotoxicity.
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Copolymer composition and chain microstructure of the PLCLs were investigated by
means of proton and carbon nuclear magnetic resonance spectroscopy (‘'H NMR and *C
NMR), their molecular weight distribution was determined using gel permeation
chromatography (GPC) measurements and the phase structure was studied by analysis
of thermal transitions determined by differential scanning calorimetry (DSC). Finally,
the cytotoxic evaluation of the materials was studied by means of a colorimetric MTT
assay of ADSCs, whereas the adhesion was investigated on films by scanning electron

microscopy (SEM).

1.1.1. Materials and methods

Materials

L-lactide monomer (assay > 99.5 %) with < 0.02 % of water content was supplied by
Purac Biochem (The Netherlands). e-caprolactone monomer (assay > 98 %) was
provided by Merck. Stannous octoate (assay 95 %) and bismuth (III) subsalicylate (99.9
% metals basis) were obtained from Sigma Aldrich. The methanol and chloroform were
utilized as received. Sulfuric acid (98 % assay) and nitric acid (67 % assay) were
employed in the digestion of the samples previous to their introduction to ICP-AES

(Inductively Coupled Plasma with Atomic Emission Spectroscopy).
Synthesis Procedure

The synthesis reactions were carried out in a flask, immersed in a controlled
temperature oil bath. In each polymerization, predetermined amounts of LA and &-CL at
a 75:25 mass feed ratio were simultaneously added and melted. The flask was purged
for 30 minutes with a nitrogen stream under the surface of the melt. Then, the catalyst
(either stannous octoate or bismuth subsalicylate) was added using the chosen
comonomers:catalyst feed molar ratio. The magnetic stirrer was maintained at 100 rpm.
After the corresponding time of reaction, the product was dissolved in chloroform and

precipitated pouring the polymer solution into excess of methanol in order to remove
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the catalyst impurities and the monomers that did not react. Finally, the product was

dried at 45°C under vacuum until it reached constant weight.
Methods

The thermal properties were determined on a DSC Q200 (TA Instruments) calibrated
with pure indium and sapphire standards. Samples of 5-9 mg were cooled at -85°C and
heated to 185°C at 20°C min™ in a first scan. This was used to determine the melting
temperature (Ty,) and the heat of fusion (AH.,) of the copolymers. The degree of
crystallinity (X;) in % was calculated from eq. (1), having proven previously by X ray
diffraction that only lactide units in those PLCLs are able to crystallize [35].

100AH,

%) =———m
OOTma

where AH,," =106 (J ¢! of PLLA) is the enthalpy of fusion of PLLA crystals having the infinite crystal
thickness [36] and (LA*) is the actual (experimental) lactide mass fraction in the copolymer obtained by

NMR.

Then, samples were quenched in the DSC and a second scan was made from -85 to
185°C at 20°C min" to determine the glass transition temperatures (Ty) from the

inflection point of the heat flow curve.

Gel permeation chromatography (GPC) measurements were performed with a Waters
1515 chromatograph apparatus equipped with a Waters 2414 refractive index (RI)
detector. The Styragel columns were calibrated with polystyrene standards at 50 mV of
signal. The samples were prepared at a concentration of 10 mg in 1 mL. Chloroform
was used as the mobile phase at a flow rate of 1.0 mL min™. Since polystyrene
standards were used, it should be taken into account that the real molar masses of the
polyesters of this work are lower than those determined with polystyrene calibration

[37-38].

Proton and carbon nuclear magnetic resonance ("H NMR and "*C NMR) spectra were

recorded in a Bruker Avance DPX 300 at 300.16 MHz and at 75.5 MHz of resonance
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frequency, respectively, using 5 mm O.D. sample tubes. All spectra were obtained at
room temperature from solutions of 0.7 mL of deuterated chloroform (CDCIl;).
Experimental conditions were as follows: a) for '"H NMR: 10 mg of sample; 3 s
acquisition time; 1 s delay time; 8.5 Us pulse; spectral width 5000 Hz and 32 scans; b)
for *C NMR: 40 mg, inverse gated decoupled sequence; 3 s acquisition time; 4 s delay

time; 5.5 Ws pulse; spectral width 18800 Hz and more than 10000 scans.

The signals of the lactide methine, centered at 5.15 ppm, and the signals of the o and ¢
methylenes of the e-caprolactone, around 2.35 and 4.1 ppm, from the 'H NMR spectrum
can be assigned to the different dyads [24]. The copolymer composition and the
microstructural magnitudes of the copolymers were obtained from the average dyad
relative molar fractions. Equations 2-5 [39] were employed to obtain the number-
average sequence lengths (/;) of LA and CL building blocks, the Bernoullian random

number-average sequence lengths (/i)random and the randomness character (R):

- 2(LA) = 2(cL) @)
(LA -CL) (LA-CL)
1 1
ZLA random =— ’ ZCL random =
i = ey 3 e =5 3)
R - (lLA)random - (ZCL)random - (LA-CL) (4)

I lo  2(LA)cL)

where (LA) and (CL) are the two comonomer molar fractions, obtained from the integration of the
lactide methine signals and the e-caprolactone methylene signals, and (LA-CL) is the LA-CL average

dyad relative molar fraction.

The composition of the PLCL copolymers was also calculated from the integral areas of
bands of the carbon signals present in '*C NMR spectra [40]. The region of B and y
methylene carbon atoms [31] was employed for obtaining the randomness character

from eq. (5).

| +1

— _CL-CL-CL LA-CL-CL +1 (5)

/
T T

cL where CL-CL-LA

R - (lCL)random

LA-CL-LA
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Two types of transesterification reactions were introduced, i.e., the first and second
modes [40-41]. Lactide (LA or LL) undergo bond cleavage, which leads to the
formation of —CL-L-CL- and -CL-L-L-L-CL- sequences, both with an odd number of
lactydil (L) units. This phenomenon is named second mode of transesterification with

the coefficient defined as follows:

T__«l—L—GD
" (CL-L-CL),

where (CL-L-CL) is the experimentally determined concentration of the CL-L-CL sequences from the

BCNMR spectrum at 170.9 ppm and (CL-L-CL)y is the calculated concentration for completely random

chains:

k2
(k+1)’

(CL-L-CL), =
where k = (CL)/(LA)

The tin content analysis was performed using ICP-AES (Inductively Coupled Plasma
with Atomic Emission Spectroscopy). Previous to the introduction to the ICP-AES,
samples of 1g of copolymer were degraded by SmL of a hot 50:50 (volume ratio)
HNOs: H,SO4 solution, microfiltered through 0.45 um pore size filters and dissolved in
distilled water. A commercially available tin standard solution (1000 pg/mL Tin in 2 %
HNO; and 0.5 % HF, produced by High-Purity Standards) was used as standard in the
calibration of the instrument. Experimental conditions in the measurements were as
follows: 1200W of power; 12 L/min of Ar plasma flow; 0.2 L/min of Ar sheath flow;
1.0 L/min of nebulizer flow; Ar as humidifier. The results are the average of the

measurements collected at three different wavelength of emission of Sn (at 235.484 nm,

242.949 nm and 283.999 nm).
Cell Culture studies
Human Mesenchymal Stem Cells

Primary cultures of human adipose-derived stem cells (ADSCs) were kindly supplied by
Histocell S.L. Cells were cultured in Dulbecco’s modified Eagle’s medium with high-

glucose (DMEM+GlutaMAX; Gibco BRL, USA) containing 10 % Fetal Calf Serum
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(Biochrom, Cambridge, UK), 2mM glutamine and 1 % antibiotic-antimycotic (Bio
Whittaker, Cambrex) and maintained in a humidified atmosphere (5 % CO2, 95 %
relative humidity) at 37 °C. Medium changes were made every 3 days. ADSCs were
used for the experiments at passages 2 — 5. Exponentially growing cell cultures were
used in all experiments. Subconfluent cell monolayers were dissociated by a brief
exposure to ethylenediaminetetraacetic acid (EDTA 0.5 mM)-Trypsin (0.02 mM) in
phosphate-buffered saline (PBS) and centrifuging; the pellet was resuspended in Hank’s
solution and cells were enumerated with a Coulter counter. Viability, as determined by

Trypan blue exclusion, ranged from 95 to 98 %.
In vitro citotoxicity test

For in vitro citotoxicity tests, films of thickness 175-225 um, previously prepared by
solvent casting using chloroform, were sterilized by ethanol. The ratio of material
surface to extract fluid was constant and equal to 6 cm*/ml, according to ISO 10993-12
[42], and the time of extraction was 24 h at 37 °C in a humidified atmosphere containing
5 % CO,. To provide the basis for a comparison of the effects of the test material, we
used standard culture medium (DMEM+GlutaMAX), a negative control (High-Density
PolyEthylene, USP Rockville, USA) and a positive control (Polyvinyl chloride, Portex
Ltd, UK).

To assess the short-term cytotoxicity of the developed polymers, ISO/EN 10993 part 5
guidelines were used: medium extraction with a 24 h extraction period and MTT assay
to establish the possible toxic effects of leachables released from polymers during
extraction [43]. ADSCs (4x10° cells/well) were plated in 96-well clusters, which were
used for cytotoxicity assays. All cultures were incubated in corresponding medium for
24, 48, and 72 h. Toxicity was determined by a colorimetric assay (Cell Proliferation
Kit I MTT, Roche, Basel, Switzerland). Briefly, viable cells are able to reduce the MTT
to formazan pigment, which was dissolved by 100 pl dimethyl sulphoxide (DMSO)
after removal of the culture medium. The cell number per well was proportional to the
absorbance recorded at 540 nm using an ELISA plate reader. Experiments were
performed by triplicate and each assay was repeated three times. Mean values and their

standard deviations were estimated.
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Cell Adhesion and Morphology by Scanning Electron Microscopy (SEM)

The adhesion and morphology of ADSCs was assessed by SEM. Before cell seeding,
the PLCL films (175-225 um of thickness) were sterilized by ethanol and pre-wetted
with standard culture medium containing 10 % PBS during 24h in ultra-low cluster flat-
bottom 24 well tissue culture plates. ADSCs (5%10* cells) were thereafter suspended in
30 ul of culture medium, seeded onto each sample, and incubated for 2 h to allow cell
attachment (37 °C, 5 % CO,, 95 % relative humidity). When cells were attached, an
additional 1 ml of culture medium was added into each well. After 72 h of incubation,
the samples were washed twice with pre-warmed PBS, fixed with 2 % glutaraldehyde in
cacodylate buffer (0.1 M pH = 7.4) for 2 h at room temperature and post-fixed in 1 %
OsOq for 1 h, washed in PBS and subjected to a graded ethanol series and dried through
the CO; critical point. Finally, samples were sputter-coated with a thin layer of gold and
observed in a Hitachi SEM (Hitachi S-3400N). The voltage used was 15.0 kV. The
working distance was ranging from 28.0 to 30.0 mm, depending on the sample. Relating

to magnification selected for SEM images, we used a range from 250 to 1000x.

1.1.3. Results and Discussion

Influence of the synthesis conditions

Using SnOct; as catalyst/initiator

Several poly(L-lactide-co-e-caprolactone) (PLCL) were synthesized with stannous
octoate (SnOct,) in order to evaluate the influence of the monomers/SnOct, molar ratio
(M/C). The polymerizations were carried out for 24 hours, however, at the highest M/C
ratios longer times of reaction were necessary to obtain substantial yields. The
copolymerization results are summarized in Table 1. Figure 1 represents graphically the

dependence of molecular weights and conversions on M/C molar ratio.
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Table 1.

copolymers synthesized at 140 °C with different Monomers/SnOct, molar ratios.

NMR characterization, thermal properties and GPC measurements of the statistical PLCL

nd
Sample Cg,;“’:l‘:;‘l;':)“l Yield M, @ D 1 DSC scan DZSC MI:Z; ‘;;tirt:‘l;t:srza'
scan
M/IC | %LA  %CL | (%) m‘z‘ll_l (0T('j") 3‘;';') (i;:) (% ha  lo  Rs Re R

100024h | 730 | 270 | 883 1302 190 | 1563 @ 244 | 298 = 289 | 862 315 043 047 045
150024h | 723 | 277 | 858 1378 197 | 1603 245 | 301 | 316 | 917 338 041 039 040
200024h | 741 259 | 852 1444 182 | 1567 242 2001 298 | 7.94 273 049 052 0.0
220024h | 730 270 | 885 1471 208 | 1577 229 279 303 | 730 270 051 050 0.0
250024h | 742 | 258 | 871 1582 195 | 1577 243 | 292 314 | 855 294 046 045 046
300024h | 749 | 251 | 702 898 | 162 | 1496 172 205 249 | 575 188 071 073 072
400024h | 819 | 281 | 715 | 728 | 143 | 1209 196 | 217 | 320 | 635 137 089 091 | 0.90
400048h | 722 | 278 | 836 1061 175 | 1487 150 | 185 = 249 | 535 205 068 068 0.68
100005d | 778 | 222 | 819 1052 170 | 1283 189 | 219 289 | 631 185 070 071 070
2000012d | 735 265 | 832 0 979 | 172 | 1310 182 221 294 | 643 223 060 067 064

! Calculated averaging the copolymer composition obtained by '"H NMR and “C NMR

2 laand Ic were calculated from '"H NMR spectra and R is the average value of the randomness character obtained by 'H

NMR (Ry) and *CNMR (R¢)
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Figure 1. Dependence of molecular weights and conversions on M/C molar ratio.
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As can be seen, the highest weight average molecular weights (M,, = 144.4-158.2 kg
mol™) and yields of reaction (~ 87 %) were obtained at 2000-2500 of M/C ratio. When
more SnOct, was added (at lower M/C ratios), the rate of reaction was increased and the
copolymer composition was closer to the feed composition (70.4 % molar content of
LA) at the cost of losing molecular weight. At M/C ratios higher than 4000, low
amounts of catalyst were employed requiring long times of reaction to obtain optimum
results. As an illustration, 12 days of reaction were needed to get, at an overall
conversion of 83.2 %, a PLCL having around 50 ppm of Sn (M/C = 20000) and 97.9 kg

mol™! of M,,.

With regard to the chain microstructure parameters, it is noted that the randomness
character (R) approached to 1 increasing the M/C ratio. Therefore, the value of R is 0.4-
0.5 for M/C = 1000-1500, 0.5 for M/C = 2000-2500, 0.7 for M/C = 3000 and 0.9 for
M/C = 4000. Nevertheless, the time of polymerization might also have influence on the
repeat unit distribution of sequences and, for this reason, random copolymers (R — 1)

were not obtained at advanced states of reaction.

Table 2. Tin content measured by ICP-AES compared with the calculated values on the assumption that

all the tin becomes part of the copolymers.

Sample Expected Measured
M:C) Sn content (ppm) | Sn content (ppm)
1000 24h 1055 1018
2000 24h 498 535
3000 24h 417 360
4000 24h 307 305

The tin content was measured by ICP-AES for some of the PLCLs of Table 1 proving
that all the tin is held within the polymer structure, refuting the mechanisms of reaction
[6-9] that assumes that the SnOct, survives during polymerizations as such. As can be
seen in Table 2, the measured values are very similar to the calculated on the

assumption that all the tin becomes part of the copolymers.
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A: Sn(Oct), + ROH «<OctSnOR + OctH
B: OctSnOR +ROH < Sn(OR), + OctH

C: ...-SnOR+nLA/CL e ...-SnO-(la/cl),-R

..-Sn0O-(la/cl),-R + OctH <« ...SnOct + HO-(la/cl),-R
..-SnO-(la/cl);-R + ROH <« ...SnOR + HO-(la/cl),-R
..-SnO-(la/cl),-R + OctH <« ...SnOH + Oct-(la/cl),-R
..-SnO-(la/cl),-H + OctH «> ...SnOct + HO-(la/cl),-H
..-SnO-(la/cl),-H + ROH « ...SnOR + HO-(la/cl),-H
..-SnO-(la/cl),-H + OctH «> ...SnOH + Oct-(la/cl),-H

AN AW =

7...SnOH+n LA/CL « ...SnO-(la/cl),-H

Figure 2. General scheme of reactions in LA/CL/SnOct,/ROH system.

Figure 2 presents a scheme of reactions for the LA/CL/SnOct,/ROH system based on
the reactions proposed by Kowalski et al. [10] for a LA/SnOct,/ROH system. The
reactions “A” and “B” involve the formation of the initiating species (OctSnOR,
Sn(OR), and their derivatives) by means of the reaction of SnOct, with ROH (H,O or
impurities provided by the monomers or the catalyst). Afterwards, these alkoxides
initiate the reaction “C” with the comonomers. The polymerizations proceed on the —
Sn-O- bonds of the growing species, presumably by a coordination-insertion
mechanism. If excess of SnOct; is added, more octanoic acid (OctH) is formed and the
termination reactions “1”, “3”, “4” and “6” occur, inhibiting the growing of the
copolymer chains. Conversely, if a low amount of catalyst is employed, the
concentration of the initiating species is too small and the polymerization proceeds at a
very slow rate. On the other hand, if there is ROH in excess in the medium, the
termination reactions ‘“2” and “5” take place to a larger extent competing with the
growing of the copolymer chains (—SnO-(la/cl),-R) while more OctH is also produced
in the initiation. In view of the above, it can be concluded that there is an optimal M/C
ratio to synthesize polymers with high molecular weights and, in this case, it is in the

range of 2000-2500 mol/mol of monomers/SnOct; ratio.

A second series of SnOcty-initiated copolymerizations were also conducted with
variation of the temperature and the time of reaction. The synthesis results are

summarized in Table 3. Comparing these results of the copolymerizations performed for
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8 hours of reaction using a M/C ratio of 2500 at 130, 140, 150 and 160 °C (the top four

synthesis of the Table), it can be seen that higher rates of reaction were obtained rising

the temperature of reaction. The copolymerization of LA at lower temperatures was

much faster than that of CL, so that LA monomers polymerized first whereas the CL

units reacted later. On the contrary, at higher temperatures the reactivities of the two

comonomers were more similar due to the increased reactivity of CL. Therefore, after 8

hours of reaction the PLCL synthesized at 130 °C only had a 4.7 % of CL content, 98.5

kg mol™ of M,, and 1.26 of dispersity (D), while the overall conversion was only 48.2

%. On the contrary, the incorporation of CL units into polymer chains was almost

complete when polymerizing at 160 °C and the values of M, and D were 177.2 kg mol™

and 2.27, respectively. The yield of reaction was almost 88 %.

Table 3. NMR characterization, thermal properties and GPC measurements of the statistical PLCL

copolymers synthesized with SnOct, at different temperatures and times of reaction.

2nd

age 1

Sample Coomposmon Yield M, D 1" DSC scan DSC Microstructural Magnitudes’

(% molar)
scan
T AH X. T,
M/C | %LA  %CL | (%) @ X8 m m . e
’ mor” O 0g) @  co M b R Re R

2500

130°C 8h 95.3 4.7 48.2 98.5 1.26 | 162.7 332 32.5 50.2 23.53 1.20 0.88 0.88 0.88

14%)2?308h 86.3 13.7 76.7 144.9 1.79 | 160.2 30.2 32.0 45.5 12.42 2.06 0.57 0.56 0.57
2200 77.3 22.7 84.8 189.7 {218 | 1525 24.5 28.5 31.3 8.00 2.35 0.55 0.51 0.53

150°C 8h

16%)220% 73.8 26.2 87.5 1772 227 | 1488 21.1 25.5 24.1 7.07 2.58 0.53 : 0.50 0.52
2500

130°C 24h 77.0 23.0 84.0 139.3 1.73 | 160.3 25.9 30.2 35.0 9.48 2.76 0.47 0.46 0.46
2500

140°C 24h 74.2 25.8 87.1 158.2 1.95 | 157.7 243 29.2 314 8.55 2.94 0.46 0.45 0.46
2500

150°C 24h 71.6 28.4 88.2 175.6 : 2.36 | 150.0 17.1 21.2 29.3 6.45 2.49 0.56 0.54 0.55
2500

130°C 48h 73.1 26.9 88.1 1949 220 | 157.7 22.5 27.4 349 7.22 2.73 0.50 0.48 0.49
5000

150°C 24h 74.0 26.0 86.9 129.8 1.90 | 1532 21.6 26.1 24.1 7.30 2.50 0.54 0.55 0.54
5000

150°C 48h 72.3 27.7 82.5 110.7 1.96 | 156.6 26.4 32.5 24.9 8.70 3.25 0.42 0.43 0.42
10000

150°C 3d 71.8 28.2 81.7 129.2 1.85 | 148.2 16.5 20.4 25.6 5.65 2.15 0.64 0.66 0.65

! Calculated averaging the copolymer composition obtained by "H NMR and *C NMR.

2l aand I were calculated from '"H NMR spectra and R is the average value of the randomness character obtained by H

NMR (Ry) and *CNMR (Rc).
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As well as the M/C ratio, the time of reaction also affects the chain microstructure
parameters. As the polymerization progresses and more CL reacts, the randomness
coefficient (R) decreases. As an illustration, R is 0.88 after 8 hours of reaction at 130 °C
and 0.46 after 24 hours of reaction. These PLCLs synthesized with SnOct, seem to be
build by hard LA-rich domains and soft CL-rich chains formed later, which at short
times of reaction were not formed yet. In the case of the copolymers synthesized at
higher temperatures, the LA-rich domains might have a larger CL content whereas the
CL building blocks might have more LA units, shortening the number average sequence
lengths (/4 and /¢y ) of the copolymers. That is why in a previous work [24] we found a

predominant formation of copolymers with less blocky character at higher temperatures.

Reactions of depolymerization may appear at high temperatures (> 150 °C) or at long
times of reaction and, in consequence, the M, and D grew only with the time of reaction
up to a certain limit. Due to this fact, the PLCL synthesized at 150 °C and M/C = 2500
for 8 hours has larger M,, than the corresponding to 24 hours whereas the
copolymerized at 150 °C with M/C = 5000 for 24 hours has larger M,, than the
corresponding to 48 hours. On the other hand, it is also noted that transesterification

reactions were negligible during the entire study with SnOct,.

Polymerizing with a M/C molar ratio of 2500, synthesis conditions of 160 °C and 8
hours of reaction / 150 °C and 24 hours of reaction / 140 °C and 24 hours of reaction or
130 °C and 48 hours of reaction were established as optimal to obtain highest yields and
molecular weights as well as a copolymer composition closer to the feed composition.
SnOct, shows a marked tendency to favor blocky sequences (R <  0.6). However,
depending on time, temperature and M/C molar ratio, some random copolymers can be
achieved, e.g. R was 0.90 when polymerizing with a synthesis conditions of M/C =
4000, 140 °C for 24 hours of reaction. It is nevertheless worth mentioning that the
yields of reaction are not really ideal and the feed composition has to be adjusted to
fulfill the requirements. Moreover, an extra purification stage may be needed to reduce

the residual content of metal catalyst not to exceed the limit set by the FDA.
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Using BiSS as catalyst/initiator

Two series of copolymerizations using bismuth subsalicylate (BiSS) were performed
with variation of M/C molar ratio, temperature and time of reaction. While SnOct,
imparted a yellow colour to the transparent molten mass, the bismuth salts imparted a
greyish colour of decreasing intensity at lower reaction temperatures or at lower
concentration of Bi-salts. Table 4 summarizes the characterization results of the PLCL
copolymers synthesized at 140 °C with different Monomers/BiSS molar ratios. Figure 3
represents graphically the dependence of molecular weights and conversions on M/C

molar ratio.

Table 4. NMR characterization, thermal properties and GPC measurements of the statistical PLCL

copolymers synthesized at 140 °C with different Monomers/BiSS molar ratios.

Composition' 2 Microstructural
Sample Yield M, D 1" DSC scan DSC
(% molar) sean Magnitudes’
kg Tar/ Ty T AH,, X T
M/C %LA | %CL (%) el g g R R R
mol” C) T N O I e e T

500
140°C 48h 70.8 29.2 77.4 69.0 : 222 49/57.9 82.6 1.6 2.0 16.6 | 333 1.33 1.05 1.08 1.07 : 0.63

1000
140°C 48h 72.1 27.9 76.0 82.5 | 1.89 9.2/559 101.9 7.1 8.7 225 | 3.59 1.36 1.01 1.02 1.02 | 0.39

1300 74.2 25.8 83.8 859 : 1.86 | 19.8/55.2 115.7 140 ; 168 : 246 | 4.01 1.41 096 : 097 : 097 : 022
140°C 48h
14105:,%03(1 73.2 26.8 923 793 1.81 6.6/57.7 111.6 7.3 8.9 18.8 | 3.69 1.37 1.00 @ 1.01 1.00 0.40
143((,)&)(1‘8}1 77.7 22.3 66.9 799 : 1.83 | 21.8/52.0 122.0 17.1 19.8 : 282 | 485 138 0 093 : 094 : 094 | 0.14
1420(3,%03(1 74.1 25.9 81.1 84.0 | 2.00 | 17.6/52.3 117.8 13.5 163 | 26.8 | 4.00 140 @ 096 | 094 @ 095 | 0.21
14(2)‘;5((3)(118h 78.4 21.6 68.8 64.0 | 1.75 | 23.8/52.7 124.7 176 | 202 | 319 | 529 1.41 090 | 0.89 | 0.89 | 0.16
1450(3’%06d 75.9 24.1 75.5 80.8 : 1.84 | 18.0/55.2 122.5 169 | 20.0 : 26.1 5.00 1.56 @ 0.84 | 088 @ 0.86 i 0.10

! Calculated averaging the copolymer composition obtained by 'H NMR and “C NMR

2l aand Ic were calculated from '"H NMR spectra and R is the average value of the randomness character obtained by 'H
NMR (Ry) and *C NMR (R¢)

Compared to SnOct,, BiSS is slightly less reactive so that longer reaction times were

needed to achieve similar conversions. Furthermore, copolymers having a lower weight

93




Section 1. Copolymers of high glass transition temperature Chapter 1.1.

average molecular weight (M,, < 90 kg mol™) were synthesized. An interesting point
was to see that BiSS favored the formation of alternating dyads LA-CL and alternating
triads LA-CL-LA. Their predominance brings about the shortening of the number
average sequence lengths (/po and /cp) of the copolymers and, as a result, the
randomization of their morphology. The randomness coefficient (R) was in every

copolymer higher than 0.85 proving a low level of blocky character.

As can be seen in Figure 3, the highest weight average molecular weights were obtained
at a M/C ratio of 1500. At higher or lower M/C ratios the yields of reaction dropped and
lower molar mass copolymers were prepared. According to previous studies [23] and in
view of these results the BiSS polymerization pathway involves the same mechanism
established for SnOct, in Figure 2. This mechanism consists of an activation of the
catalyst/initiator by a reversible exchange with the ROH. Nevertheless, the
polymerization mechanisms of SnOct, and BiSS entail characteristic differences in the
coordination and activation of different monomers. Kricheldorf et al [23] discussed a
hypothetical reaction mechanism for the predominant formation of alternating triads,
however, a reaction mechanism providing a satisfactory explanation does not exist at

this time [3].

120 100

1104

] —O— M, 130°C 3 days
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90
] e - 90
i / 4
0d & \

~ o
> - 85
g 60 ] [ ] ‘ g
Ech g
= 50 - 80 g
N
S5 40+ 5
30 4 Conversion (%) m75

== 140°C 2 days

204 L 70

10 ﬂ L
0 T T T T T T ’T‘ T T 65
500 1000 1500 2000 2500

Monomers:Catalyst (molar ratio)

Figure 3. Dependence of molecular weights and conversions on M/C molar ratio. Characterization results

of these copolymers are given in Table 4 and 5.
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The second mode of transesterification (Ty;), which represents the -CL-L-CL- sequences
with an odd number of lactydil units, was detected in all the *C spectrum of the
synthesized PLCLs demonstrating the higher transesterification activitity of BiSS in
contrast to SnOct,. This Ty coefficient was found to shift to higher values, either
increasing the amount of catalyst, that is, decreasing the M/C ratio, or extending the
reaction time. However, this finding might be related to the increased CL content in the
composition of those copolymers. It should be stated that these transesterification
reactions do not affect the rate of polymerization, but yet may reduce the molecular

weights of the copolymers obtained.

Regarding the chain microstructure distribution of sequences, higher M/C molar ratios
resulted in higher R values and, consequently, shorter repeat unit length values of LA
and CL. In some cases, R was even higher than 1, e.g. PLCLs using M/C ratios lower
than 1000. This fact can be explained by the transesterification reactions occurring
during the synthesis or also could be an evidence of the presence of alternating

sequences (-LA-CL-LA-CL-LA-CL-) in the copolymer chains.

A second series of BiSS-initiated copolymerizations were also conducted varying the
temperature and the time of reaction and the results are summarized in Table 5.
According to these results, the PLCLs synthesized at 130 °C exhibit higher molecular
weights (My ~ 90-115 kg mol™) than those prepared at 140 °C (Table 4). 3 days of
reaction were necessary to obtain conversions higher than 80 % and CL contents in the
copolymer similar to those achieved when synthesizing at 140 °C for 2 days or at 150 °C
for 24 hours, at the same M/C ratio (M/C = 1500). At 130 °C, the polymerization
progressed very quickly in the first 24 hours of reaction incorporating the LA first, the
LA content is 82.6 % at this point of polymerization, and later on, more slowly, the
remaining CL. As a result, the LA content in the copolymer shifted to 76 % after 48
hours and reached a final value of 74.9 % after 3 days of reaction. In any case, BiSS
was found to be less prone to react with the LA monomer than SnOct,, favoring the

random copolymerization.
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Table 5. NMR characterization, thermal properties and GPC measurements of the statistical PLCL

copolymers synthesized with BiSS at different temperatures and times of reaction.

Composition' 2n Microstructural
Sample Yield M, D 1t DSC scan DSC
(% molar) sean Magnitudes *
kg Ty / Tz Tm AHp, X, T
M/C %LA | %CL | (%) gl g g
mor” O o 0 @ co M fe Reke R T

1500 74.4 25.6 95.5 90.4 241 6.7/589 105.6 7.5 9.0 228 | 372 0 1321 1.03 | 1.04 | 1.03 0438
150°C 24h ) ) ) ) ’ ) ) ) ) ) ) ) ) ) ) ) )

1500
150°C 48h 72.5 27.5 95.4 75.8 2.09 5.3/59.1 88.1 3.0 3.7 214 | 347 { 1.31 { 1.05 | 1.06 : 1.06 : 0.42
13500803(1 72.1 27.9 97.5 92.3 1.96 5.4/66.1 113.7 35 43 189 | 349 136 1.02 : 1.02 . 1.02 { 0.53
13520(5:03(1 73.1 26.9 88.4 95.9 1.97 | 11.9/52.1 118.5 7.5 9.1 21.5 | 3.80 i 1.39 : 098 : 0.99 : 099 : 0.40
13%2203(1 74.9 25.1 83.1 106.1 | 2.02 | 19.4/51.1 116.1 14.3 17.1 25.8 | 413§ 1.39 {1 096 | 097 096 : 0.22
ISéEC()(A)tSh 76.0 24.0 85.7 110.7 : 2.08 | 22.6/51.8 | 1163 14.8 17.5 29.6 | 428 : 1.37 1 096 i 0.96 : 0.96 : 0.27

1500
130°C 24h 82.6 17.4 77.8 138.8° 1 1.99 | 28.9/65.0 | 124.8 19.0 21.1 38.7 | 536 1.19 { 1.03 : 1.00 : 1.01 : 0.12
12%3204(1 77.0 23.0 83.1 1134 { 2.01 | 22.3/653 117.8 16,0 18.7 32.8 | 478 i 143 : 091 : 092 : 091 : 0.14

! Calculated averaging the copolymer composition obtained by "H NMR and *C NMR.
2l aand I were calculated from '"H NMR spectra and R is the average value of the randomness character obtained by 'H
NMR (Ry) and *C NMR (R).

At elevated temperatures, such as 150 °C, copolyesters having broader molar mass
distributions were obtained because of the fact that those temperatures may allow
depolymerizing reactions to take place. At temperatures lower than 130°C long times of
reaction were required. The incorporation of CL units into polymer chains was
incomplete because of the low reactivity of CL, thus at 120°C the copolymer

composition was 77:23 % of LA:CL after 4 days of reaction.

As has been seen, BiSS demonstrates to be a suitable catalyst to synthesize statistical
copolymers having a more random morphology. The polymerization at 130 °C using a
M/C molar ratio of 1000-1500 was established as an appropriate way to achieve random
copolyesters (R>1) with a M,, of 90-110 kg mol”, having the possibility of reducing
their molecular weight by controlling the concentration of ROH. The differences in the

chain microstructure existing between these PLCLs with a random distribution of

96




Section 1. Copolymers of high glass transition temperature Chapter 1.1.

sequences and the copolymers synthesized with SnOct, will be reflected in their
physical properties. The discussion of the thermal properties of the different PLCLs will

be treated in the next section.
Thermal properties discussion

In the precipitation of a polymer, an ordered, oriented, metastable structure, that does
not suffer changes in its physical properties after being dried, is formed [31, 44]. The
analysis of the thermal properties of the copolymers is going to be conducted on the
basis of the discussion of the DSC thermograms of those nascent polymers. The glass
transition temperatures (Ty) of the first and second scans, the heat of fusion (AH,) and
the correlated melting temperature (Ty,) and degree of crystallinity (X.) estimated from

the first DSC scans are all summarized in Tables 1,3, 4, 5, previously provided.

Figure 4 shows the influence of the average block length of LA (/L) on the melting
temperature (T,,,) and the crystallinity (X;) of the copolymers. It can be observed that
both T,, and X shift to lower values decreasing the /| o, a parameter affected by the LA
content and the randomness character (R) of the PLCLs. The copolymers synthesized
with BiSS, all of them having distribution of sequences close to the Bernouillian (R ~
1), present a Ty, greatly influenced by the /4 and lower than the corresponding to the
SnOcty-copolymers. Their T,, values increase from 82 to 125 °C when /5 only rises
from 3.3 to 5.4. On the contrary, the melting temperature of the moderate blocky PLCLs
catalyzed by SnOct; is in the range of 148-163 °C, despite the wide range of their
respective number-average sequence length values of LA (/i o = 5.4-23.5). It is worth
mentioning that the T, of some PLCLs, which have low Sn content and higher
randomness character, is around 130 °C as a result of their more amorphous
homogeneous phase structure (i.e. see the PLCL D of the Figure 5). The LA-unit
sequences of those copolymers may form crystallites that have a lower melting point
due to their more imperfect crystals grown under less favourable supramolecular chain

arrangements.

In regard to the evolution of the crystallinity degree (X.) with the average sequence

length of LA (/La), the X, grows in a logarithmic manner and has a maximum value of
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32.5 % when /1 is 23.5 (% LA = 95.3 and R = 0.88). The crystallinity degree rises
quickly from 2.0 % to around 20.0 % increasing the average sequence length from 3.3
to 5.0, grows moderately when /i 4 is in the range of 5.0-9.0 and then, at higher values
of [ s, stabilizes, because of the LA-unit sequences capability of crystallization is close

to its limit.
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Figure 4. Melting temperature (T,,) and cristallinity degree (X.) of the PLCLs synthesized using either

SnOct, or BiSS as catalyst/initiator as a function of their average block sequence length of LA.

Figure 5 presents the DSC curves of the first and second scan of some of the most
representative copolymers of this study. The DSC traces show a double glass transition
temperature (T,) behaviour. The T, signals are more clearly defined (larger ACp change

at the glass transitions) in the PLCLs with a larger amorphous character and are almost
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indistinguishable in the copolymers with more capability to crystallize. The lower Ty is

associated to the hybrid amorphous miscible LA-CL phase, composed of mainly CL

units, whereas the higher T, observed in the range of 50 to 65 °C suggests the presence

of phase separated amorphous polylactide domains. Increasing the /; o of the PLCLs the

capability to crystallize of the LA building blocks rises due to the incorporation of LA

repeat units of the amorphous LA fraction to the crystalline domains and, as a

consequence, the ACp associated to this second T, drops as well as the melting peak is

increased. It is also remarkable that, in the copolymers having a higher random

character (the BiSS-catalyzed PLCLs), the LA content of the LA/CL mixed phase drops

leading to a displacement of the first T, to lower values.
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Figure 5. DSC curves of the first and second scan of some of the most representative copolymers: A:

SnOct, M/C = 2500 130 °C 24 h; B: SnOct, M/C = 2500 140 °C 24 h; C: SnOct, M/C = 2500 150 °C 24
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h; D: SnOct, M/C = 20000 140 °C 12 d; E: BiSS M/C = 1500 120 °C 4 d; F: BiSS M/C = 1500 130 °C 3
d; G: BiSS M/C = 1500 140 °C 3 d; H: BiSS M/C = 1500 150 °C 48 h.

A second scan was made for all the PLCLs and the corresponding DSC curves revealed
a homogeneous amorphous phase structure for all the copolymers studied. As can be
seen, a single T, appeared in each copolymer showing lower T, values when the /i o was
decreased, that is, reducing the LA content or enhancing the amorphous character of the
copolymers by increasing their randomness. It is worth mentioning that at higher values
of the average sequence lengths of LA, the PLCLs presented a cold crystallization peak
as a result of crystallization of LA building blocks during the DSC scan, however the
neat heat enthalpy of fusion obtained was negligible demonstrating their amorphous

phase structure.
Cell adhesion and proliferation

Cell adhesion and proliferation studies were conducted using films of three
representative copolymers of this work, the PLCL synthesized at 130 °C for 2 days with
a 2500 M/C molar ratio (73.1 % LA, R = 0.49, aprox. 400 ppm of residual Sn), the
PLCL synthesized at 140 °C for 12 days with a 20000 M/C molar ratio (73.5 % LA, R =
0.64, aprox. 50 ppm of residual Sn) and the PLCL synthesized at 130 °C for 3 days with
a 1000 M/C molar ratio (72.1 % LA, R = 1.02, aprox. 1600 ppm of residual Bi).

Proliferation values of adipose derived mesenchymal stem cells (ADSCs) were obtained
by the colorimetric MTT assay method. Figure 6 shows cell viability values expressed
in relation to the control, a standard culture medium that represents 100 % cell viability.
As can be observed, cell proliferation trends of all the materials tested, including the
negative control, are very similar during the 72 hours of incubation. In addition, the
measured values of cell viability are above the 70 % of the control, which is the
threshold level required by the ISO 10993-5:2009 to guarantee that the materials are not

cytotoxic.

In view of these results, it can be concluded that the three materials selected have no
cytotoxic effects on the proliferation of human mesenchymal stem cells despite their

high metal content (~ 400 ppm of Sn and ~ 1600 ppm of BiSS) proving that the rest of

100



Section 1. Copolymers of high glass transition temperature Chapter 1.1.

PLCLs synthesized in this study will not have signs of cytotoxicity. Regardless of the
inappropriate residual Sn content of these materials, that it is not sufficiently low for
biomedical application, the cell proliferation study showed that cells could grow on the
biomaterials with an efficiency equal to or better than on the negative control culture
plastic used (high-density polyethylene).

ez atve cotrol e S0 ppmofin
[,7= | A00 ppinof In E— 1s00 ppm of Bi

Fold of cantrol

tireae ()

Figure 6. Cell viability values, relative to those for the control, of the selected PLCLs and the negative

control, a material that allows the cell survival.

SEM analysis was conducted to determine the cell morphology, spreading and adhesion
of ADSCs on films of the three selected PLCLs having different residual catalyst
content (~ 1600 ppm of Bi, ~ 400 ppm of Sn and ~ 50 ppm of Sn). Figure 7 shows
scanning electron micrographs before and after cell seeding with a magnification of

1000x.

Before cell seeding all materials exhibited similar surface characteristics when viewed
under SEM. Afterwards, their ability to support ADSCs growth in vitro was examined
in further detail. The adhesion and growth of ADSCs was assessed after 3 days cultured
on materials. ADSCs were well spread on all supports and revealed somewhat uniform
morphological features such a random orientation, without differences among them.
Cells were able to proliferate during the subsequent periods in culture. It is observed

that the cells were able to form a continuous layer of cells well attached and fully
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covering the surface of materials. These results are in good agreement with the growth

rate obtained with cells cultured in extracted medium from materials.

S3400 15.0kV 19.4mm x1.00k SE 50.0um [ S3400 15.0kV 19,

$3400 15.0kV 19.5mm x1.00k SE 50.0um [ S3400 15.0kV 19.1mm x1.00k SE

S$3400 15.0kV 19.4mm x1.00k SE 50.0um [ S3400 15.0kV 19.1mm x1.00k SE

Figure 7. Scanning electron micrographs (SEM) before (left) and after cell seeding (right) of the three
PLCLs having different catalyst content.

1.1.4. Conclusions

Increasing the randomness character has been demonstrated to be a really interesting

way to improve the biodegradation rates, the elastomeric character and the resistance to
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physical aging of copolyesters of equal comonomer composition. In view of the above,
several statistical poly(L-lactide-co-e-caprolactone) (PLCL) at a 75:25 mass feed ratio
were synthesized in bulk by ROP with the goal of achieving copolyesters of a marked
random distribution of sequences (R > 0.8). Either SnOct, or BiSS were added as
catalyst/initiator varying the synthesis conditions (temperatures, times of reaction and
comonomer/catalyst molar ratios). The mechanisms of reaction of both SnOct, and
BiSS involve an activation of the catalyst/initiator by a reversible exchange with the
ROH (H»O, impurities provided by the monomers or the catalyst or alcohols added
intentionally). In both cases, there is an optimal M/C ratio to synthesize polymers with
high molecular weights at high yields of reaction. Nevertheless, the polymerization
mechanisms entail differences in the coordination and activation of the monomers

leading to different chain microstructure distributions of sequences.

BiSS was probed to be a suitable catalyst to obtain statistical copolymers presenting a
random morphology. Compared to SnOct,, it was slightly less reactive (longer reaction
times were needed to get similar conversions) and, in addition, copolymers of a lower
weight average molecular weight were synthesized. BiSS was found to be less prone to
react with the monomer with higher reactivity (LA) than SnOct; and, consequently, the
randomness coefficient (R) was in every PLCL higher than 0.85. Copolymerization at
130 °C during three days with a M/C molar ratio of 1000-1500 was established as an
appropriate manner to obtain random copolyesters (R — 1) with a M,, of 90-110 kg
mol™, having the possibility of reducing their molecular weight by controlling the

concentration of ROH.

On the contrary, SnOct, shows a tendency to favor the formation of blocky sequences
(R < 0.6). Nevertheless, depending on time, temperature and M/C molar ratio, some
random copolymers can be achieved, e.g. R was 0.90 when polymerizing with a
synthesis conditions of M/C = 4000, 140 °C for 24 hours of reaction. However, in these
cases it is worth mentioning that the yields of reaction are not really good and the feed
composition has to be adjusted to fulfill the requirements. In addition, an extra
purification stage may be needed to reduce the residual content of metal catalyst not to

exceed the limit set by the FDA.
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The differences in the chain microstructure existing between the PLCLs with a random
distribution of sequences and the copolymers with a blockier character are reflected in
their thermal properties. Both melting point (Ty,) and crystallinity degree (X;) of the
PLCLs shift to lower values decreasing /1 4, a parameter affected by the LA content and
the randomness character (R). The random BiSS-copolymers, present a Ty, lower than
the corresponding to the moderate blocky SnOct,-copolymers. Their T, values increase
from 82 to 125 °C when the /; o only rises from 3.3 to 5.4. On the contrary, the Ty, of the
SnOct,-PLCLs is in the range of 148-163 °C, despite the wide range of their respective
ILa (5.4-23.5). The LA-unit sequences of the more amorphous copolymers may form
crystallites that have a lower melting point due to their more imperfect morphology. In
regard to the crystallinity of the PLCLs it should be stated that X, grows in a logarithmic
manner and rises quickly from 2.0 % to around 20.0 % increasing the average sequence
length from 3.3 to 5.0, grows moderately when /i 4 is in the range of 5.0-9.0 and then, at
higher values of /i, stabilizes, because of the LA-unit sequences capability of

crystallization is close to its limit.

The first DSC scans show also a double glass transition temperature (T,) behaviour,
which is indicative of the existence of phase separation. The T, signals are more clearly
defined (larger ACp change at the glass transitions) in the PLCLs with a larger
amorphous fraction and are almost indistinguishable in the copolymers with more
capability to crystallize. A second scan was also made for all the PLCLs and the
corresponding DSC curves revealed a homogeneous amorphous phase structure for all

the copolymers studied.

Finally, in this study the attachment and proliferation of adipose derived mesenchymal
stem cells (ADSCs) on some of the obtained PLCLs were also investigated
demonstrating that the biomaterials are not cytotoxic despite their residual catalyst
content (~ 1600 ppm of Bi, ~ 400 ppm of Sn and ~ 50 ppm of Sn). The cells were well
spread on all supports and were able to form a continuous layer of cells well attached.
These results are in good agreement with the proliferation rate obtained by the

colorimetric MTT assay method with cells cultured in extracted medium from materials.
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Abstract

Hydrolytic degradation of bioabsorbable (co)polyesters is affected by a great number of
factors, such as chemical composition, hydrophilicity, pH of the medium, morphology
of the sample, initial distribution of molecular weights, etc. In this study it is
demonstrated the importance of the amorphous/crystalline character, controlled by the
repeat unit sequence distribution in chain microstructure of crystallizable lactide
building block copolymers. Three statistical poly(L-lactide/e-caprolactone) were
degraded in phosphate buffered saline (PBS) at 37 °C for a period up to 14 weeks.
PLCL74b and PLCL74r, presenting similar copolymer composition (~ 74 % of lactide)
but a different randomness character (R = 0.46 vs. 0.96) reflected in their lactide
sequence length distribution (/4) (8.16 vs. 4.01), displayed a completely dissimilar
behaviour during the course of degradation. The blocky PLCL74b showed a high
crystallization capability, reaching a value of 51.0 J g of melting enthalpy (AH,,) at the
end of the study, whereas random PLCL74r presented a AH, = 33.7 J g'. On the
contrary, PLCL62r, having a similar randomness character to PLCL74r, a ~ 62 % of
lactide content and the lowest 7,4 (2.55), showed a AH,,= 10.9 J g"'. As a consequence,
PLCL74b exhibited the slowest degradation rate (half degradation time (t;») = 31.5
days), while PLCL62r was the less resistant to hydrolytic degradation with a t;, = 18.2
days. This is due to the larger hindrance the water finds to penetrate the crystalline
domains and consequently, to the higher resistance of crystalline domains to hydrolytic
degradation. Apart from slowing down the degradation, the development of crystalline
domains caused deterioration in the mechanical properties of the studied copolymers,

which make them unworkable as the degradation process progressed.
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1.2.1. Introduction

Better understanding of the mechanisms and kinetics of biodegradation of absorbable
homo- and co-polyesters permits the prediction and the adjustment of their degradation
rate, enabling the adaptation of the polymers to the requirements of a specific
biomedical application. Following the definitions given by Goepferich [1,2], polymers
can suffer two processes of decomposition: degradation and erosion. Degradation
involves the chain scission of the polymer chains by means of the bond cleavage on a
molecular level, to form oligomers and finally to form monomers. Erosion designates
the macroscopic loss of material related to monomers, oligomers or not biodegraded
fragments of polymer leaving the biomaterial. Therefore, the process of degradation is,
in the above context, part of the erosion, which encompasses, in addition to degradation,
physical phenomena, such as swelling, dissolution and diffusion, and morphological

changes [3].

The diffusion of water and the degradation of the polymer compete during the erosion
process. If the water uptake mechanism is dominant, the splitting of chemical bonds has
a smaller effect and the erosion is homogeneous. This is known as “bulk erosion”. In the
opposite case “surface erosion” occurs and degradation proceeds at the interfacial areas
between polymeric specimens and the aqueous environment [4]. Von Burkersroda et al.
[2] explained the occurrence of bulk degradation or surface erosion in a polymer on the
basis of the diffusivity of water inside de polymer, the degradation rate and the
dimensions of the degrading object. Most hydrolytically degradable polymeric
materials, such as (co)poly(a-hydroxy esters) of glycolide or lactide, show
predominantly bulk erosion. On the contrary, some polymers as polyanhydrides or
polyorthoesters are considered surface eroding systems, in which the erosion progresses

at constant velocity and the mass loss is linear.

In hydrolytic degradation, two mechanisms can be distinguished: random and chain-end
scission (also known as backbiting) [5]. The chain scission of a polymer is called

random, if the bonds at any position along the polymer chain have the same probability
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to be cleaved. As a consequence, the main chain breaks down randomly via cascades of
irreversible scission steps following a first-order kinetic, irrespective of the chain length
of the polymer molecules involved. In this case, the number of chain increases
gradually leading to a higher molecular weight decrease than in backbiting dominated
mechanism. By contrast, in the chain-end scission, the number of chain ends and the
rate constant for the cleavage of the terminal bond are the essential kinetic parameters.
The contribution of chain-end scission raises with decreasing the molecular weight of
the polymer since the fraction of chain ends increases as a consequence of the
degradation process. Several factors, such as the proximity of a polar group to the chain
end, can enhance the hydrophilicity of the polymer chain and attract water molecules
leading to a preferred hydrolysis of the terminal ester bonds. Van Nostrum et al. [6]
studied the influence of different terminal groups on the hydrolytic degradation of
oligolactides concluding that the mechanism and kinetics of degradation of these
materials are strongly dependent on the nature of the chain end. Van Nostrum
anticipated that, for high molecular weight polyesters, random chain scission initially
dominates because of the small number of chain ends. However, once an ester bond is
hydrolyzed via random chain scission, a shorter chain with a free hydroxyl end group is
formed, which can be rapidly degraded via chain-end scission. Backbiting is reported to
be more than 100 times faster than the random chain scission of hydroxyl terminated

oligomers of polylactide.

As have been seen, the variation of the molecular weight is one of the most important
factors influencing both the chain-scission kinetics and the diffusivity of water in the
polymer, however, other parameters have to be taken into account. The auto-catalysis
due to the accumulation of acidic degradation products is reported to be an important
factor for the erosion of polylactide (PLA) and poly(lactide-co-glycolide) (PLGA). The
devices of larger thickness are degraded more quickly because all the leachable
oligomeric compounds formed within the matrix are not able to escape from it as soon
as they become soluble [7]. The geometry of shaped bodies, the type of the chemical
bond within the polymer backbone, the pH changes, that can be due to the degradation
products, or the stresses applied during degradation could also affect the degradation

rate. On the other hand, surface modifications, such as plasma treatment [8,9], are
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gaining attention to modify the hydrophilic properties of the polymers altering the
superficial properties (contact angle, wettability, roughness and surface tension) to

accelerate or to slow down the degradation.

In the (co)polyesters, chemical composition, sequence structure and morphology
(crystalline or amorphous domains in the copolymer), among other factors, have an
impact on the degradation process. The glycolyl units are more hydrophilic than other
units such as the caproyl and lactyl ones. However, all of the copolymers of glycolide
display higher degradation rates than the corresponding homopolymers thanks to their
higher amorphous character [10]. Amorphous regions are preferentially degraded
because they are more accessible to water molecules [11]. This effect is more important
than the hydrophilic character of the structural units and, for this reason, copolymers of
lactide/glycolide, lactide/e-caprolactone or glycolide/e-caprolactone at 50:50
comonomer composition present the highest velocities of degradation [10,12]. The
crystallinity fraction can be reduced to accelerate the degradation by means of adjusting
the composition during the synthesis procedure or by shortening the crystallizable
blocks with the increase of the randomness of the copolymers, that is, controlling their

chain microstructure distribution.

Different distribution of sequences affects the copolymer properties and, as a
consequence, copolymers having similar comonomer composition may differ
dramatically in their behaviour. It has been reported that final properties of statistical
copolymers, including solubility, resistance to physical aging, thermal and mechanical
properties and biodegradability, are strongly dependent on chain microstructure [13,14].
Great efforts have been directed toward the study of the influence of chain
microstructures on hydrolytic degradation; Dobrzynski et al. [15] and Hua et al. [16]
worked with poly(glycolide-co-g-caprolactone) and poly(L-lactide-co-trimethylene
carbonate) copolymers, respectively, demonstrating that chain microstructure
dramatically affects the hydrolysis degradation profile. In this context, it is remarkable
that a regular drug release process is mainly obtained from highly randomized
copolymers which undergo homogeneous degradation without rapid changes of
randomness or composition. Degradation occurs preferentially in the amorphous zones

whereas crystalline parts degraded much more slowly. Hence, random copolymers at
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equal comonomers content are more amorphous than others with higher block unit’s
distribution, exhibiting the fastest degradation rate, and even, at certain copolymer

compositions, maintaining the amorphous structure during degradation [17].

The objectives of this study were to elucidate the effects of the crystallization and the
chain microstructure distribution on the biodegradation. For this purpose, three
statistical poly(L-lactide-co-g-caprolactone) having different capability to crystallize
were selected. The hydrolytic degradation in phosphate-buffered saline was carried out
at 37 °C for a period up to 14 weeks and the changes in water absorption, weight loss,
crystallinity, phase structure, molecular weight, composition, randomness character and
mechanical properties of the PLCL films were studied using differential scanning
calorimetry (DSC), gel permeation chromatography (GPC), proton nuclear magnetic

resonance spectroscopy (‘'H NMR) and mechanical testing.

1.2.2. Materials and methods

Materials

In vitro degradation studies were done in phosphate buffer saline (PBS) (pH 7.2)
supplied from Fluka Analytical (Sigma Aldrich). The statistical poly(L-lactide-co- &-
caprolactone), PLCL74b, PLCL74r and PLCL62r, were synthesized using l-lactide
monomer (assay > 99.5 %), obtained from Purac Biochem (The Netherlands), and &-
caprolactone monomer (assay > 98 %), provided by Merck. Stannous octoate (assay 95
%) was the catalyst employed for the synthesis of the copolymer showing higher blocky
character (R —» 0), PLCL74b. Bismuth (III) subsalicylate (99.9 % metals basis) was
added to carry out the polymerization of the random (R — 1) PLCLs, PLCL74r and
PLCLG62r. Both catalysts were supplied by Sigma Aldrich.

Table 1 summarizes the characterization data of the three PLCLs. The molecular
weights (M) of each of the copolymers are ranging from 50.3 to 78.7 kg mol™ (and
dispersity index (D) from 1.79 to 1.95) in such a way that the impact on their properties

will be considered negligible in comparison to the effect of sequence length distribution
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or copolymer composition. According to those results of Table 1, PLCL74b presents a
slightly lower LA content (73.5 %) than PLCL74r (74.0 %). These are not considered
large differences in composition so as to conduct the study in terms of LA block length
distribution since /i 4 is larger for PLCL74b (/Lo = 8.16) than PLCL74r (/La = 4.01).
Finally, PLCL62r (/s = 2.55) exhibits similar randomness character to PLCL74r, both
of them closest to the Bernoullian random distribution (R ~ 1), however PLCL62r has a

different copolymer composition (62.2 % of lactide content) than PLCL74r.

Table 1. NMR characterization and GPC measurements of the three statistical PLCL copolymers studied

in this work.

Composition' My D Microstructural Magnitudes'
Sample (% molar)
%LA | %CL | kg mol’ IR oL, R
PLCL74b | 73.5 26.5 50.3 1.95 8.16 2.95 0.46
PLCL74r | 74.0 26.0 68.9 1.88 4.01 1.41 0.96
PLCL62r | 62.2 37.8 78.7 1.79 2.55 1.55 1.04

! Calculated from "HNMR. /4 and Ic; are the LA and CL number average sequence lengths. These values are compared to

the Bernoullian random number-average sequence lengths (/,=1/B), obtaining the randomness character value (R).

Methods

150-200 pm films were prepared by solvent-casting using chloroform (Panreac, Spain)
as solvent. The solutions were transferred to square (10x10 cm?) Teflon molds and dried
for 48 h at room temperature and another 48 h at vacuum. In the case of PLCL74b, an
additional treatment was employed to reduce the crystallinity of the sample. For this
purpose, PLCL74b films obtained from solvent-casting were pressure melted at 175 °C
for 2 minutes followed by water quenching. From these films samples for mechanical
characterization (10cmxlcm) and for the in vitro degradation study (1x1 cm’) were

obtained.

For the in vitro degradation study, square samples of ~ 20 mg (Wy) (n = 3) were placed
in Falcon tubes containing phosphate buffered saline (PBS) (pH = 7.2) and maintaining

a surface area to volume ratio equal to 0.1 cm™. The samples were stored in an oven at
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37 °C. At different periods of time, 3 samples of each polymer were removed from the
PBS and weighed wet (W,,) immediately, after wiping the surface with a filter paper to
adsorb the surface water. These samples were air-dried overnight and vacuum-dried for
another 24 h. Then, they were weighed again to obtain the dry weight (W4). Water
absorption (% WA) and remaining weight (% RW) were calculated according to Egs.
(1) and (2):

% WA = WWW_ W 100 (1)
d
% RW = Wd .100
W, (2

In order to compare the degradation rate of the different PLCLs, the exponential
relationship between molecular weight and degradation time for biodegradable

polyesters degrading under bulk degradation was used [18]:
In MW =In MW() — KMW't (3)
tip=1/Kmw *¥1In 2 4)

where M, is the weight-averaged molecular weight, My, is the initial weight-averaged molecular weight,
Ky 18 the apparent degradation rate and t,,, is the half degradation time (the amount of time required to

fall to half the initial value of molecular weight).

The molecular weight of the samples was determined by GPC using a Waters 1515
GPC apparatus equipped with two Styragel columns (10*- 10* A). Chloroform was used
as an eluent at a flow rate of 1 mL min" and polystyrene standards (Shodex Standards,
SM-105) were used to obtain a primary calibration curve. The samples were prepared at

a concentration of 10 mg in 1 mL.

Proton nuclear magnetic resonance ('H NMR) spectra were recorded in a Bruker
Avance DPX 300 at 300.16 MHz of resonance frequency, using 5 mm O.D. sample
tubes and following the experimental conditions described in previous works [14]. The

signals of the lactide methine, centered at 5.15 ppm, and the signals of the o and &
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methylenes of the e-caprolactone, around 2.35 and 4.1 ppm, from the 'H NMR spectrum
(see Figure 4 below) can be assigned to the different dyads [19]. The copolymer
composition and the microstructural magnitudes of the copolymers were obtained from
the average dyad relative molar fractions. Equations 5-7 [20] were employed to obtain
the number-average sequence lengths (/;) of LA and CL building blocks, the Bernoullian

random number-average sequence lengths (/;) and the randomness character (R):

_ 2La) ;- 2(cL)
"O(LA-CL) T Y (LA-CL) )
1 1
ZLA random = ; ZCL random =
(i = o5+ e i = (s "

R= (lLA)random - (lCL)random - (LA— CL)
ZLA lCL Z(LA)(CL)

(7

where (LA) and (CL) are the two comonomer molar fractions, obtained from the integration of the
lactide methine signals and the e-caprolactone methylene signals, and (LA-CL) is the LA-CL average

dyad relative molar fraction.

The thermal properties of the samples were determined on a DSC 2920 (TA
Instruments) after being vacuum-dried. Samples of 5-10 mg were heated from -85 °C to
185 °C at 20 °C min™. This first scan was used to determine the melting temperature
(Ty) and the heat of fusion (AH,,) of the samples. The melting peaks are associated only
to lactide crystals since the caprolactone segments are not large enough to crystallize.
After this first scan, the samples were quenched in the DSC and a second scan was
made from -85 °C to 185 °C at 20 °C min™. In this second scan the glass transition

temperatures (T,) were determined from the inflection point of the heat flow curve.

The mechanical properties of the non-degraded samples and the samples submerged in
PBS during 14 and 21 days were determined by tensile tests with an Instron 5565
testing machine at a crosshead displacement rate of 10 mm min™'. These tests were
performed at 21 + 2 °C and 50 + 5 % relative humidity following ISO 527-3/1995. The
mechanical properties reported correspond to average values of at least 5

determinations.
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1.2.3. Results and discussion

Thermal analysis

Figure 1 shows the DSC curves of the first scans of samples of PLCL74b, PLCL74r and
PLCL62r at different degradation times. The values of these thermograms are detailed

in Table 2.

PLCL74b I Day 0 PLCL74r I Day 0 PLCL62r

Day 7

Day 7
Day 28

Day 98 Day 28
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Figure 1. DSC curves of the first scans of PLCL74b, PLCL74r and PLCL62r at different degradation

times.

Initially, PLCL74b displayed a heat of fusion of 11.6 J g which is obtained by the
difference between the melting (at ~ 157 °C) and cold crystallization (at ~ 90 °C)
enthalpies. During the in vitro degradation process, PLCL74b tended to crystallize and
the cold crystallization peak disappeared after just 3 days submerged in PBS. As a
result, the melting enthalpy (AH,,) increased from the initial value of 11.6 to 51.0 J g
at the end of the experiment (day 98). The corresponding melting temperature (Ty,)
moved toward lower temperatures as the time submerged in PBS increased. As an
illustration, T,, moved from 157.2 °C on day 0 to 142.1 °C on day 98. As the
degradation occurs and the polymer chains become shorter, the chain mobility is
favoured and, although the crystallinity rose, the created crystallites may become more
disordered and imperfect, leading to a lower Tn. Regarding T, behaviour, PLCL74b
exhibited a single T, which shifted to higher temperatures and became less defined

(lower AC,, change at the glass transition because of the lower amorphous character) as
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the degradation time increased. In this sense, the glass transition temperature shifted
monotonously from 32.7 °C on day 0 to 53.1 °C on day 98. This can be attributed to the
growing hindrance the polymer chains find to relax due to the presence of crystalline
domains [21- 22]. In the last weeks of the experiments, a small enthalpy of relaxation

appeared (~ 1 J g') which reflected the presence of the glass transition more clearly.

PLCL74r was initially completely amorphous, showing a single T, at 27.9 °C. However,
a double T, behaviour was clearly visible on day 7 and a melting peak appeared around
113 °C. As for PLCL74b, AH,, increased during the degradation process from 9.3 J g”',
on day 3 to 33.7 J g on day 98. This double T, behaviour has been previously reported
by our group [14]. The lower T, should be associated to the hybrid amorphous miscible
LA-CL phase, whereas the higher T, suggests the presence of phase separated
amorphous polylactide domains. As the time submerged in PBS increased, the lower T,
shifted to lower temperatures (from 17.1 °C on day 3 to -2.8 °C on day 98) because of
the incorporation of some LA content of the LA-CL mixed phase to the polylactide
crystalline domains. As this migration occurs, the hybrid amorphous miscible LA-CL
became richer in CL and, as a result, the lower T, took lower values. On the contrary,
the higher T, was maintained almost constant at ~ 65 °C. However, as the degradation
time increased, it became less defined and on day 56 it was almost indistinguishable

because of the lower amorphous character of the polymer.

PLCL62r presented a single T, at 8.9 °C and no melting peak on day 0, indicating a
completely amorphous character at the beginning of the experiment. However, after 7
days submerged in PBS a small melting peak appeared at 69.1 °C with its associated
AH,, of 2.2 T g, This value increased during the degradation process and it reached
10.9 J ¢! on day 98. In this case, a single T, behaviour was observed during all the
degradation process due to the homogenous distribution of LA and CL chains. Again,
the T, shifted to lower temperatures (from 7.1 °C on day 7 to -5.9 °C on day 98) because
of the incorporation of LA of the LA-CL phase to the polylactide crystalline domains.

As it has been previously reported [14, 19], the PLCLs suffer a physical aging during its
storage and try to reach the equilibrium through the slow rearrangement of the chains

from a nonequilibrium glassy state. These rearrangements occur faster in an aqueous
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medium thanks to the plastizing effect of water molecules [23] and the higher mobility
of shorter chains produced during the hydrolytic scission. In this way, a quick increment
in the crystallinity was observed in the studied materials resulting from the migration of
lactide from the amorphous phases. Although PLCL74b and PLCL74r had a similar LA
content, their physical aging process will be closely related to their LA block length
distribution (/;4) and a very different behaviour during the in vitro degradation process
is expected. In this sense, the larger /o of PLCL74b (8.16 vs. 4.01) favoured the
crystallization of lactide blocks in comparison with PLCL74r. On the contrary, the more
amorphous PLCL62r showed the lowest /i o (2.55) and the development of polylactide

crystalline domains was inhibited.

Molecular weights evolution and degradation kinetics

Table 2. M,,, D and DSC results of the studied PLCLs at different times of degradation.

1st Scan 2nd Scan
Sample time M, (kg mol™) D Tu/Ty (°C) Ta(C) | AH.Jg" T, (°C)
(days)
0 503+00 1.95 32.7 1572 11.6 34.1
3 446405 2.06 36.2 154.6 32.4 34.6
7 40.6+0.2 2.29 36.5 155.4 33.0 345
S 14 37.7+04 2.68 47.7 156.7 33.9 34.8
S 21 32.0£0.5 3.85 53.2 154.7 36.0 32.0
Q 28 27.8+1.0 9.73 52.5 154.7 34.6 31.9
& 42 19.7+0.9 9.72 53.0 152.8 35.0 25.5
56 14.0£0.5 * 522 149.9 37.1 20.9
77 9.6+04 * 523 1472 40.4 19.7
98 8.1+02 * 53.1 142.1 51.0 19.8
0 68.9+0.0 1.88 27.9 - N 27.9
3 63.1+£02 1.97 17.1/64.6 113.1 93 273
7 547404 2.06 16.5/65.4 111.5 10.6 26.8
& 14 404+1.1 227 16.7/67.8 115.8 12.6 272
N 21 328405 2.64 15.5/66.3 119.5 15.9 26.6
S 28 259402 4.04 13.5/64.3 118.9 18.2 24.7
< 4 153 £0.6 12.18 8.6/63.8 117.0 225 222
56 11105 * 7.1 117.0 25.7 20.7
77 84+02 * 3.0 117.1 29.8 20.4
98 8.1+02 * 238 117.9 33.7 18.9
0 787+00 1.88 8.9 - - 8.9
3 72.1+12 2.08 7.9 - - 9.4
7 62.6+0.0 2.10 7.1 69.1 22 9.5
& 14 47.0+0.7 272 5.1 69.0 5.1 10.0
N 21 351408 7.66 4.6 69.1 43 8.6
Q 28 26.0+0.8 16.68 4.7 793 10.1 7.6
< 4 143402 * 2.4 79.6 10.5 6.4
56 10.6 £0.5 * 0.4 78.2 9.7 35
77 8.0+0.5 * 55 83.1 113 0.0
98 71+02 * 59 83.8 10.9 1.6

* Not measurable because of the uncertainty in the number-average molecular weight (M,) measurements.
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Table 2 summarizes the evolution of weight-average molecular weight (M), dispersity
index (D) and DSC results during the in vitro degradation study. As the degradation
occurs, the M,, of the samples decreased and the D increased, indicating a broader
distribution of polymer chain length. In this sense, D increased from 1.95, 1.88 and 1.88
on day 0 for PLCL74b, PLCL74r and PLCL62r, respectively to 9.73, 4.04 and 16.68 on
day 28. The reduction in molecular weight leads to a decrease in molecular
entanglement and an increase in chain mobility that affected directly the observed glass
transition temperature in the second DSC scan [24]. As an illustration, T, dropped from
the initial value of 34.1, 27.9 and 8.9 °C for PLCL74b, PLCL74r and PLCL62r,
respectively to 19.8, 18.9 and -1.6 °C at the end of the study (day 98).

12,0
Ky, (@) 6, @
11,5 PLCL74b 0.022 31.5
< PLCL74r  0.034 20.4
11,01 PLCL62r  0.038 18.2
10,5
= -
s 10,0
£
57 \
i n
o \%@
]| —=—PLCL74b x
85 | —0—PLCL74r
—x— PLCL62r

gof—mr—— 1
0 10 20 30 40 50 60 70 80 90 100

time (days)
Figure 2. In M,, vs. degradation time of the studied PLCLs.

Figure 2 shows the progress of In M,, versus degradation time. The values of Ky, and
t1» were calculated from the slope of the fitting curve during the first 56 days of study
(R* > 0.99). Obtained Ky, for PLCL74b, PLCL74r and PLCL62r were respectively,
0.022, 0.034 and 0.038 days’1 with corresponding t;, of 31.5, 20.4 and 18.2 days. It
must be stated that extending the fitting of the curve beyond 56 days, the correlation
coefficient gradually decreased and the values of My, obtained from the fitting curve

deviated from the experimental data. This fact indicates that the degradation mechanism
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is changing from one dominated by bulk degradation to another controlled by surface
erosion [25]. Random chain scission dominates at early stages of degradation leading to
a higher molecular weight decrease than in later stages, when backbiting is the dominant
mechanism. Finally, the oligomers and byproducts of low molecular weight are

transported by diffusion and released to the outside medium

Although PLCL74b and PLCL74r had a similar composition, LA block length
distribution (/L) played a pivotal role in the degradation rate of these two materials. As
previously mentioned, PLCL74b presented a larger /i 5 that favours the crystallization of
lactide sequence blocks with regard to PLCL74r. In the crystalline domains, the
polymer chains are more packed and water finds more difficulties to penetrate. Thus,
the crystalline domains are more resistant to degradation than the amorphous regions
and, for this reason, the blocky PLCL74b presented the slowest degradation rate.
Although PLCL62r is richer in CL, which displays higher resistance to hydrolysis
because of its more hydrophobic character [26], and had a higher initial molecular
weight, it presented the fastest degradation rate owing to its more amorphous nature.
Thus, this study confirms the importance of chain microstructure and crystallization

capability on degradation rates of PLCL copolymers.

Previous studies calculated Ky, values for PLCL copolymers. As an illustration,
Larrafaga et al. [27] reported a value of 0.017 days'1 for a PLCL film of 70 % LA
content, a /1o of 3.45 and a R = 0.92. Although the /; 4 is shorter in this copolymer than
in PLCL74b and PLCL74r studied here, its degradation rate is slower. This difference
may be due to the higher molecular weight of the copolymer specimen compared with
those in the present study (193.0 kg mol™ versus 50.3 kg mol™” and 68.9 kg mol™). As
mentioned in the introduction, in high molecular weight polyesters, random chain
scission is the dominating degradation mechanism, which is a slower mechanism than
chain-end scission one. This is why, higher molecular weight polyesters show slower
degradation rates. In another study, Malin et al. [24] reported a Ky 0f 0.032 days'1 fora
PLCL copolymer of 61 % LA molar content and 145.0 kg mol” of weight-average
molecular weight. In this case, the slower degradation rate of the copolymer specimen
compared with PLCL62r may be attributable to the blockier character (R = 0.68 and /¢,
=2.40 vs R = 1.04 and /¢, = 1.55 of PLCL62r) and the higher molecular weight of the
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PLCL used in their study. These two examples manifest the difficulty in comparing
different in vitro degradation studies because of the high number of factors that affect

the degradation rate of the same material (initial molecular weight, sample size, etc.).
Weight loss and water absorption

Figure 3 shows remaining weight and water absorption curves of PLCL74b,
PLCL74rand PLCL62r during in vitro degradation study. Obtained results are in
accordance with the trend observed above in the molecular weight discussion,
presenting the following order in degradation rate from the fastest to the slowest:
PLCL62r > PLCL74r > PLCL74b. The degradation of crystalline domains proceeds
much more slowly and, as consequence, in highly crystalline polymers the mass loss is
impeded. PLCL74b displays the greatest crystallization capacity and its weight loss was
almost negligible during the first 77 days of the study. Then, it suffered a very slight
loss of material and its remaining weight on day 98 was 81.5 %. PLCL74r maintained
its initial weight until day 42, when it started to drop taking a value of 68.7 % at the end
of the study. Remaining weight of PLCL62r was maintained constant (~ 99 %) during
the first 14 days and then it began to decrease, reaching a value of 19.4 % on day 98. It
has to be pointed out that, as the degradation occurred, PLCL62r became sticky and
difficult to manipulate. As a consequence, the calculated remaining weights for the last
days of the experiment presented high standard deviations and thus, these data has to be
interpreted prudently. According to the literature, the molecular weight of the polyesters
has to be reduced substantially to permit mass loss through solubilisation of the
oligomers. That is why, the weight of the samples remained constant during the first
weeks of the study and, once the molecular weight reached a critical value, they started

to loss mass.

Water absorption of both PLCL74b and PLCL74r showed a similar tendency. It was
maintained almost constant (being slightly higher in the case of PLCL74r) until day 28,
when it suffered a sharp increase reaching a value of ~ 25 % at the end of the study. On
the contrary, PLCL62r presented a continuous rise and reached a value of 24 % in just
28 days. From this point, the water absorption was not measurable for PLCL62r because

the samples were viscous and difficult to manipulate. It is remarkable to take into
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account that PLCL62r exhibits the highest water absorption capacity, despite being
richest in CL, which is known to have a more hydrophobic character than LA [26].
However, thanks to its shorter /i, PLCL62r presents a more amorphous nature than
PLCL74r and PLCL74b. The chains are less packed in the amorphous regions than in
crystalline domains and, in consequence, the water has the ability to penetrate these

regions more easily.

Finally, it is also noteworthy to mention that in crystallisable polymers at advanced
stages of degradation, highly resistant crystalline remnants are formed. The presence of
these remnants, more abundant in PLCL74b, apart from hindering the weight loss
process and the water uptake, could cause foreign body reactions and limit the

application of these biopolymers for some medical applications.

Figure 3. Evolution of the remaining weight and water absorption of the PLCLs during the in vitro

degradation.
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NMR analysis of the copolymers at different times

Table 3 presents the evolution during degradation of LA content, LA average sequence
block and randomness character of the three PLCL copolymers. As can be seen, all
these parameters were slightly altered during the course of the degradation process.
PLCL74b, the most significantly affected material, and PLCL74r suffered minor
changes in their composition and microstructural parameters from day 77 of
degradation, which are associated to the beginning of weight loss in these materials.
PLCL74b registered an increase in LA content from 73.5 to 78.7 % and a drop of its
randomness character from 0.46 to 0.43 during the 98 days of the study and, as a result,
its LA unit’s average sequence block rose from 8.16 to 11.05. This faster degradation of
CL than LA can be explained by the fact that amorphous regions composed of mainly
CL moieties degrade earlier than hard domains where most of LA units are located [28].
PLCL74b exhibits the blockiest distribution of sequences, so that LA-rich hard domains
and soft CL-rich building blocks were larger than in the other copolymers and, when it
starts to lose weight, amorphous CL-rich fragments of polymer are released. On the
contrary, the highly amorphous randomized PLCL62r did not undergo changes during
the time submerged in PBS and the degradation was more homogeneous in such a way

that the chain distribution of sequences was unaltered.

Table 3. Molar composition and microstrutural parameters of the PLCLs at different times of

degradation.
Sample ((t;:;z) % LA Iia R
0 73.5 8.16 0.46
< 7 74.2 8.70 0.45
Ny 14 74.4 8.66 0.45
S 28 74.7 8.81 0.45
2 42 74.7 8.66 0.46
77 75.2 9.52 0.42
98 78.7 11.05 0.43
0 74.0 401 0.96
. 7 75.8 430 0.96
NS 14 74.8 4.08 0.97
3 28 75.2 4.18 0.96
2 42 75.1 4.18 0.96
77 76.7 447 0.96
98 76.8 4.44 0.97
0 62.2 2.55 1.04
& 7 62.2 2.53 1.05
S 14 62.1 2.51 1.05
N 28 62.1 248 1.06
oy 42 61.9 2.49 1.05
56 60.3 2.38 1.06
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As the degradation progresses, new signals appeared at the 'H NMR spectra of the
PLCLs. In addition to the lactide methine and the caprolactone methylenes signals,
small peaks, linked to the terminal groups of the degradation byproducts, are found. As
an illustration, Figure 4 shows the spectrum of the PLCL74b on day 77, where the
quadruplet at 4.35 ppm and the triplet at 3.65 ppm could be assigned to -CHOH and —

CH,OH terminal groups.
-CH g(-CH .
( } ( 2) New signals C[( CHZ}
LA-LA CL-CL CL-CL
H;O + ROH
| La-cL ata | /
| lu .||'| y
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Figure 4. '"H NMR spectrum of PLCL74b on day 77 of degradation.
Mechanical properties

In the present study mechanical testing of PLCL samples submerged in PBS during
different times (14 and 21 days) were intended to perform. Nevertheless, as a
consequence of the degradation process, PLCL74b and PLCL74r were too brittle due to
the elevated crystallization of polylactide domains, whereas PLCL62r became sticky
and impossible to manipulate. Table 4 summarizes the mechanical properties of the
non-degraded copolymer films and the PLCL74r on day 14, the only tests that could be

completed. Figure 5 shows some typical strain-stress curves of these assays.

As it can be observed, the three materials displayed a completely different mechanical
performance. Blocky PLCL74b (Lo = 8.16 and R = 0.46), regardless its equal
copolymer composition to PLCL74r, showed a partly glassy semicrystalline behaviour

having a secant modulus of 310.1MPa and presenting a yield point at 4.9 %, that did not
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appear in the other two PLCLs. In contrast, random PLCL74r (Ipo = 4.01 and R = 0.96)
and PLCL62r (Ipo = 2.55 and R = 1.04), were elastomeric or highly elastomeric
thermoplastics, with secant modulus values of 19.3MPa and 2.7MPa, offset yield
strengths of 0.80 MPa and 0.25MPa, ultimate stress values of 3.2 MPa and 0.37 MPa
and elongation at break of 325 % and > 1400 %, respectively. It is noteworthy the great
effect of CL content, which is 26 % for PLCL74r and 38 % for PLCL62r, on the
deformation at break, when both copolymers have similar randomness character. This
fact could be explicated by the higher amorphous structure of the CL-richest PLCL. At
a critical average sequence LA unit’s block, the contribution of these hard domains on

the stiffness of the material decreases substantially.

Table 4. Mechanical properties data of the PLCL74b, PLCL74r and PLCL62r.

Yield Strength or
Sample Secant Modulus Offset Yield Tensile Elongation
at2 % Strength Strength’ at Break
at10 %'
(MPa) (MPa) (MPa) (%)
PLCL74b | Non-degraded 310.1+£6.1 79+0.3 9.0+0.8 163
Non-degraded 194+13 0.80 +0.02 32+ 0.6 325
PLCL74r
After 2 weeks 134.9+16.0 9.9+0.1 103+ 0.1 121
PLCL62r | Non-degraded 273+ 0.2 0.25+ 0.02 0.37+ 0.02 > 1400

'Yield Strength was calculated for PLCL74b. Offset Yield Strength was calculated for PLCL74r and PLCL62r at a 10 % of
strain using the secant modulus at 2 % as elastic modulus (E).

The tensile strength was determined as ultimate stress value (o).

In the first two weeks of the study, a melting peak of 12.6 J g, related to LA
crystallizable blocks, become visible in the initially fully amorphous PLCL74r. This
crystallization process was reflected on its mechanical properties and its elastomeric
behaviour shifted to a slightly glassy one; 133.9 MPa of secant modulus, 9.9 MPa of
offset yield strength, 10.3 MPa of tensile strength and 121 % of elongation at break. The
strength related values are considerably higher than the corresponding values of the
non-degraded PLCL74r and even higher than the PLCL74b ones. One week later, on
day 21, the test samples of PLCL74r were unworkable owing to its brittleness. This

phenomenon, very typical of semicrystalline polymers such as poly(L-lactide) or
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polyglycolide at advanced states of decomposition, was magnified in the PLCL74b and,
in consequence, it was not able to carry out mechanical testing neither on day 14. The
deterioration of the mechanical properties during degradation causes the fragmentation
of the samples in crystallites that are unwanted and limit the uses of these biomaterials
in some applications. On the other hand, a material based on PLCL62r will require more

consistency for devices with the necessity of mechanical support.

PLCL74r 14 days

PLCL74b

Stress (MPa)

PLCL74r 3259% —=
R

PLCL62r >1400 % —»

0 . r .
0 100 200

Strain (%)

Figure 5. Strain-stress typical curves of the PLCL74b, PLCL74r and PLCL62r.

1.2.4. Conclusions

In this study the influence on the degradation behaviour of the chain microstructure
features and the crystallization capability of various statistical PLCLs has been
highlighted. Two of the studied PLCLs (PLCL74b and PLCL74r), despite having
similar composition, displayed completely different performance during the course of
degradation due to their different randomness character (R = 0.46 vs 0.96). Blocky
PLCL74b with a lactide unit average sequence length (/;4) of 8.16 was very prone to
crystallizate and reached a value of AH, = 51.0 J g on day 98, whereas random
PLCL74r with [;4= 4.01 presented a AH,, = 33.7 J g'1 at the same day. This fact had a
direct effect in the degradation rate of the polymers. PLCL74b exhibited the slowest

degradation rate, which is attributable to the higher resistance of crystalline domains,

128



Section 1. Copolymers of high glass transition temperature Chapter 1.2.

with a Ky = 0.022 d and a remaining weight of 81.5 % at the end of the experiment.
This demonstrates that, although PLCL74b had a higher initial molecular weight, the
randomness character has a greater effect on the degradation of the studied PLCLs. On
the other hand, random PLCL62r (/4 = 2.55), despite being richer in &-CL (more
hydrophobic character than LA), presented the fastest degradation rate with a Ky =
0.038 d' and a remaining weight of 19.4 %, proving that the amorphous character is a

decisive factor in the degradation of the statistical copolyesters.

The LA content and /;4 and R parameters of the three PLCL copolymers were slightly
modified during the course of the degradation process. PLCL74b was the most
significantly affected material and suffered minor changes in their composition and
microstructural parameters from day 77 of degradation. These changes are associated to
the beginning of weight loss in these materials, when amorphous CL-rich fragments of
polymer are released. In contrast, the highly amorphous randomized PLCL62r did not
undergo changes during the time submerged in PBS and the degradation was more

homogeneous in such a way that the chain distribution of sequences was unaltered.

Regarding the mechanical properties, PLCL74b showed initially a partly glassy
semicrystalline behaviour having a secant modulus of 310.1MPa and presenting a yield
point at 4.9 %. However, it became very brittle as a consequence of the high
crystallinity and, on day 14, was not able to manipulate. Random PLCL74r shifted from
an initial elastomeric behaviour to a slightly glassy one on day 14, with an increase in
the strength related properties and a sharp decrease in the elongation at break (from 325
to 121 %). Finally, PLCL62r presented a highly elastomeric behaviour but became too

sticky and its properties were not measurable during the course of degradation.

From this study it can be concluded that the development of crystalline domains is an
unwanted factor during the degradation process of these statistical copolyesters. As it
has been demonstrated, the presence of crystalline domains slows down dramatically
the hydrolytic degradation of the polymers and causes a deterioration of the mechanical
properties. Moreover, the presence of highly crystalline remnants could cause foreign
body reactions and limit the application of these biopolymers for some medical

applications.
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Abstract

Thermoplastic biodegradable polymers displaying an elastomeric behaviour are greatly
valued for the regeneration of soft tissues and for various medical devices. In this work,
terpolymers composed of e-caprolactone (CL), D-lactide (D-LA) and L-lactide (L-LA)
were synthesized. These poly(lactide-g-caprolactone) (PLCLs) presented an elevated
randomness character (R ~ 1), glass transition temperatures (T) higher than 20 °C and
adjusted L-LA content. In this way, the L-LA average sequence length (/.1 n) was
reduced to below 3.62 and showed little or no crystallization capability during in vitro
degradation. As a result, the obtained materials underwent homogenous degradation
exhibiting Ky ranging from 0.030 to 0.066 d” and without generation of crystalline
remnants in advanced stages of degradation. Mechanical performance was maintained
over a period of 21 days for a rac-lactide- e-caprolactone copolymer composed of ~ 85
% D,L-LA and ~ 15 % CL and also for a terpolymer composed of ~ 72 % L-LA, ~ 12 %
D-LA and ~ 16 % CL. Terpolymers having L-LA content from ~ 60 to 70 % and CL
content from ~ 10 to 27 % were also studied. In view of the results, those materials
having CL and D-LA units disrupting the microstructural arrangement of the L-LA
crystallizable chains, an L-LA content < 72 % and a random distribution of sequences,
may display proper and tunable mechanical behaviour and degradation performance for
a large number of medical applications. Those with a CL content from 15 to 30 % will
fulfill the demand of elastomeric materials of T, higher than 20 °C whereas those with a

CL content from 5 to 15 % might be applied as ductile stiff materials.
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1.3.1. Introduction

There is a growing demand, in the biomedical field particularly, for the regeneration of
soft tissues and for various clinical implants and devices, of highly flexible and
deformable materials having degradability and mechanical behaviour that, during their
use, are predictable. Some applications in which an elastomeric character is desirable
include cardiac tissue engineering applications, where the biomaterials should have
enough flexibility to respond synchronically with the myocardium contraction and to
effectively transfer the mechanical stimulus from the myocardial microenvironment to
the incorporated cells [1]. Also in the cardiovascular system, the supports used as
vascular grafts must present similar mechanical behaviour to that of the damaged artery
to be replaced (elongation at break of ~ 125 % and ultimate tensile strength of ~ 1 MPa
[2]). Biodegradable thermoplastic elastomers (TPEs) are also gaining interest in the
regeneration of muscles, tendons or ligaments thanks to their shape recovery capacity.
This property permits a dynamic cell culture with mechanical stimulation which
promotes cell proliferation, extracellular matrix production, gene expression, etc. [3].
By contrast, in non-elastomeric materials (poly(L-lactide), poly(DL-lactide/glycolide),
etc.), this mechanical stimulus could cause an undesired permanent deformation.
Additionally, in urothelium tissue engineering applications, the use of TPEs for the
restoration of damaged urethra is also being considered as an alternative to the more
traditional possibilities such as the use of the patient’s own genital tissue or the use of
the buccal mucosal grafts [4]. Finally, other potential applications of these
biodegradable polymers found in the literature include stents for the treatment of

esophageal stenosis [5] and nerve conduct guides for the repair of nerve defects [6,7].

Although the initial properties of poly(lactide-e-caprolactone) polymers (PLCLs) can be
appropriate for the above mentioned medical applications, these polymers present
several problems that could be overcome by proper macromolecular design . The
crystallization capability of the commonly used PLCLs can be found to be higher than
expected when there is a miscalculation of the crystallizable L-lactide(L-LA) or D-

lactide (D-LA) content, or also because of an underestimation of the impact that
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microstructural chain features can have on supramolecular arrangements. Hence, most
of the poly(L-lactide/e-caprolactone) (L-PLCL) [8] or poly(D-lactide-e-caprolactone)
(D-PLCL) copolymers are prone to undergo supramolecular rearrangements of their
chains associated to the development of lactide crystalline domains, leading to
unwanted changes in their properties [9-11]. These rearrangements occur faster in an
aqueous medium due to the plasticizing effect of water molecules and the higher
mobility of shorter chains produced during the hydrolytic scission [9, 12]. Therefore, a
quick increase in the crystallinity resulting from the migration of lactide chains from the
amorphous phases was observed in a previous work, where some statistical poly(L-
lactide-g-caprolactone) of different chain microstructure distribution and different
capability to crystallize were degraded in vitro at 37 °C [13]. The presence of crystalline
domains was demonstrated to be an undesired factor during the degradation process
because it dramatically slows down the hydrolytic degradation rate which inhibits the
homogeneous degradation of the biomaterial and causes greater deterioration in the
mechanical properties. In addition, highly resistant crystalline remnants of low
molecular weight are formed. These residues can trigger foreign body reactions and
remain in the human body for years [14] once the biomaterial has lost its properties and

has fulfilled its function.

Shortening the crystallizable L-LA or D-LA average sequence length, by means of
reducing the LA content or by synthesizing polymers with a more random distribution
of sequences [15-18], might be an appealing solution. However, decreasing the LA
content too much in the L-PLCL or D-PLCL copolymers considerably reduces their
mechanical performance. Thus, the random (R ~ 1) L-PLCL of 62 % L-LA molar
content (/;.14 = 2.55) of our previous study [13], while presenting a faster degradation
rate than that of the 74 % L-LA random copolymer , nevertheless shows a glass
transition temperature (Ty) at 8.9 °C which turns it into a sticky material difficult to

handle.

Poly(D,L-lactide) (PDLLA), an amorphous polymer obtained from rac-lactide (50:50
mix of L-LA and D-LA), displays high elastic modulus (1.9 GPa) and rather low strain
at break values (3-10 %) despite presenting lower tensile strength than poly(L-lactide)
(PLLA) [19]. Nevertheless, the T, (55-60 °C) is lower than that of the PLLA (60-65 °C)
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and its degradation time is much shorter. Consequently, poly(D,L-lactide-co-¢-
caprolactone) (D,L-PLCL or rac-PLCL) copolymers are an attractive alternative to L-
and D-PLCLs because of the inability to arrange into a crystalline organized structure of
both enantiomeric forms of LA. However, because this strategy will result in a
copolymer having lower stereoregularity, it is necessary to raise the D,L-LA content in
order to achieve PLCL copolymers that display similar thermal properties and
mechanical strength as those of the L and D-PLCLs counterparts. On the other hand, it
should be pointed out that controlling the repeat unit sequence distribution in chain
microstructure, and developing random copolymers (R — 1) with improved properties,

is as yet an underutilized tool to tailor the copolymer properties [11, 20-25].

In this work, with the goal of forming reliable and stable medical polymeric
biomaterials, several PLCLs exhibiting a better performance than the commercial ones
and those reported in other papers [10, 26-28] were synthesized. They are statistical
PLCLs with a high randomness character (R ~ 1) (Bernoullian copolymers) composed
of L-LA and CL, in which D-LA is added, on the one hand, to replace CL, increasing
the consistency and the stress related properties (elastic modulus and strength) and, on
the other hand, substituting L-LA decreases its crystallization capability and enlarges
the amorphous character of the polymer. These terpolymers, presenting very little or no
crystallization capability, were characterized by proton nuclear magnetic resonance
spectroscopy ('H NMR) and gel permeation chromatography (GPC) measurements.
Films of the PLCL polymers were prepared for mechanical testing at room temperature
(21 £ 2 °C) and a hydrolytic degradation study in phosphate-buffered saline at 37 °C
was carried out over 14 weeks. The changes in water absorption, weight loss,
crystallinity, phase structure, molecular weight and mechanical properties of the PLCL
films were studied using differential scanning calorimetry (DSC), gel permeation

chromatography (GPC) and mechanical testing.
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1.3.2. Materials and methods

Materials

Statistical poly(lactide-co-g-caprolactone) (PLCL) terpolymers of different L-lactide, D-
lactide and e-caprolactone content were synthesized following the procedure described
in a previous work [15]. L-lactide and D,L-lactide monomers (assay > 99.5 %) were
supplied from Purac Biochem (The Netherlands) while e-caprolactone monomer (assay
> 98 %) was provided by Merck. Bismuth (III) subsalicylate (BiSS) (99.9 % metals
basis) catalyst was supplied by Sigma Aldrich. In vitro degradation studies were carried
out in phosphate buffer saline (PBS) (pH 7.2) obtained from Fluka Analytical (Sigma
Aldrich).

Methods

Ring-opening polymerizations (ROP) were conducted in bulk by a one pot-one-step
procedure. The synthesis reactions using BiSS as catalyst (1500:1 comonomers: catalyst
molar ratio) were conducted for 48 hours (at 140 °C) or for 72 hours (at 130 °C). The
products were dissolved in chloroform and precipitated pouring the polymer solution
into excess of methanol in order to remove the catalyst impurities and those monomers

that did not react.

150-200 pm films were prepared by solvent-casting using chloroform (Panreac, Spain)
as solvent. The solutions were transferred to square (10x10 cm?) Teflon molds and dried
for 2 weeks at room temperature. Then, the PLCL films were heated to 180 °C for 1.5
minutes followed by ice-water quenching in order to remove the chloroform traces and
to erase the previous processing history. From these films, repetitive samples for
mechanical characterization (10cmx1cm) and for the in vitro degradation study (1x1

2 .
cm”) were obtained.

Proton nuclear magnetic resonance (‘"H NMR) spectra were recorded in a Bruker
Avance DPX 300 at 300.16 MHz of resonance frequency, respectively, using 5 mm
O.D. sample tubes and following the experimental conditions described in previous

works [11]. The signals of the lactide methine, centered at 5.15 ppm and the signals of
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the a and & methylenes of the e-caprolactone, around 2.35 and 4.1 ppm, from the 'H
NMR spectrum can be assigned to the different dyads [10]. The lactide and e-
caprolactone molar content and the microstructural magnitudes of the copolymers were
obtained from the average dyad relative molar fractions. L-LA and D-LA are
indistinguishable in the NMR spectrum so their contents and average sequence lengths
are approximate values calculated on the assumption that the reactivities of both L-LA
and D-LA are the same (having taken into account the L-LA:D-LA feed ratios).
Equations 1-4 [29] were employed to obtain the number-average sequence lengths (),

the Bernoullian random number-average sequence lengths (/i) and the randomness

character (R):
_ 2@ta) o 2(cL)
“o@rAa-cL)y T " (LA-CL) (1)
1 1
l =—- ( =—
( LA)random (CL) ( CL)random (LA) (2)
R - (lLA )rtmdom - (ZCL )rtmdom (3)
lLA lCL
For the terpolymers:
1 1
Liia = s Ipaa = 4)

(D -LA) +(CL)) R (L-LA) +(CL)) R

where (LA) and (CL) are the lactide and e-caprolactone molar fractions, obtained from the integration
of the lactide methine signals and the g-caprolactone methylene signals, (L-LA) and (D-LA) are the L-
lactide and D-lactide approximate molar fractions and (LA-CL) is the LA-CL average dyad relative molar

fraction.

For the in vitro degradation study, square samples (~ 20 mg (Wy) (n = 3)) of PLCL
008515, PLCL 502525, PLCL 504010 and PLCL 602515 were placed in Falcon tubes
containing phosphate buffered saline (PBS) (pH = 7.2) and maintaining a surface area to
volume ratio equal to 0.1 cm™. The samples were stored in an oven at 37 °C. Three
samples of each polymer were removed at different times from the PBS and weighed

wet (W,,) immediately after wiping the surface with a filter paper to adsorb the surface
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water. These samples were air-dried overnight and vacuum-dried for another 24 h.
Then, they were weighed again to obtain the dry weight (W4). Water absorption (%
WA) and remaining weight (% RW) were calculated according to Egs. (5) and (6):

% WA = WWW_ Ve 100 (5)
d
%RW = gd 1100 ©
0

In order to compare the degradation rate of the studied PLCLs, the exponential
relationship between molecular weight and degradation time for biodegradable

polyesters degrading under bulk degradation was used [30]:
In My, = In My,0 — Kyt (7)
tip=1/Kuw *1In 2 (8)

where M,, is the weight-averaged molecular weight, M, is the initial weight-averaged molecular weight,
Kwmw 1s the apparent degradation rate and t;,, is the half degradation time (the amount of time required to

fall to half the initial value of molecular weight)..

The molecular weight evolution of the samples during hydrolytic degradation was
determined by GPC using a Waters 1515 GPC apparatus equipped with two Styragel
columns (10% - 10* A). Chloroform was used as an eluent at a flow rate of 1 mL min™
and polystyrene standards (Shodex Standards, SM-105) were used to obtain a primary

calibration curve. The samples were prepared at a concentration of 10 mg in 1 mL

The thermal properties were determined on a DSC 2920 (TA Instruments). Samples of
5-10 mg were heated from -85 °C to 185 °C at 20 °C min™". This first scan was used to
determine the melting temperature (T,,) and the heat of fusion (AH;,) of the samples.
After this first scan, the samples were quenched in the DSC and a second scan was
made from -85 °C to 185 °C at 20 °C min™. In this second scan the glass transition

temperatures (T,) were determined from the inflection point of the heat flow curve.
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The mechanical properties of the non-degraded samples and the samples submerged in
PBS during 7, 14 and 21 days were determined by tensile tests with an Instron 5565
testing machine at a crosshead displacement rate of 10 mm min™'. These tests were
performed at 21 + 2 °C and 50 + 5 % relative humidity following ISO 527-3/1995. The
mechanical properties reported correspond to average values of at least 5

determinations.

1.3.3. Results and discussion

Characterization

Table 1 summarizes the characterization data of the different PLCL films. In each
sample name, the first two digits represent the L-LLA mass content; the following two
the D,L-LA mass content and the last two the CL mass content in the feeding mix. As
an example, PLCL 502525 was synthesized adding 50 wt. % of L-LA, 25 wt. % of D,L-
LA and 25 wt. % of e-CL.

Table 1. NMR characterization and GPC measurements of the films from the PLCL polymers studied in

this work.
: Terpol)fn.lerz M, D Microstructural T,
Sample Composition Magnitudes®
(% molar) &
o o, °
"o Yo % kg mol hia It | Loaat | o R °C

L-LA | D-LA | CL
PLCL 007525 | 36.25 | 36.25 | 27.5 57.2 1.87 | 3.77 1.63 1.63 143 1 096 | 11.5

PLCL 008515 | 41.85 | 41.85 | 163 82.8 1.88 | 6.39 1.79 1.79 1.24 | 096 | 28.7

PLCL 502525 | 60.8 12.1 | 27.1 81.3 1.92 | 347 | 239 1.07 129 | 1.06 | 20.8

PLCL 503020 | 63.6 14.7 | 21.7 58.1 1.88 | 4.58 | 2.73 1.16 | 1.27 | 1.01 | 24.8

PLCL 504010 | 69.7 199 | 104 68.7 195 | 957 | 3.28 124 | 1.11 | 1.01 | 38.0

PLCL 554005 | 74.4 19.8 5.8 56.0 1.87 | 18.87 | 4.29 1.37 1.17 | 091 | 403

PLCL 602515 | 72.0 124 | 15.6 76.8 196 | 649 | 3.62 1.16 | 1.20 | 0.99 | 36.1

PLCL 600040 | 62.2 0 37.8 78.7 1.79 | 2.55 2.55 - 1.55 | 1.04 | 89

PLCL 750025 | 74.0 0 26.0 68.9 1.88 | 4.01 4.01 - 1.41 | 096 | 27.9

! The first two digits of the sample name represent the L-LA mass content in the feeding mix, the following two the D,L-LA

mass content in the feeding mix and the last two the CL mass content in the feeding mix.
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?Calculated from '"HNMR spectra. Because of the impossibility of offering the exact L-LA and D-LA molar content
(indistinguishable in the NMR spectrum), approximate values are given under the assumption that the reactivity of both L-
LA and D-LA are the same.

3haand I are the LA and CL number average sequence lengths obtained from '"HNMR. These values are compared to
the Bernoullian random number-average sequence lengths (/1A=1/CL and /¢ =1/LA), obtaining the randomness character
value (R).

“Iaaand Ipypaare the L-LA and D-LA approximate values of number average sequence lengths under the assumption that
the reactivity of both L-LA and D-LA are the same.

5 Obtained from the second scan of the DSC curves.

As can be seen, the molecular weights (My) of each polymer range from 56.0 to 82.8 kg
mol™ (and dispersity (D) from 1.79 to 1.96) in such a way that the impact on their initial
properties can be assumed as negligible in comparison to that corresponding to
sequence length distribution or terpolymer composition. As it was expected for all of
these BiSS-initiated PLCLs, they exhibit a random distribution of sequences (R ~ 1).
Two of them, PLCL 600040 and PLCL 750025, are L-lactide-co-ge-caprolactone
copolymers (L-PLCL), already employed in our earlier hydrolytic degradation study
[13], used in this work as comparison polymers. PLCL 600040 (62.2 % of L-LA, I} 1A=
2.55 and Icp = 1.55) and PLCL 750025 (74.0 % of L-LA, /i.1a = 4.01 and Icp = 1.41)
present glass transition temperatures (Tes) at 8.9 and 27.9 °C, respectively, and are
demonstrated to be able to crystallize during degradation, developing, at those /iy,

crystalline L-LA domains.

PLCL 007525 (36.25 % of L-LA and 36.25 % of D-LA, /i.1a = Ip.ta = 1.63 and Icp =
1.43) and PLCL 008515 (41.85 % of L-LA and 41.85 % of D-LA, /.1a= Ip1a =1.79
and /c;=1.24) are rac-lactide-PLCLs with T,s at 11.5 and 28.7 °C, respectively. PLCL
502525 (Ippa = 2.39, Ipta = 1.07 and Icp = 1.29), PLCL 503020 (Ip.ta = 2.73, Ip.a =
1.16 and /e = 1.27) and PLCL 504010 (/.pa =3.28, Ippa=1.24 and Icp = 1.11) are
terpolymers having a L-LA content ranging from ~ 60 to 70 % and T,s that shift to
higher values when decreasing their CL content (in the range of 20.8 to 38.0 °C).
Finally, two more terpolymers richer in L-LA were studied, PLCL 554005 (/;.1a = 4.29,
Ipa=1.37 and Icp = 1.17) and PLCL 602515 (/r.La= 3.62, Ip.ta=1.16 and Icp. = 1.20).
They also show single T,s at 40.3 and 36.1 °C.

In view of the given glass transition temperatures (T,s) of the PLCLs there is a well-

known temperature lowering effect of the CL units since, it is worth remembering, the
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poly(e-caprolactone) (PCL) homopolymer presents a glass transition temperature at -
60°C. In addition, the L-LA/D-LA ratio has a major impact on the T, of those polymers
increasing their T, values. This is because at L-LA/D-LA ratios closer to one (this is the
case of rac-lactide copolymers), the polymers are more amorphous because of the lower
L-LA and D-LA average sequence lengths. However, at compositions richer in L-LA,
the L-LA sequence blocks may be large enough to provide stiffness or even form
crystalline organized structures. The discussion of this effect will be treated in a more

comprehensive way evaluating the mechanical behaviour of the different PLCLs.
Mechanical Properties

Mechanical properties of 150-200 pm thick films from the polymers of the Table 1 were
measured with an Instron testing machine at room temperature (21 = 2 °C) and the

results are summarized in Table 2.

Table 2. Mechanical properties data of the PLCLs of this work.

Yield Strength or
Secant Modulus Offset Yield Tensile Elongation
at2 % Strength Strength’ at break
Sample at10 %'

(MPa) (MPa) (MPa) (%)
PLCL 007525 4.6+0.3 0.34+0.02 0.67 +£0.06 > 1400
PLCL 008515 146.5+ 8.9 37+04 54406 361
PLCL 502525 57+0.3 0.44 £ 0.02 23+0.2 994
PLCL 503020 109+1.0 0.58+0.04 1.7+0.2 697
PLCL 504010 336.7+39.8 7.4+0.8 51+04 59
PLCL 554005 473.7+39.7 11.0£1.0 6.6+0.5 8.5
PLCL 602515 331.3+413 7.9+0.9 92+0.6 230
PLCL 600040 27+ 02 0.25+ 0.02 037+ 0.02 | > 1400
PLCL 750025 194+ 1.3 0.80+0.02 32+0.6 325

! The data of the two L-PLCLs, PLCL 600040 and 700025 are extracted from a previous study [13].
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2 Offset Yield Strength was calculated at a 10 % of strain using the secant modulus at 2 % as elastic modulus (E) for PLCL
007525, PLCL 502525, PLCL 503020, PLCL 600040 and PLCL 750025.

3 The tensile strength was determined as ultimate stress value ().
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Figure 1. Tensile stress-strain curves of PLCLs that have approx. 75 % of LA content.

Figure 1 shows typical stress-strain curves of the three PLCLs of this study that have
approximately a 75 % of lactide content (L-LA+D-LA). The poly(L-lactide/e-
caprolactone) L-PLCL 750025 (74 % of L-LA), exhibits a partly elastomeric behaviour
having secant modulus of 19.3 MPa, offset yield strength of 0.80 MPa, ultimate stress
value of 3.2 MPa and elongation at break of 325 MPa. In contrast, PLCL 502525 (60.8
% of L-LA and 12.1 % of D-LA) and PLCL 007525 (36.25 % of L-LA and 36.25 % of
D-LA) are highly elastomeric polymers with secant modulus values of 5.7 MPa and 4.6
MPa, offset yield strengths of 0.44 MPa and 0.34 MPa, ultimate stress values of 2.3
MPa and 0.67 MPa and elongation at break of 994 % and > 1400 %, respectively. As
can be seen, by means of raising the L-LA content, it was possible to increase the stress
related properties of these PLCLs. In the case of the PLCL 502525, the addition of D-
LA units disrupts the microstructural arrangement of the L-LA crystallizable chains
shortening their average sequence length (/s = 2.39 for PLCL 502525 vs. /LA = 4.01
for PLCL 750025). As a consequence, a more disordered structure is achieved
presenting a lower T, (20.8 °C for PLCL 502525 vs. 27.9 °C for PLCL 750025) and a
more elastomeric behaviour. The differences between PLCL 502525 and PLCL 007525
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(lLta = Ipa = 1.63), were less significant. However, it must be emphasized that the
latter presents higher elongation at break values and does not display a cold-drawing
deformation profile that appears in the stress-strain curve of PLCL 502525 over 600 %
of strain. The exceptionally high elastomeric response of the PLCL 007525 can be

explained by its low T, value (11.5 °C) and lower stereoregularity.
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Figure 2. Tensile stress-strain curves of PLCLs.

Figure 2 shows the stress-strain typical curves of the other polyesters of this work:
PLCL 554005, PLCL 504010, PLCL 602515, PLCL 008515, PLCL 503020 and PLCL
600040. The influence of the L-LA/D-LA ratio in the mechanical properties of the
PLCLs is also reflected when comparing the mechanical data of rac-PLCL 008515 and
PLCL 602515, both having similar lactide content (~ 84 % of LA). PLCL 008515
(41.85 % of L-LA, 41.85 % of D-LA and /.1a = 1.79) has 146.5 MPa of secant
modulus, 3.7 MPa of yield strength (yield point at 5.4 %), 5.4 MPa of tensile strength
and 361 % of elongation at break. By contrast, PLCL 602515 (72.0 % of L-LA and /1A
= 3.62) exhibits a more glassy semicrystalline behaviour presenting a neat yield point at
4.8 % and values of the stress related properties that are nearly twice than those of the
rac-PLCL (secant modulus of 331.5 MPa, yield strength of 7.9 MPa and tensile strength
of 9.2 MPa). It was again demonstrated that larger average sequence blocks of L-LA

are responsible for a stiffener effect on the mechanical behaviour of the PLCLs.
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By comparison, as it is featured in Figure 2, the PLCLs with a lower CL content (< 20
%) exhibit glassy responses with clearly defined yield points. PLCL 554005 (74.4 % of
L-LA, 19.8 % of D-LA and /[ 1a = 4.29) shows a typical curve for a glassy
semicrystalline plastic with a prompt failure after yield point (3.2 % of elongation) at
8.5 % strain due to its low CL content (5.8 %). However, the presence of D-LA and CL
in the polymer chains considerably reduces the stiffness and strength of this terpolymer
(473.7 MPa of secant modulus and 6.6 MPa of ultimate stress value) in regard to
polylactides (PLAs) or other L- or D-PLCL copolymers with larger /{14 or Ip.1a [10,
31]. Despite this fact, there is little interest in this biomaterial because of its elevated L-
LA content. This is about equal to the PLCL 750025 (/i o = 4.01) which showed high
crystallization capability during hydrolytic degradation [13]. PLCL 504010 (69.7 % of
L-LA, 19.9 % of D-LA and /i1 = 3.28) and PLCL 602515 (72.0 % of L-LA, 12.4 % of
D-LA and /i 1o = 3.62), having less L-LA units and being richer in CL, improve the
deformability of PLCL 554005, as is proven by their 59 % and 230 % values of
elongation at break, and seem to be very promising materials for substitution of rather

brittle PLAs or PLCLs of large /| . .

Finally, it should also be noticed that the elongation at break measured value of the
PLCLs depends greatly on their CL content and the ultimate strain values of the three
PLCLs of this study in excess of 25 % CL content (PLCL 007525, PLCL 502525 and
PLCL 600040) are higher than 990 %. PLCL 503020 (63.8 % of L-LA, 14.7 % of D-LA
and 21.7 % of CL) and PLCL 600040 (62.2 % of L-LA and 37.8 % of CL) present a
thermoplastic-elastomer behaviour and no yield point was observed. PLCL 503020
displays mechanical properties between PLCL 504010 (69.7 % of L-LA) and PLCL
502525 (60.8 % of L-LA), e.g. secant modulus of 10.9 MPa, ultimate stress value of 1.7
MPa and strain at break of 697 %, improving the stress related properties and the
mechanical performance of PLCL 600040 (secant modulus of 2.7 MPa, tensile strength
of 0.37 MPa and strain at break > 1400 %). Both polymers have similar L-LA content
(~ 63 % of L-LA and /i.1a ~ 2.6), but replacing CL with D-LA-units a higher T,
polymer is achieved (24.8 °C for PLCL 503020 vs 8.9 °C for PLCL 600040), which is

more attractive for medical applications at human body temperature (37 °C).
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Hydrolytic degradation study

From the random PLCLs of the Table 1, PLCL 008515, PLCL 502525, PLCL 504010
and PLCL 602515 were considered the most representative and were selected to carry

out a hydrolytic degradation study.

Thermal properties evolution

Figure 3 shows the first DSC scans of samples of PLCL 008515, PLCL 502525, PLCL
504010 and PLCL 602515 at different degradation times. The thermal properties data of

each material obtained from these thermograms are detailed in Table 3.
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Figure 3. First DSC scans of PLCL 008515, PLCL 502525, PLCL 504010 and PLCL 602515 at different

degradation times.
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Table 3. M,,, D, and DSC results of the studied PLCLs at different times of degradation.
X 1st Scan 2nd Scan
Sample time M, 1 D 1 1
(days) (kg mol") Ta(C) | 80g") | TaCO | AHa@g) | T,(O

0 82.8+0.0 1.88 24.1 - - - 28.7

3 73.7+05 1.97 30.3 0.4 - - 32.7

7 65.1+ 1.4 2.04 33.0 0.6 - - 33.2

- 14 404+1.0 2.26 31.0 - - - 322

5 21 258+1.1 2.99 28.8 - - - 27.0

8 28 147023 14.80 27.3 - - - 29.0

O 35 84+0.8 * 26.6 - - - 26.6

S 4 6.9+02 * 21.3 ; . ; 213

. 49 6.5+0.02 * 19.2 - - - 10.6

56 6.3 +0.02 * 18.4 - - - 6.1

63 54+03 * 19.5 - - - 43

77 4.6+0.0 * 14.7 - - - 0.9

0 81.3+0.0 1.92 19.3 - - - 20.8

3 72.8+1.6 1.98 20.5 - - - 222

7 63.1+0.9 2.09 21.0 - - - 21.3

- 14 43.8+0.8 2.28 20.5 - - - 20.7

o 21 30.1+0.8 3.29 19.3 - - - 19.8

S 28 18.5+0.1 13.19 18.1 - - - 18.1

a 35 11.8+0.4 * 17.0 - - - 152

S 4 87402 * 10.1 ; . ; 10.1

. 49 7.6+0.03 * 11.9 - - - 13.0

56 7.7+02 * 11.0 - - - 16.0

63 6.8+0.05 * 7.9 - - - 13.7

77 6.0+0.3 * 6.3 - - - -1.6

0 68.7£0.0 1.94 337 0.4 - - 38.0

3 62.8+0.4 1.99 38.4 0.6 - - 39.1

7 593+02 2.03 42.0 3.4 - - 41.6

- 14 526+ 1.7 2.04 42.0 3.7 - - 40.0

2 21 442+08 221 42.8 4.4 - - 41.0

= 28 33.8+0.6 2.88 38.8 23 - - 38.4

a 35 26.9+0.3 3.67 35.4 1.4 - - 34.1

S 49 15.0£0.8 * 35.0 1.7 82.0 1.9 26.5

A 56 120£04 * 334 13 79.0 3.0 247

70 9.0+0.1 * 35.7 1.1 ok o 222

84 7402 * 30.0 - o o 17.1

98 6.5+0.0 * 30.1 - 80.2 8.0 17.7

0 76.8 £0.0 1.96 343 03 - - 36.1

3 68.3+0.5 2.01 33.1 0.1 - - 35.4

7 62.6+0.8 2.05 349 0.8 - - 34.1

- 14 524+1.6 2.06 34.4 12 - - 34.8

o 21 388+1.0 227 35.7 1.1 - - 35.4

g 28 27.2£0.6 3.17 317 0.6 - - 30.2

_1 35 19.9+0.3 3.95 29.1 - 77.6 24 30.6

S 49 11.0 £ 0.05 * 32.6 - 81.8 10.6 26.4

A 56 9.4+0.09 * 26.8 - 81.6 114 25.9

70 82+ 0.4 * 23.0 - 81.8 10.5 18.5

84 6.8+0.2 * 22.7 - 84.7 18.6 14.8

98 6.0+ 0.0 * 18.0 - 82.7 17.8 10.6

* Not measurable because of the uncertainty in the number-average molecular weight (M,) measurements.
** Not measurable because of water traces in the DSC sample.

After being conformed, the rac-PLCL 008515 (41.85 % of L-LA and 41.85 % of D-LA)

film presented a T, of 24.1 °C. Then, on day 3, a small enthalpy of relaxation peak (d)

appeared at the T, which slightly increased to about 30 °C as a result of the

densification of the polymer chains. However, on day 14 the 6 disappeared and the T,
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started to move toward lower temperatures because of the higher mobility of the shorter
polymer chains produced during the degradation process. Finally, after 77 days
submerged in PBS, when the weight-average molecular weight (My) of the polymer
was 4.6 kg mol”, the T, reached a final value of 14.7 °C. PLCL 008515 degraded
homogenously and no melting peaks were detected in the DSC analysis thanks to the

combination of short L-LA, D-LA and CL sequences.

The DSC curves of PLCL502525 (60.8 % of L-LA and 12.1 % of D-LA) developed in a
manner similar to those of rac-PLCL 008515, maintaining its amorphous character, and
no phase separation was detected. In this case an enthalpy relaxation peak was not
found during degradation process, probably because the storage temperature (37 °C)
was well above the glass transition temperature for this material. It should also be
noticed that, in contrast to a L-lactide/e-caprolactone copolymer studied in our previous
work (PLCL 750025) [13] which has similar lactide content (~ 75 %), L-lactide
segments of PLCL 502525 were not able to crystallize because of the shorter average
sequence length of L-lactide (/L. a = 2.39) in comparison to the /1o = 4.01 of the
previously mentioned PLCL750025. Throughout the entire study, PLCL502525
displayed a single Ty, initially at 19.3 °C, that shifted to 6.3 °C on day 77, when M,, took

a value of 6.0 kg mol™.

Regarding PLCL 504010 (69.7 % of L-LA and 19.9 % of D-LA), in the first DSC scan
this terpolymer showed a T, at 33.7 °C at the beginning of the experiment accompanied
by a small enthalpic relaxation peak. Both T, and o increased substantially during the
first 21 days submerged in PBS at 37 °C reaching a value of 42.8 °C and 4.4 J g
respectively. This indicates that polymer chains were relaxing toward an equilibrium
state [32]. From this day (day 21), the values of T, and 6 decreased uniformly and the
enthalpic relaxation peak even became negligible on day 84. In this material, a melting
peak was found at around 80 °C on day 49 (AH,, of 1.9 J g), demonstrating that the
lactide average sequence length (/.pa = 3.28) was large enough to crystallize during the

degradation period studied. This value shifted to 8.0 J g on day 98.

Finally, the terpolymer richer in L-LA, PLCL 602515 (72.0 % of L-LA, 12.4 of D-LA
and /LA = 3.62), presented an initial T, of 34.3 °C while its associated 6 was 0.3 J g'l.
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This value shifted to 1.2 J g'1 on day 21 and then started to drop until it completely
disappeared on day 35. On this same day, a melting peak was observed at 77.6 °C,
presenting a melting enthalpy (AH,,) of 2.4 J g™, which rose to 17.8 J g at the end of
the study (day 98).

Comparing PLCL 602515 and PLCL 504010 with the previously studied L-lactide/e-
caprolactone PLCL 600040 (62.2 % of LA and /i o= 2.55) [13] it has to be pointed out
that the latter, having shorter /i o and lower L-LA content, crystallizes faster than the
two terpolymers. In this sense, a melting peak was observed in PLCL600040 after just 7
days submerged in PBS whereas PLCL 504010 and PLCL 602515 maintained their
amorphous character until day 49 and day 35, respectively. The low T, of PLCL 600040
in comparison to PLCL 504010 and PLCL 602515 (8.9 °C vs. 33.7 °C and 34.3 °C)
leads to higher mobility of polymer chains promoting an earlier development of
crystalline domains during the hydrolytic degradation. On the other hand, it should also
be noted that, despite the small variations of L-LA content existing between the
crystallisable PLCL 602515 (72.0 % of L-LA and /114 = 3.62) and PLCL 504010 (69.7
% of L-LA and /LA = 3.28) with respect to the previously studied PLCL 750025 (74.0
% of L-LA, I114 = 4.01), large differences were observed in their melting enthalpy
values. Thus, PLCL 750025 had a AH,, of 33.7 J g on day 98, almost twice that the
corresponding to the PLCL 602515. This fact can be explained by an earlier work [15]
where it was found that the crystallinity degree (X;) of nascent L-PLCLs grows in a
logarithmic manner and rises quickly from 2.0 % to around 20.0 % increasing /.1 o from
3.3 to 5.0, grows moderately when /| |4 is in the range of 5.0-9.0 and then, at higher
values of [y, stabilizes. Therefore, at /.15 lower than 4.0, major changes in the

crystallization capability during degradation will also be usual.

Molecular weights evolution and degradation kinetics

The data of weight-average molecular weight (M,,) and dispersity (D) during the in
vitro degradation study are summarized in Table 3. As degradation evolves, the My, of
the samples decreases while their D increases as expected. As an illustration, D of
PLCL 008515, PLCL 502525, PLCL 504010 and PLCL 602515 raised from 1.88, 1.92,
1.94 and 1.96 on day 0 to 14.80, 13.19, 2.88 and 3.17 on day 28, respectively. The
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larger values of dispersity for PLCL 008515 and PLCL 502525 indicate that these two
materials were, at this point of the study, in a more advanced state of degradation

presenting a broader distribution of polymer chain length.

The loss of My, resulted in a reduction in molecular entanglement and an increase in
chain mobility that directly affected the observed glass transition temperatures in the
second DSC scan. As an illustration, T, dropped from the initial value of 28.7, 20.8,
38.0 and 36.1 °C for PLCL 008515, PLCL 502525, PLCL 504010 and PLCL 602515
respectively, to -0.9, -1.6, 17.7 and 10.6 °C at the end of the study, when M,, were in the
range of 4.5 to 6.0 kg mol ™.

K, (@) 1,0
PLCL0O08515 0,066 10,5
PLCL502525 0,056 12,4
PLCL504010 0,030 231
PLCL602515 0,040 17,3
E
=
=
.. = l\%"-..__
—a— PLCL008515 R o Tl
0= PLCL502525 \'ﬂ\g e
-2 PLCL504010 —
—A— PLCLB02515
8 | 8 | | | | | I I I I

' 100
time (days)

Figure 4. In M,, vs. degradation time of the studied PLCLs.

Figure 4 shows the progress of In My, versus degradation time. The values of Ky, and
t1» were calculated from the slope of the fitting curve during the first 35 days of study
for PLCL 008515 and PLCL 502525 and during the first 49 days for PLCL 504010 and
PLCL 602515 (R* > 0.99). It must be stated that extending the fitting of the curve
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beyond these days (35 or 49 days), the correlation coefficient gradually decreased and
the values of M, obtained from the fitting curve deviated from those of the
experimental data. This fact indicates that the degradation mechanism is changing from
one dominated by bulk degradation to another controlled by surface erosion [33].
Obtained Ky for PLCL 008515, PLCL 502525, PLCL504010 and PLCL602515 are,
0.066, 0.0056, 0.030 and 0.040 days™ respectively, with corresponding t;/, of 10.5, 12.4,
23.1 and 17.3 days. To provide framework for comparison, apart from Ky, values for
the PLCL’s studied in this work, Ky values of previously studied [13] PLCL750025
and PLCL600040 are given in Figure 4.

As can be seen, rac-PLCL 008515 (41.85 % of L-LA, 41.85 % of D-LA and /i 1a =
1.79) presents the fastest degradation rate (Kyw = 0.066 days™), due to its completely
amorphous morphology. Conversely, the introduction of rigid L-lactide blocks,
increasing the L-LA/D-LA ratio in the PLCL chains and the /1A, leads to polymers
with higher resistance to hydrolytic degradation. In this way, PLCL 602515 (72.0 % of
L-LA and /115 = 3.62) shows a slower degradation rate than PLCL 008515, despite
having similar lactide content (~ 84 %). The Ky of PLCL 602515 (0.040 days™) is
almost equal to that of the previously studied [13] L-PLCL 600040 (Kyw = 0.038 days”
", which has a 62.2 % of L-LA content. The L-LA average sequence length of the latter
copolymer is lower (/..pa = 2.55) but, as a consequence of its low T, (8.9 °C), the
mobility of its polymer chains is favoured and the crystallization of L-lactide sequences
begins at shorter times. Hence, the melting peak appeared at 69.1 °C on day 7 of
degradation (shifting to 83.8 °C on day 98), while it takes 35 days to be distinguished in
the thermograms of the PLCL 602515. Because the crystallinity is the most important
factor influencing biodegradability, this should be taken into account when comparing
the Ky that PLCL 600040 is richer in CL unit (37.8 % for PLCL 600040 vs 15.6 % for
PLCL 602515), which displays higher resistance to hydrolysis than LA because of its

more hydrophobic character.

PLCL 502525 (60.8 % of L-LA and 12.1 % of D-LA) displayed faster degradation than
L-PLCL 750025 (74 % of L-LA and 26 % of CL). In this case, the reduction of /
(from 4.01 for PLCL 750025 to 2.39 for PLCL 502525) played a pivotal role in the
degradation kinetics of these two materials. PLCL 750025 presented a peak of fusion of
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9.3 J ¢! after just 3 days submerged in PBS (reaching a final value of 33.7 J ¢! on day
98) leading to a biomaterial with much higher resistance to hydrolytic degradation (K

=0.034 days™) than the amorphous PLCL 502525.

With regard to PLCL 504010 (69.7 % of L-LA and 19.9 % of D-LA), the elevated T,
(38 °C) and the more packed structure of this material which contains less flexible CL
units, seemed to slow down its hydrolytic degradation. The polymer chains are more
compacted in the amorphous regions of this terpolymer than in other studied materials,
as demonstrated by large enthalpic relaxation peaks observed in DSC results. Thus,
water penetration is more difficult in these regions and the polymer displays higher
resistance to hydrolytic degradation. Consequently, PLCL 504010 exhibited the lowest
degradation rate of the studied PLCLs although this terpolymer was less prone to
crystallization than PLCL 602515.

Weight loss and water absorption

Figure 5 shows remaining weight and water absorption curves of PLCL008515, PLCL
502525, PLCL 504010 and PLCL 602515 during in vitro degradation study. Obtained
results are perfectly in accordance with the change of degradation mechanism on day 35
for PLCL 008515 and PLCL 502525 and on day 49 for the other two studied PLCLs,
proposed in the 3.2.2 section. This occurs when erosion is the dominant degradation
mechanism and oligomers and degradation byproducts are released from the sample
leading to weight losses. In this sense, both PLCL 008515 and PLCL 502525 suffered a
sharp decrease in their remaining weight from day 35 accompanied by a significant
increment in the water absorption. As an illustration, the weight of PLCL 008515 and
PLCL 502525 was maintained almost constant until day 35 and then it dropped to
around 55 % on day 49. In the case of PLCL 504010 and PLCL 602515, the remaining
weight did not undergo important changes until day 49 when they started to lose weight
and reached a value of ~ 60 % and ~ 55 % on day 70 for PLCL 504010 and PLCL
602515, respectively.

As seen in the plot of water absorption, in PLCL 008515 and PLCL 502525 the increase
of water uptake started 14 days earlier than in PLCL 504010 and PLCL 602515,
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indicating that degradation is in a more advanced state in these two polymers with
shorter /i ;4. As previously mentioned, the developed crystalline domains in PLCL
602515 and the more packed amorphous regions in PLCL 504010 may hinder water
absorption. Since the degradation of these polyesters is dominated by the attack of water
to the ester bonds, the degradation kinetics and the mass loss of these two materials is

less pronounced and retarded with respect to PLCL 008515 and PLCL 502525.
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Figure 5. Remaining weight and water absorption of the PLCLs during the in vitro degradation study.

It is remarkable that, in contrast to the previously studied PLCL 750025 (74.0 % of L-
LA and /1o =4.01) [13] or PLASs (poly(L-lactide) and poly(D-lactide) homopolymers),
the PLCLs of the current work did not produce highly resistant crystalline fragments
during their degradation. Since these remnants can damage surrounding tissues they are
highly undesirable in medical applications. However, the PLCLs studied here degraded

homogeneously and soft and pasty residues were observed at long degradation times.
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Even PLCL 602515 (72.0 % of L-LA and /; A = 3.62) and PLCL 504010 (69.7 % of L-
LA and /. 1a = 3.28), which crystallized and underwent a noteworthy enthalpic

relaxation at the T, during degradation, did not generate brittle resistant fragments.

Mechanical properties evolution

Mechanical testing was foreseen to be conducted at room temperature (21 £ 2 °C) on
samples of PLCL 008515, PLCL 502525, PLCL 504010 and PLCL 602515 submerged
in PBS for different times (7, 14 and 21 days). Some samples were found difficult to
handle because they became too brittle or sticky during degradation. For example
PLCL504010 was found to be too brittle in weeks 2 and 3 due to its elevated
densification (enthalpy relaxation of its amorphous domains). PLCL 502525 became
sticky and impossible to handle due to its poor mechanical performance. Table 4
summarizes the mechanical properties of PLCL 008515, PLCL 504010 and PLCL
602515 during degradation from the tests that could be completed.

It can be noticed that PLCL 008515, PLCL 504010 and PLCL 602515 undergo changes
in their mechanical performance associated with the loss of molecular weight and to the
decrease of specific free volume during degradation. For the PLCL 602515 (72.0 % of
L-LA, 12.4 % of D-LA and /..La = 3.62), as a consequence of the rising of the enthalpy
relaxation peak at T, (8) from 0.3 J g'1 (day 0) to 1.2°J g'1 (day 14), an increase of
stiffness is observed, reaching a secant modulus of 455.4 MPa and a yield strength of
12.9 MPa on day 14. Then, the & value starts to decrease and, on day 21, the stress
related properties are even lower than the initial ones of the non-degraded samples. On
day 21 of the study, M,, takes a value of 38.8 kg mol™ and the elongation at break
reaches a value of 38 %, when initially it was 230 %. This is an indicative of severe

deterioration of the mechanical properties at longer times.

In the PLCL 008515 (41.85 % of L-LA, 41.85 % of D-LA and /.1ao = 1.79) an enthalpy
relaxation peak appeared on day 7 (6 = 0.6 J g, disappearing at longer times when the
molecular weight was lower (M,, = 25.8 kg mol™ on day 21) and the mobility of the
polymer chains was favoured. As a result, the tensile properties of this PLCL undergo

small fluctuations towards the increase of stiffness and, thereafter, they begin to drop.
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Thus, after 21 days submerged in PBS, the secant modulus evolved from 146.5 to 32.2
MPa and the ultimate stress value from 5.4 to 1.6 MPa. By contrast, the strain at break
value constantly fell during the first 14 days, surprisingly rising to 422 % at the end of
the study. Both PLCL 602515 and PLCL 008515 provided a suitable mechanical

performance during those 3 weeks.

Table 4. Evolution of the mechanical properties during degradation.

Yield Strength or
Secant Modulus Offset Yield Tensile Elongation Strain
at2 % Strength Strength’ at break Recovery
Sample at10 %'
(MPa) (MPa) (MPa) (%) (%)
Day 0 146.5+8.9 37+04 54406 361 964+ 1
Day 7 189.6 £ 19.4 8.1+0.3 8.0+1.0 258 95.4+1
PLCL 008515
Day 14 169.1+11.2 54+£04 5.0+0.5 167 97.8+1
Day 21 322+4.0 1.3+0.1 1.6+£0.2 422 91.0+1
Day 0 336.7+39.8 7.4+0.8 5.1+04 59 80.9+38
PLCL 504010
Day 7 742.8 £37.3 - 23.6+£1.3 3.8 -
Day 0 33134413 7.9+0.9 9.2+0.6 230 95.1+2
Day 7 374.1+£30.2 121+1.4 11.4+£0.5 235 86.8+2
PLCL 602515
Day 14 4554 +48.5 129+1.1 82+0.9 134 96.3+1
Day 21 225.6+11.0 8.0£1.0 57+0.6 38 9532

! Offset Yield Strength was calculated at a 10 % of strain using the secant modulus at 2 % as elastic modulus (E) for PLCL
008515 on day 21 of degradation.

% The tensile strength was determined as ultimate stress value (c,).

With regard to the PLCL 504010, it can be said that this PLCL is the most affected by
the PBS degradation process in terms of stiffness increase. Its elevated T, (38.0 °C) and
its low CL content makes it more susceptible to densification changes involving
enthalpy relaxations, which are associated with the arrangements of the lactide rich
chains in the amorphous regions. On day 7 of the study, the enthalpy relaxation peak
dramatically increased from 0.4 (day 0) to 3.4 J g"'. As a result, this PLCL broke at 3.8
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% before yielding, reaching an ultimate stress value of 23.6 MPa whereas the secant
modulus value shifted from 336.7 to 742.8 MPa. PLCL 504010 became rather brittle
during degradation and it was not possible to carry out mechanical testing at other

times.

A material based on PLCL 504010 (69.7 % of L-LA, 19.9 % of D-LA and /; 1 4=3.28)
or PLCL 502525 (60.8 % of L-LA, 12.1 % of D-LA and /; 1 4=2.39) will require more
stiffness or greater strength for devices with the necessity of consistency. However, the
terpolymers having LA content from ~ 60 to 70 % and CL content from ~ 10 to 27 %

will be very valuable for the medical applications discussed in the introduction.

1.3.4. Conclusions

In this work a new generation of poly(lactide/e-caprolactone) polymers (PLCLs) of
molecular weights (M,,) ranging from 56.0 to 82.8 kg mol”, and composed of &-
caprolactone (CL), L-lactide (L-LA) and D-lactide (L-LA) (L-LA content < 72 %),
were synthesized using bismuth (III) subsalicylate (BiSS) as catalyst. These polymers,
having glass transition temperatures (T,) higher than 20 °C, present a random
distribution of sequences (randomness character: R ~ 1), show very little or no
crystallization capability and do not generate resistant crystalline remnants during
hydrolytic degradation. This is achieved because of their controlled D-LA and CL
average sequence lengths and the inability to arrange into highly crystalline organized
structure of their L-lactide (L-LA)-unit chains. Apart from the well-known elastomeric
effect of CL, the addition of D-LA units allows the formation of more amorphous
polymers. In the L-LA/D-LA/CL terpolymers, the D-LA and CL units disrupt the
microstructural arrangement of the L-LA crystallizable chains shortening their average
block sequence. As a result, a more disordered structure is obtained presenting a lower
T,, less resistance to hydrolytic degradation and a more elastomeric behaviour.
Likewise, the presence of D-LA replacing CL units was found to be very useful in order
to tune the T, and the stress related properties (elastic modulus and strength) of the L-

LA/CL or rac-LA/CL elastomeric copolymers of low T, (< 20 °C).
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Abstract

Lactide-co-6-valerolactone copolymers (PLVL) have not attracted as much research
interest as the more popular poly(lactide-co-g-caprolactone) (PLCL) elastomeric
materials. In this work the study of the mechanical performance is focused on the
former with the aim of identifying the potential advantages of these thermoplastic
elastomers for their application in the biomedical field. Mechanical testing (at 21 °C and
at 37 °C) of at least 5 specimens and dynamic mechanical analysis (DMA) in duplicate
were carried out on various PLVL, which include a moderately blocky L-lactide/ 6-
valerolactone copolymer (~ 70 % of L-LA and R = 0.68) and several that showed a
random distribution of sequences (R ~ 1): some terpolymers based on L-lactide, D-
lactide and d-valerolactone (with a lactone content of ~ 25 % and ~ 14 %) and a series
of copolymers of L-LA and 6-VL having L-LA molar contents ranging from 69 to 74
%. In view of the results, it can be concluded that noteworthy improvements in stiffness
and strength were achieved by adding 3-VL to the reaction mix instead of &-CL,
although both monomers have analogous chemical properties. For example, a PLVL
with a 75:25 molar composition of L-LA/ 8-VL at 21 °C presented a secant modulus of
213.7+ 36.5 MPa and g,= 14.7 £ 1.4 MPa whereas a previously studied PLCL of
equal composition had a secant modulus and an ultimate stress value of 19.4 £ 1.3
MPa and 3.2 + 0.6 MPa, respectively. At 37 °C, the differences in the mechanical
properties between the different PLVLs of this work were far less relevant, with most of
them showing a fully elastomeric behaviour. Referring to the DMA measurements, the
reduction in the peak of tan 6 (from ~ 2.5 to 0.5) through the glass transition was a clear
indicator that crystalline domains formed during hydrolytic degradation in some of the
polymers. However, the more amorphous PLVLs with short L-LLA average sequence
lengths (/L.La < 2.91) did not undergo changes in the storage modulus and tan & curves

after two weeks submerged in PBS at 37 °C.
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2.1.1. Introduction

Attaining a combination of strength and elasticity has been a particular challenge for
researchers working on synthetic biodegradable polyesters. Copolymerization with a
complementing monomer is the strategy typically employed to tailor the mechanical,
thermal and biodegradation properties of a final polymer, thereby allowing the
enhancement of the ductility of polylactides and polyglycolides. e-caprolactone (e-CL)
and B-butyrolactone (B-BL) are two of the best-known cyclic esters and have been
widely employed by many researchers in the past in numerous polymerization routes
with lactide or glycolide [1-16]. e-caprolactone is a seven membered ring with five
methylene groups, which provides increased flexibility to the main chain of the
polymer. Poly(e-caprolactone) (PCL) homopolymer [17-18] presents a glass transition
temperature (T,) in the range of -60 to -65 °C, a melting point at 56-65 °C and
biodegrades slowly, from several months to several years, as a result of its high
crystallinity and hydrophobicity. The values, reported in literature, for its mechanical
properties reflect high elongation at break values (750-1000 %) and Young's modulus
between 210 and 444 MPa. On the contrary, B-butyrolactone is a four membered ring
with a methyl side-group. Poly(3-hydroxybutyrate) (P3HB) [19-25], which can be
synthesized by a fermentation process using bacteria or by the ring-opening
polymerization of B-BL, contains a chiral centre (as does lactic acid) and the properties
of the polymer depend upon the tacticity. P3HB, or simply polyhydroxybutyrate (PHB),
has a T, value of 1-5 °C, a melting point between 150-180 °C and a stiff and brittle
behaviour (Young's modulus of 1688-3670 MPa, tensile strength of 28-36 MPa and

elongation at break value of 1-7.5 %).

In the search for new biomaterials, several other lactones have attracted the interest of
researchers. These cyclic esters (see Figure 1) include, among others, B-propiolactone
(B-PL) [26-27], y-butyrolactone (y-BL) [28-29], y-valerolactone (y-VL) [30], 9&-
valerolactone (6-VL), 6-methyl- e-caprolactone [31], decalactones [32-33] (such as y-
decalactone (y-DL), d-decalactone (8-DL) or e-decalactone (e-DL) with lactone ring
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sizes of five, six or seven, respectively) and w-pentadecalactone (PDL) [34-36].
However, B-PL monomer is a relatively potent carcinogen [37] and for this reason
poly(B-propiolactone) has not wusually been considered for use in biomedical
applications. On the other hand, y-BL and y-VL (both lactones with a five-membered
ring) do not undergo ring-opening polymerization as easily as other lactones do and are
considered practically unpolymerisable [29,38] since they have a very small ring strain
with low geometric distortion in the ester group. Likewise, Houk et al. [38], explaining
the contrasting thermodynamic polymerizability of these cyclic lactones of different
ring size, also demonstrated that the stability of the fully extended conformation is
higher for 6-VL (six-membered ring without side-groups) than for y-BL (five-

membered ring).
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Figure 1. Scheme of some of the cyclic esters mentioned in the text.

d-valerolactone does not approach the industrial importance of g-caprolactone and has
attracted less attention than the latter, above all because of their similar chemical
properties (0-VL has an identical structure to &-CL but has four straight methylenes
instead of five). Poly (d8-valerolactone) (PVL) [27, 39-41] is a semicrystalline aliphatic
polymer with a low melting point of 57 °C and a glass transition temperature of
approximately -55 °C and exhibits a less elastomeric behaviour than PCL (Young's

modulus of 570 MPa and a strain at break of 150-200 %).
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Both lactide-co-6-valerolactone and lactide-co-g-caprolactone copolymers can be
employed in the biomedical field mainly for the regeneration of soft tissues and for
various clinical implants and devices in which an elastomeric character is desirable [6].
The objective of this paper is to focus on the lactide- co- d-valerolactone copolymers
with the aim of identifying the potential advantages of these materials against the more
popular poly(lactide- e-caprolactone) polymers and, at the same time, of learning more
about the mechanical behaviour of this kind of polyester. Thus, in this work several
statistical poly(lactide-co- d-valerolactone) polymers (PLVL), composed of o-
valerolactone (3-VL ), L-lactide (L-LA) and D-lactide (D-LA), and synthesized using
different metal catalysts, were characterized by means of proton nuclear magnetic
resonance spectroscopy (‘H NMR) and gel permeation chromatography (GPC)
measurements. The mechanical performance of these polymeric materials was studied
by testing their mechanical properties at room temperature (21 °C) and at 37 °C, the
human body temperature at which these biomaterials are usually applied. Films of the
PLVL copolymers were prepared for mechanical testing in order to evaluate the
influence of the polymer composition and the chain distribution of sequences,
comparing some of the results achieved to those from lactide-co- &-caprolactone
copolymers used in a previous study of ours [6]. In addition, the viscoelastic behaviour
of the PLVLs was investigated by means of dynamic mechanical analysis (DMA).
Dynamic mechanical measurements were carried out on non-degraded samples and on
samples which were submerged for 14 days in a phosphate buffer saline (PBS) (pH 7.2)
at 37 °C, with the objective of assessing the physical changes during the initial stages of

degradation.

2.1.2. Materials and methods

Materials

L-lactide and D,L-lactide (also known as rac-lactide: 50:50 mix of L-LA and D-LA)
monomers (assay > 99.5 %) were supplied by Purac Biochem (The Netherlands) while

d-valerolactone monomer was provided by Sigma Aldrich. Triphenyl bismuth (Ph;Bi)
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catalyst was obtained from Gelest. Stannous octoate (SnOct;) (assay 95 %) and
bismuth (III) subsalicylate (BiSS) (99.9 % metals basis) catalysts were supplied by
Sigma Aldrich. Phosphate buffer saline (PBS) (pH 7.2) was obtained from Fluka
Analytical (Sigma Aldrich).

Synthesis procedure

Statistical poly(lactide-co- 6-valerolactone) (PLVL) polymers of different L-lactide, D-
lactide and od-valerolactone content were synthesized in bulk by one pot-one-step ring-
opening polymerizations (ROP). In each polymerization, predetermined amounts of L-
LA, D,L-LA (50:50 mix of L-LA and D-LA) and 6-VL at the chosen mass feed ratio
were simultaneously added and melted. Then, the catalyst was added. The PLVL
polymerizations using BiSS as catalyst (1500:1 comonomers/catalyst molar ratio) and
the synthesis reactions employing Ph;Bi (1000:1 comonomers/catalyst molar ratio) were
carried out for 72 hours at 130 °C. The copolymerization of the only PLVL synthesized
with SnOct; (1665:1 comonomers/catalyst molar ratio) was conducted for 48 hours at

140 °C.

After the corresponding reaction time the products were dissolved in chloroform and
precipitated, pouring the polymer solution into an excess of methanol in order to
remove the catalyst impurities and those monomers that did not react. Finally the
product was dried at room temperature and then given a heat treatment at 100 °C for 1

hour to ensure the complete elimination of solvent.
Methods

200-300 um films were prepared by pressure melting at 140 °C and followed by water
quenching so as to achieve an amorphous state. In the case of the single PLVL
synthesized using SnOct, , with a melting peak at 135 °C, it was necessary to work at a
temperature of 175 °C. From these films, repetitive samples for mechanical
characterization (10xlcm?) and for the dynamic mechanical analysis (DMA) (0.4x2
cm?) were obtained. For the DMA study, dynamic mechanical measurements were
carried out on non-degraded samples and on samples of PLVL copolymers which were

placed in Falcon tubes containing phosphate buffered saline (PBS) (pH = 7.2) and

168



Section 1. Copolymers of high glass transition temperature Chapter 2.1.

maintaining a surface area to volume ratio equal to 0.1 cm™. These samples were stored
in an oven at 37 °C and were removed after 2 weeks from the PBS. Then they were air-

dried overnight and vacuum-dried for another 48 h prior to their DMA characterization.

Proton nuclear magnetic resonance ('H NMR) spectra were recorded in a Bruker
Avance DPX 300 at a resonance frequency of 300.16 MHz, using 5 mm O.D. sample
tubes. All spectra were obtained at room temperature from solutions of 0.7 mL of
deuterated chloroform (CDCls). Experimental conditions were as follows: 10 mg of
sample; 3 s acquisition time; 1 s delay time; 8.5 ps pulse; spectral width 5000 Hz and 32

scans.

The lactide methine signals, centered at 5.15 ppm and those of the a and € methylenes
of the d-valerolactone, around 2.4 and 4.1 ppm, seen in the 'H NMR spectrum can be
assigned to the different dyads. The lactide and 6-valerolactone molar content and the
microstructural magnitudes of the copolymers were obtained from the average dyad
relative molar fractions. L-LA and D-LA are indistinguishable in the NMR spectrum so
their contents and average sequence lengths are approximate values calculated on the
assumption that the reactivities of both L-LA and D-LA are the same (having taken into
account the L-LA/D-LA feed ratios). Equations 1-4 [4, 42] were employed to obtain the
number-average sequence lengths (/j), the Bernoullian random number-average

sequence lengths (/;) and the randomness character (R):

_ 2(LA) . 2(VL) (0
(LA -VL) Y (LA - VL)
1 1
L)), =—— ; (I =— 2
( LA )random (VL) ( VL )random (LA) ( )
R - (ILA )random - (lVL )random (3)
lLA ZVL

For the terpolymers:

1 1

= . = 4
(D-LA)+(VL) R ’ b1 ((L-LA)+ (VL)) R ¥

lL-LA
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where (LA) and (VL) are the lactide and &-valerolactone molar fractions, obtained from the integration
of the lactide methine signals and the d-valerolactone methylene signals, (L-LA) and (D-LA) are the L-
lactide and D-lactide approximate molar fractions and (LA-VL) is the LA-VL average dyad relative

molar fraction.

The molecular weights of the polymers were determined by GPC using a Waters 1515
GPC device equipped with two Styragel columns (10*- 10* A). Chloroform was used as
eluent at a flow rate of 1 mL min™' and polystyrene standards (Shodex Standards, SM-
105) were used to obtain a primary calibration curve. The samples were prepared at a

concentration of 10 mg in 1.25 mL.

The thermal properties were determined on a DSC 2920 (TA Instruments). Samples of
5-9 mg were heated from -50 °C to 175 °C at 20 °C min™". This first scan was used to
determine the melting temperature (T,,), the heat of fusion (AH,,) and the glass
transition temperatures (T,) of the samples. After this first scan, the samples were
quenched in the DSC and a second scan was made from -50 °C to 175 °C at 20 °C min.
In this second scan the glass transition temperatures were also determined from the

inflection point of the heat flow curve.

The mechanical properties were determined by tensile tests with an Instron 5565 testing
machine at a crosshead displacement rate of 10 mm min™. These tests were performed
at room temperature (21 + 2 °C) and at human body temperature (37 °C) following ISO
527-3/1995. The specimens had the following dimensions: overall length = 100 mm,
distance between marks = 50 mm, width = 10mm; and were cut out from films of 200-
300 um thickness. The mechanical properties reported (secant modulus at 2%, yield
strength or offset yield strength at 10 %, ultimate tensile strength and elongation at
break) correspond to average values of at least 5 determinations. Mechanical testing at
37 °C was conducted in an Instron controlled temperature chamber. The tests were

stopped at 300 % of strain due to the size limitations of the temperature chamber.

Dynamic mechanical measurements were carried out in duplicate using a
DMA/SDTA861° (Mettler Toledo) in tensile mode. The samples (length = 5.5 mm,
width = 4mm, thickness = 0.2-0.3 mm) were heated from -30 to 100 °C at a rate of 3 °C

min™' at a frequency of 1 Hz. The displacement and force amplitude were adjusted to 20
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um and 0.3 N, respectively. The evolution of storage modulus, loss modulus and tan &
with temperature were recorded during the tests. The storage modulus is shown
normalized in the different figures contained in this work so as to avoid errors related to

sample dimensions measurements.

Statistical differences were analyzed using one-way analysis of variance (ANOVA) and
p values of < 0.05 were considered significant. Tukey means comparison method and

Levene's test for equal variance were employed.

2.1.3. Results and discussion

Characterization

Table 1. Characterization data of the different poly(lactide-co- d-valerolactone) (PLVL).

Sample' Composition' Microstructural T,

and Catalyst (% molar) Magnitudes’

% Y %

1A | pra | vi kg mol! ha | had’ | Lowd® | L R °C

PLVL 007525 BiSS | 37.4 374 | 252 101.1 1.83 | 3.99 | Lol 1.61 1.34 | 099 | 263
PLVL 002525 BiSS | 62.3 125 | 252 87.7 1.82 | 4.19 | 2.80 1.21 141 ] 095 | 29.6
PLVL 750025 BiSS | 73.6 0 26.4 90.0 1.81 | 3.82 | 3.82 - 1.37 | 0.99 | 32.7
PLVL 008515 BiSS | 42.9 429 | 142 110.8 1.83 | 742 | 1.84 1.84 | 123 | 095 | 37.2
PLVL 404515 BiSS | 62.9 22.7 14.4 116.4 1.83 | 7.50 | 291 1.39 1.26 | 0.93 | 40.0

PLVL 69 Ph;Bi 68.6 0 31.4 87.7 1.81 | 3.11 | 3.11 - 143 | 1.02 | 27.0
PLVL 71 Ph;Bi 70.8 0 29.2 120.7 1.89 | 332 | 3.32 - 1.37 | 1.03 | 30.3
PLVL 74 Ph;Bi 73.6 0 26.4 118.8 1.85 | 3.73 | 3.73 - 1.34 | 1.01 | 32.3
PLVL 70Sn SnOct, 70.1 0 29.9 129.1 1.88 | 494 | 4.94 - 2.11 | 0.68 | 31.0

! Calculated from '"H NMR spectra. Because of the impossibility of offering the exact L-LA and D-LA molar content
(indistinguishable in the NMR spectrum), approximate values are given under the assumption that the reactivity of both L-
LA and D-LA are the same.

2 Iaand Iy are the LA and VL number average sequence lengths obtained from '"HNMR. These values are compared to
the Bernoullian random number-average sequence lengths (/.a=1/VL and ly;=1/LA), obtaining the randomness character
value (R).

3haaand I are the L-LA and D-LA approximate values of number average sequence lengths under the assumption that
the reactivity of both L-LA and D-LA are the same.

4 Obtained from the second scan of the DSC curves.
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Table 1 summarizes the characterization data of the different PLVL films fabricated
from the nascent polymers. In each sample name of those polymers from the upper part
of the table (achieved using BiSS as catalyst), the first two digits represent the L-LA
mass content; the following two the D,L-LA mass content and the last two the 6-VL
mass content in the feeding mix. For example, PLVL 502525 was synthesized adding
50 wt. % of L-LA, 25 wt. % of D,L-LA and 25 wt. % of 6-VL. PLVL 69, PLVL 71 and
PLVL 74 are L-lactide-co- d-valerolactone copolymers synthesized with Ph;Bi and
PLVL 70Sn was obtained by copolymerizing L-LA and 6-VL employing SnOct,.

As can be seen, the molecular weights (My,) of the different polymers range from 87 to
130 kg mol™ (and dispersity (D) from 1.81 to 1.89) and are large enough in such a way
that the impact on the mechanical properties can be assumed as negligible compared to
sequence length distribution or polymer composition. As was expected for all these
bismuth initiated PLVLs, they exhibited a random distribution of sequences (R ~ 1). In
contrast, PLVL 70Sn, obtained using SnOct,, was moderately blocky having a

randomness character value of 0.68.

PLVL 007525 (37.4 % of L-LA and 37.4 % of D-LA, IL.1a = Ipia= 1.61 and Iy, =
1.34), PLVL 502525 (62.3 % of L-LA and 12.5 % of D-LA, ly.1a = 2.80, /ppa=1.21
and /vy = 1.41) and PLVL 750025 (73.6 % of L-LA, /. 1o = 3.82 and lyp = 1.37) are
lactide-co-0-valerolactone polymers having a similar 6-VL content (~ 25 %), but a
different L-LA/D-LA ratio. Their Tgs shifted to higher values (from 26 to 33 °C) when
the L-LA content was increased. Two more terpolymers richer in lactide (~ 86 %) were
analyzed: PLVL 008515 (42.9 % of L-LA and 42.9 % of D-LA, /. 1ao= Ip.La= 1.84 and
lyp=1.23) and PLVL 404515 (62.9 % of L-LA and 22.7 % of D-LA, /..1a=2.91, Ip.1a
=1.39 and Iy = 1.26). They also show single T,s, at 37 and 40 °C, respectively.

L-lactide-co- d-valerolactone copolymers of L-LA content ranging from 68.6 to 73.6 %
(lL-a from 3.11 to 3.73) were also evaluated in this work to assess the stiffening effect
of L-LA, within the range of values of /.o in which most changes occurred in terms of
capability of crystallization [5]. PLVL 69, PLVL 71 and PLVL 74 present their T,s at
27, 30 and 32 °C, respectively. Finally, the mechanical behaviour of a SnOct,- initiated
PLVL, presenting an almost equal L-LA content to PLVL 71 (70.1 % vs. 70.8 %), was
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also studied. Its moderately blocky character is reflected in its average sequence lengths
of L-LA and 6-VL (/Lan = 4.94 and lyp = 2.11) compared to the shorter sequence
lengths (/;.1a=3.32 and Iy = 1.37) of the previously mentioned PLVL 71.

Mechanical properties

The mechanical properties of 200-300 um thick films obtained from the lactide-co-6-
valerolactone polymers in this work were measured with an Instron testing machine at
room temperature (21 °C). The different PLVL polymeric materials displayed a partly

elastomeric thermoplastic behaviour with a wide range of mechanical properties.

factide-co-5-Valerolactone lactide-co-c—Caprolactone
14 4
12 | PLVL 750025 PLCL 750025
i (74%L-LA) (74%L-LA)
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Figure 2. Tensile stress-strain curves of PLVLs and PLCLs that have approx. 75 % LA content.

Figure 2 shows typical stress-strain curves of the three PLVLs in this study, with a
lactide content of approximately 75 %, (PLVL 007525, PLVL 502525 and PLVL
750025) and the stress-strain curves corresponding to the lactide-co- e-caprolactone
copolymers of a previous work of ours [6] that have intercomparable compositions. As

can be seen it is possible to increase the stress related properties (elastic modulus and
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strength) of the PLVLs and PLCLs by means of raising the L-LA content while
maintaining the e-CL or 8-VL content constant. The increase in L-LA content in the
polymers brought about a mechanical behaviour change, from an elastomeric behaviour
to that of a glassy plastic, reflecting the fact that the L-LA-unit blocks are responsible
for this stiffening effect.

It is worth noting the scale of the two stress-axes of the curves featured in Figure 2,
which belong to PLVLs (left) and PLCLs (right). The three PLVLs, thanks to the lower
flexibility provided by the 6-VL-units with respect to e-CL (with one less straight
methylene sandwiched between the ester groups of the polymer chain) and therefore,
due to their higher glass transition temperatures (ranging from 26 to 33 °C for the
PLVLs and 12 to 28 °C for the PLCLs) showed a relevant improvement in their stiffness
and strength over the PLCLs. As an illustration, the secant modulus of the PLVL
007525 (8.6 MPa) is almost twice than that of the rac-lactide/e-CL copolymer (PLCL
007525), moreover, PLVL 502525 presents a similar modulus (~ 20 MPa) to that of the
copolymer based on L-LA and &-CL (secant modulus of 19.4 MPa and ultimate tensile
strength (0,) = 3.2 MPa for PLCL 750025). PLVLs exhibit stress values at break within
the range of 3.8 to 14.7 MPa, having an elongation at break of 831 % for PLVL 007525
and 417 % for the less elastomeric PLVL 750025. On the contrary, PLCL 007525,
PLCL 502525 and PLCL 750025 present g, of 0.67, 2.3 and 3.2 MPa and elongation at
break values > 1400, 994 and 325 %, respectively [6]. The exceptionally high
elastomeric response of PLCL 007525 and PLCL 502525, explained by their low T,
values and lower stereoregularity, makes them less useful for medical applications that
require a suitable mechanical performance, at both room temperature (location of the
device) and at human body temperature. In such cases, PLVLs of equal compositions
displaying increased mechanical strength may be a more attractive substitute for the
PLCLs. However, it should also be taken into consideration that at lower e-CL or 6-VL
contents, that is to say in the polymers richer in LA, the differences in the mechanical

behaviour between PLVLs and PLCLs will be smaller.

PLVL 008515 and PLVL 404515, both with a lower d-valerolactone content (~ 14 % of
0-VL), exhibit a more glassy semicrystalline behaviour than the rest of the materials in

this study, presenting neat yield points at 3.9 % and at 4.9 %, respectively. Both
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polymers undergo an appreciable drop in the stress after the yield point but then the
stress value fluctuates within a very narrow range while the specimens of these
polymers continue to deform until they fail. PLVL 404515, with larger average
sequence blocks of L-LA (lL.pa = 2.91 for PLVL 404515 vs. /.1a = 1.84 for PLVL
008515), shows increased stress related properties with a secant modulus of 910.6 MPa,
29.0 MPa of yield strength and 16.9 MPa of ultimate tensile strength. In contrast,
PLVL 008515 shows secant modulus values of 663.2 MPa, 16.3 MPa of yield strength
and 10.1 MPa of ¢,. On the other hand, no yield point was observed in a previously
studied rac-lactide-co-g-caprolactone based copolymer [6], which had the same
approximate lactide content (and ~ 16 % molar content of e-CL) as these two PLVLs.
The above mentioned PLCL 008515 displayed secant modulus of 146.5 MPa, ¢, of 5.4
MPa and 361 % of strain at break.

Table 2. Mechanical properties measured at room temperature (21 °C) of the different poly(lactide-co- 6-

valerolactone) (PLVL) in this work.

Yield Strength or
Secant Modulus Offset Yield Tensile Elongation | Strain Recovery
Sample at2 % Strength Strength’ at break after break®
at10 %'
(MPa) (MPa) (MPa) (%) (%)

PLVL 007525 8.6+1.0 0.51+0.03 3.8+0.3 831 98.2+0.3
PLVL 502525 20.8+2.3 0.84 +0.06 6.9+0.3 488 98.5+0.3
PLVL 750025 213.7+36.5 54+0.3 14714 417 97.3£0.5
PLVL 008515 663.2+£19.2 16.3+0.9 10.1+£0.9 229 95213
PLVL 404515 910.6 £49.1 29.0+1.7 16.9+23 290 39.4+£3.7
PLVL 69 224+14 09+0.1 83+0.5 522 98.9 +0.2
PLVL 71 29.3+£0.7 1.1+0.1 13.8+1.2 573 98.8+0.2
PLVL 74 1315+74 33+0.2 16.4+0.8 533 98.2£0.1
PLVL 70Sn 813124 2.6+0.2 27.5+£23 620 98.9+0.2

! Offset Yield Strength was calculated at a 10 % of strain using the secant modulus at 2 % as elastic modulus (E).
% The tensile strength was determined as ultimate stress value (c,).

3 Measured 24 hours after break.

175



Section 1. Copolymers of high glass transition temperature Chapter 2.1.

The mechanical testing results of the featured polymers, together with the results of the
L-lactide-co-d-valerolactone copolymers of this work, are summarized in Table 2. It
can be seen that all the PLVLs in the study displayed high elongation at break values,
exceeding 229 % in all cases, and large strain recovery rates after break (higher than 95
%), the only exception being PLVL 404515 (39.4 %) the material that showed the
highest T, (40 °C) in the study, in addition to a significantly higher yield strength.
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264 (a) PLVL 70Sn
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Figure 3. Tensile stress-strain curves of the L-lactide co- d-valerolactone copolymers: (a) at room

temperature (21 °C); (b) at human body temperature (37 °C).

Figure 3a shows the typical stress-strain curves of the copolymers synthesized from L-
LA and d8-VL (not containing D-LA). Large differences were found between the
mechanical properties of the L-LA-co- 6-VL copolymers within a narrow range of / a
values (from 3.11 to 3.73). As the L-LA content and the L-LA average sequence length
grow an increase in the stress related properties of the polymers was seen. PLVL 69
(68.6 % of L-LA and /s = 3.11) presents a secant modulus of 22.4 MPa, tensile
strength of 8.3 MPa and strain at break of 522 %. However, it should be noted that
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PLVL 71 (70.8 % of L-LA and /1o = 3.32) and PLVL 74 (73.6 % of L-LA and /1A =
3.73) show higher elongation at break values due to a cold-drawing deformation profile
that appears in their stress-strain curves over 400 % of strain. These two copolymers
exhibit secant modulus of 29.3 MPa and 131.5 MPa and ultimate stress values of 13.8
MPa and 16.4 MPa, respectively. Finally, the elevated tensile strength at break (o, =
27.5 MPa) of PLVL 70Sn, the moderately blocky copolymer (R = 0.68) of almost equal
L-LA content to PLVL 71 (70.1 % vs 70.8 %) should also be mentioned. Its
microstructural arrangement, with a larger average sequence of L-lactide blocks (/.1 =
4.94) in comparison to the /i o = 3.32 of the previously mentioned PLVL 71, leads to a
more glassy semicrystalline behaviour. At a certain point during the tensile test, the

polymer chains may be aligned inducing a process of crystallization by orientation.

Table 3. Mechanical properties measured at human body temperature (37 °C) of the different
poly(lactide-co- 8-valerolactone) (PLVL) of this work.

Yield Strength or
Secant Modulus Offset Yield Tensile
at2 % Strength Strength at 300 %
Sample at10 % !

(MPa) (MPa) (MPa)
PLVL 007525 1.4£0.3 0.15+0.04 0.35+0.05
PLVL 502525 45+03 0.35+0.04 0.59+0.04
PLVL 750025 6.1 +0.4 0.57+0.03 0.99+£0.03
PLVL 008515 74+1.1 0.43 +£0.03 1.30£0.07
PLVL 404515 45.8+4.8 1.32+£0.12 333+0.21

U hvies | s4s03 | 0285005 | 069003

PLVL 71 55+04 0.48 £0.03 1.19+£0.02
PLVL 74 6.0+09 0.48 +0.03 1.24 £0.09
PLVL 70Sn 58+0.3 0.55+0.03 1.41+0.10

! Offset Yield Strength was calculated at a 10 % of strain using the secant modulus at 2 % as elastic modulus (E).
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The results of the mechanical testing at 37 °C of the poly(lactide-co- d-valerolactone)
polymers are summarized in Table 3. As can be seen in Figure 3b, and from the
evaluation of the data of the Table 3, the changes in the mechanical behaviour between
the different polymers are much lower at human body temperature. At this temperature
the polymeric materials are several degrees above their glass transition temperature and
their mechanical response is quite similar. Only PLVL 404515 (T, of 40 °C) does not
display a fully elastomeric behaviour and had significantly different mechanical
properties with respect to the rest of the polymers (p < 0.05); with secant modulus of
45.8 MPa, offset yield strength of 1.32 MPa and 3.33 MPa of tensile strength at 300 %
of strain. PLVL 007525, PLVL 502525 and PLVL 750025 exhibit a secant modulus that
ranges from 1.4 to 6.1 MPa, offset yield strength within 0.15 and 0.57 MPa and tensile
strength values at 300 % of strain in the range of 0.35 to 0.99 MPa. PLVL 69, PLVL 71,
PLVL 74 and PLVL 70Sn, whose stress-strain curves up to 200 % of strain are shown
in Figure 3b, have analogous secant modulus values (approximately 5.5 MPa) and

present slight differences in offset yield strength and tensile strength at 300 %.
Dynamic mechanical analysis (DMA)

DMA is becoming more and more popular in the laboratory as a tool to investigate the
thermal transitions and the relaxation processes of polymers, including biodegradable
polyesters such as polylactides, their blends and their copolymers [43-48]. These
properties can be described in terms of either free volume changes or relaxation times

and are closely related to the dynamic properties [49].

Figure 4 shows the curves of storage modulus (elastic modulus) and tangent of the
phase angle (tan 8) of PLVL 007525, PLVL 502525 and PLVL 750025. The tan 6, also
called the damping, is an indicator of how efficiently the material loses energy to
molecular rearrangements and internal friction, it is also the ratio of the loss (£ ") to the
storage modulus (E"). Therefore, this factor is independent of geometry effects, and
takes a value of zero for an elastic material and infinite for a viscous material. With
regard to all the samples of poly(lactide-co- 6-valerolactone) in this work, the tan o is
well below 0.1 at low temperatures, leading up to the glass transition (< 20 °C). The

polymers are in glassy state and behave like a rigid body. Then, as the glass transition
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temperature is approached (determined from the peak of the tan J), a rapid decline in the
storage modulus occurs and coincides with the rising of the tan 6 curve. Tan o reaches a
peak value in the range of 2.0 to 2.8 for all the non-degraded samples which were fully
amorphous in their initial state. At this point, the contribution of the loss modulus is
higher than that of the storage modulus and PLVLs, thanks to their viscoelastic
character, are able to dissipate part of the mechanical energy that they received. Finally,
once the glass transition is passed, the tan 6 declines to a level close to the pre-transition
values until the material reaches a viscous liquid state (amorphous polymers) or its
melting point (semicrystalline polymers, such as some of the degraded samples). The
low storage modulus values above the T, of these polymers, indicate that only a small

load is required to deform the material.
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Figure 4. Storage modulus and tan & curves of PLVL 007525, PLVL 502525 and PLVL 750025: (a) non-
degraded samples; (b) after 14 days of hydrolytic degradation at 37 °C.

179



Section 1. Copolymers of high glass transition temperature Chapter 2.1.

As seen in the plot on the left of the Figure 4 (non-degraded samples of the three PLVLs
which have approximately 75 % lactide content), an increase in the L-LA/D-LA ratio at
the same content in 6-VL, brings about a growth in the glass-rubber transition of the
polymers. This is easily distinguished by looking at the shift in the peak of tan d to
higher values and is related to the fact that D-LA units disrupt the microstructural
arrangement of the L-LA crystallizable chains, shortening their average sequence length
(IL.La = 1.61 for PLVL 007525 and /14 = 2.80 for PLVL 502525 vs. I, 1a = 3.82 for
PLVL 750025). As a consequence, more disordered structures are achieved, with lower
Tes (31 and 34 °C for the terpolymers vs. 37 °C for PLVL 750025). After 14 days of
hydrolytic degradation, the tan & curves of PLVL 007525 and PLVL 502525 remain
almost unchanged, not undergoing any noteworthy variations; the same occurred with
the peak temperature and the peak width (in that hypothetical case, it may be associated
to enthalpy relaxation changes at the T, [43]). However, the copolymer composed of L-
LA and o-VL (PLVL 750025), was prone to crystallize and after 14 days of degradation
presents a crystalline phase with a melting enthalpy of 19.9 J g, measured by
Differential Scanning Calorimetry (DSC). As a result, its storage modulus decreases
but not as dramatically as those of the other polymers. Thanks to the fact that it is
semicrystalline it does not soften too much above glass transition and exhibits certain
solid state properties until approaching the melting point. Referring to its tan o curve,
the peak height of PLVL 750025 did not exceed a value of 0.5, having a value of 2.0
before the start of the hydrolytic degradation process. This fact is explained by the less
efficient process of energy dissipation resulting from the L-LA crystalline domains
formed during degradation. Therefore, the reduction in the peak of tan ¢ through the
glass transition could serve as a relative indicator of degree of crystallinity [44, 47].
These rearrangements leading to a development of a crystalline phase may be

accompanied by a loss of elastomeric character in the polymer [50].

The curves of PLVL 008515 and PLVL 404515 (not shown), like the other L-LA, D-
LA and 6-VL based terpolymers in this work, were not affected by the hydrolytic
degradation process either. Non-degraded samples as well as the ones degraded show
Tgs at ~ 41 and 46 °C, respectively, and a maximum of tan 6 of ~ 2.8. Accordingly, it
could be concluded that the PLVL samples of short average sequence lengths (/L.pa <
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2.91) did not undergo changes in their dynamic mechanical behaviour after 14 days

submerged in PBS.

Figure 5 presents the tan 6 curves of the L-lactide-co-6-valerolactone copolymers
(containing 69, 71 and 74 % of L-LA) in their initial state (on the left) and after 14 days
degraded in vitro at 37 °C (on the right). As can be observed, the peak height of tan &
from PLVL 69, PLVL 71 and PLVL 74, decreased to an approximate value of 0.5-0.7
as a result of the crystallization process of L-LA. The rapid increase in the crystallinity
was demonstrated by DSC analysis; the measured melting enthalpy of these three
copolymers on day 14 was 14.2, 14.6 and 19.5 J g”', respectively, while the featured
melting peaks appeared at temperatures within the range of 82 to 104 °C. On the other
hand, it is also worth noting that the migration of lactide from the amorphous phases to
the crystalline phase leads to a displacement of the T, to lower values. This point is
detected in both the first DSC scans (not shown) and the tan 6 curves. The T, of PLVL
69, taken from the peak of tan 9, shifts from 33 to 28 °C and the T,s of PLVL 71 and
PLVL 74 decreased by about 3 °C.
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Figure 5. Tan o curves on day 0 and after 14 days of hydrolytic degradation of PLVL 69, PLVL 71 and
PLVL 74 L-lactide-co-0-valerolactone copolymers.
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Figure 6. Storage modulus and tan 6 curves of PLVL 70Sn on day 0 and after 14 days of degradation (in
bold).

Figure 6 shows the storage modulus and tan & curves belonging to PLVL 70Sn. This
copolymer has almost equal L-LA content to PLVL 71 (70.1 % vs 70.8 %) but presents
a moderately blocky character (R = 0.68 and /1. o = 4.94) that confer a higher
capability to crystallize during degradation. Therefore, on day 14 of degradation a
melting peak of 17.6 J g'1 at 139 °C was found in the DSC scan. This melting
temperature is considerably higher than the one corresponding to the random PLVL 71
(T, = 89 °C), mainly due to the formation of more ordered and perfect crystallites of L-
LA. In the storage modulus and tan J plots the large differences between the curves of
the non-degraded sample and those corresponding to the sample degraded for two
weeks can clearly be seen. The storage modulus of the degraded copolymer (in bold
type) falls in a more continuous way, not as fast as the non-degraded modulus, because
of the presence of a crystalline matrix which provides some stiffness above the T,.
Moreover, the storage modulus curve drops in two steps, both being related to two glass

transition temperatures, corresponding well with the DSC results in which two Tgs were
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also observed. The tan 6 curve shows only the first transition. The peak of tan d has a
height of 0.3 and is the lowest of all the samples in this work, with a value eight times
lower than the peak of tan & on day 0. It is centred at 29 °C when it rises to 37 °C in the
non-degraded sample. The second T, that appears at 73 °C in the DSC curve was not

measurable by means of the tan 6 peak method of determining the glass transition.

Table 4 presents the characteristic thermal values of the different polymers studied in
this work (non-degraded and after 14 days of hydrolytic degradation at 37 °C), achieved
through DSC, the T, values determined from the peak of the tan & and the height of the
tan o peak , which is used to express the magnitude of the transition. It should be stated
that these T, values obtained by dynamic mechanical measurements were higher (by 5-

10 °C) than in the case of those taken from the DSC analysis.

Table 4. DMA and DSC results of the studied PLVLs on day 0 and after 14 days of degradation.

DMA 1" DSC SCAN
Sample T,(C)' [ tand | T,(°C) | Tw(°C) | AH. (J g")
day 0 31 22 24.7 - -
PLVL 007525 day14 | 34 24 25.8 - -
day 0 35 24 275 - -
PLVL 502525 ~day 14 | 37 26 294 - -
day 0 37 2.0 30.6 - -
PLVL 750025
day14 | 34 0.5 26.0 111.8 19.9
day 0 41 28 34.6 - -
PLVL 008515
day 14 | 40 2.8 373 - -
day 0 46 2.8 37.2 - -
PLVL 404515 day 14 | 46 27 37.9 - -
T dayo | 33 | 22 | 266 | - | -
PLVL69  dayl4 | 28 0.7 20.0 82.2 14.2
day 0 35 2.5 283 R R
PLVL 71 day14 | 32 0.7 26.3 88.5 14.6
day 0 38 23 30.3 - -
PLVL74  dayl14 | 35 0.5 28.1 104.0 19.5
day 0 37 24 315 - -
PLVL70Sn  day14 | 29/T7 | 03 | 188728 | 1392 17.6

' T, value was obtained from the peak of the curve of tan 5.

% A second T, was observed in the storage modulus curve but it could not be quantified in the tan 6 curve.
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2.1.4. Conclusions

In this work the mechanical performance of several poly(lactide-co- 6-valerolactone)
polymers (PLVL) was studied by means of mechanical testing and dynamic mechanical
analysis (DMA). For this purpose, a series of statistical PLVLs composed of o-
valerolactone (6-VL ), L-lactide (L-LA) and D-lactide (D-LA), were synthesized using
BiSS, PH;Bi or SnOct, as catalysts and characterized by means of proton nuclear
magnetic resonance spectroscopy (‘H NMR) and gel permeation chromatography
(GPC) measurements. The similarity between the units of &-valerolactone and e-
caprolactone (four and five straight methylenes in their structure) and the analogous
thermal properties of the respective homopolymers suggest that the mechanical
behaviour of PLVLs and the polymers based on lactide and e-caprolactone (PLCL)
should be similar. However, major differences were found when comparing the
mechanical properties at room temperature (21 £ 2 °C) of both kinds of polymeric
materials. PLVLs, having higher glass transition temperatures than the PLCLs of equal
composition, showed an increase in their stress related properties (secant modulus, yield
strength and ultimate tensile stress), which is translated into an important improvement
in their stiffness and strength. Therefore, this type of copolymer may be more attractive
as a substitute for the PLCLs employed in some medical applications; when highly

flexible and deformable materials with adequate mechanical strength are both required.

The changes in the mechanical behaviour between the different PLVLs were much
lower at human body temperature (37 °C). At this temperature, the polymers are several
degrees above their glass transition temperature (T,) and their mechanical performance
presented small differences, most of them displaying a fully elastomeric behaviour.
Dynamic mechanical measurements were also carried out on non-degraded samples and
on samples which were degraded for 14 days in phosphate buffer saline (PBS) (pH 7.2)
at 37 °C. This technique demonstrated that the rubbery transition of the polymers
depends on the L-LA/D-LA ratio. At the same content in 8-VL, an increase in the L-
LA/D-LA ratio has an impact on the T, of the polymers (taken from the peak of tan 9),
and raises their values. The more amorphous PLVLs of short average sequence lengths

(IL-La < 2.91) did not undergo any changes in their storage modulus and tan 6 curves and
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these were almost identical on day 0 and after 14 days of degradation. However, with
compositions richer in L-LA, the L-LA sequence blocks are large enough to form
crystalline organized structures, proved by thermal analysis, and on day 14 of the study
the tan & values were significantly lower than before submerging the samples in PBS.
This is because the materials dissipate energy less efficiently, as a result of the

supramolecular arrangements that occured in their polymer chains during degradation.

185



Section 1. Copolymers of high glass transition temperature Chapter 2.1.

References

[1] Grijpma, D.W.; Pennings, A.J. Polymerization temperature effects on the properties of L-lactide and

g-caprolactone copolymers. Polymer Bulletin 1991, 25, 335-341.

[2] Vanhoorne, P.; Dubois, P.; Jerome, R.; Teyssie, P. Macromolecular engineering of polylactones and
polylactides. 7. Structural analysis of copolyesters of epsilon-caprolactone , L-lactide or D,L-lactide

initiaded by AL(OIPR);. Macromolecules 1992, 25, 37-44

[3] HiljanenVainio, M.; Karjalainen, T.; Seppala, J. Biodegradable lactone copolymers .I.
Characterization and mechanical behavior of epsilon-caprolactone and lactide copolymers. Journal of

Applied Polymer Science 1996, 59, 1281-1288.

[4] Fernandez, J.; Etxeberria, A.; Sarasua, J.R. Synthesis, structure and properties of poly(L-lactide-co-g-
caprolactone) statistical copolymers. Journal of the Mechanical Behavior of Biomedical Materials 2012,

9, 100-112.

[5] Fernandez, J.; Meaurio, E.; Chaos, A.; Etxeberria, A.; Alonso-Varona, A.; Sarasua J.R. Synthesis and
characterization of poly(L-lactide/ e-caprolactone) statistical copolymers with well resolved chain

microstructures. Polymer 2013, 54, 2621-2631.

[6] Fernandez, J.; Larranaga, A.; Etxeberria, A.; Wang, W.; Sarasua, J.R. A new generation of
poly(lactide/ e-caprolactone) polymeric biomaterials for application in the biomedical field. Journal of

Biomedical Materials Research A 2014, 102A, 3573-3584.

[7] Lu, X.L.; Cai, W.; Gao, Z.Y. Shape-memory behaviors of biodegradable poly(L-lactide-co- epsilon-
caprolactone) copolymers. Journal of Applied Polymer Science 2008, 108, 1109-1115.

[8] Kricheldorf, H.R.; Mang, T.; Jonte, .M. Polylactones .1. Copolymerization of glycolide and epsilon-
caprolactone. Macromolecules 1984, 17,2173-2181.

[9] Dobrzynski, P.; Li, S.; Kasperczyk, J.; Bero, M.; Gasc, F.; Vert, M. Structure property relationships of
copolymers obtained by ring-opening polymerization of glycolide and g-caprolactone. Part 1. Synthesis

and characterization. Biomacromolecules 2005, 6, 483-488.

[10] Li, S.; Dobrzynski, P.; Kasperczyk, J.; Bero, M.; Braud, C.; Vert, M. Structure property relationships
of copolymers obtained by ring-opening polymerization of glycolide and €-caprolactone. Part 2. Influence

of composition and chain microstructure on the hydrolytic degradation. Biomacromolecules 2005, 6, 489-

497.

186



Section 1. Copolymers of high glass transition temperature Chapter 2.1.

[11] Kasperczyk, J.; Li, S.; Jaworska, J.; Dobrzynski, P.; Vert, M. Degradation of copolymers obtained by
ring-opening polymerization of glycolide and e-caprolactone: A high resolution NMR and ESI-MS study.
Polymer Degradation and Stability 2008, 93, 990-999.

[12] Yoo, Y.C.; Kim, H.Y; Jin, F.L.; Park, S.J. Synthesis of poly(glycolide-caprolactone) copolymers for

application as bioabsorbable suture materials. Macromolecular Research 2013, 21, 687-692.

[13] Lee, S.H; Kim, B.S.; Kim, S.H.; Choi, S.W.; Jeong, S.I.; Kwon, L.K.; Kang, S.W.; Nikolovski, J.;
Mooney, D.J.; Han, Y.K.; Kim, Y.H. Elastic biodegradable poly(glycolide-co-caprolactone) scaffold for
tissue engineering. Journal of Biomedical Materials Research Part A, 2003, 66, 29-37.

[14] Grunova, E.; Kirillov, E.; Roisnel, T.; Carpentier, J.F. Group 3 Metal Complexes of Salen-like
Fluorous Dialkoxy-Diimino Ligands: Synthesis, Structure, and Application in Ring-Opening

Polymerization of rac-Lactide and rac-beta-Butyrolactone. Organometallics 2008, 27, 5691-5698.

[15] Jeffery, B.J.; Whitelaw, E.L.; Garcia-Vivo, D.; Stewart, J.A.; Mahon, M.F., Davidson, M.G., Jones,
M.D. Group 4 initiators for the stereoselective ROP of rac-beta-butyrolactone and its copolymerization

with rac-lactide. Chemical Comunications 2011, 47, 12328-12330.

[16] Cross, E.D.; Allan, L.E.N.; Decken, A.; Shaver, M.P. Aluminum salen and salan complexes in the
ring-opening polymerization of cyclic esters: Controlled immortal and copolymerization of rac-beta-
butyrolactone and rac-lactide. Journal of Polymer Science Part A: Polymer Chemistry 2013, 51, 1137-
1146.

[17] Labet, M.; Thielemans, W. Synthesis of polycaprolactone: a review. The Royal Society of Chemistry
2009, 38, 3484-3504.

[18] Woodruff: M.A.; Hutmacher, D.W. The Return of a forgotten polymer: Polycaprolactone in the 21*
century. Progress in polymer Science 2010, 35, 1217-1256.

[19]Hazer, D.B.; Ebru, K.; Hazer, B. Poly(3-hydroxyalkanoate)s: Diversification and biomedical
applications: A state of the art review. Materials Science and Engineering C 2012, 32, 637-647.

[20] Poirier, Y.; Dennis, D.; Klomparens, K.; Somerville, C. Polyhydroxybutyrate, a biodegradable
thermoplastic produced in transgenic plants. Science 1992, 256, 520-223.

[21] Hori, Y.; Yamaguchi, A.; Hagiwara, T. Chemical synthesis of high molecular weight poly(3-
hydroxybutyrate-co-4-hydroxybutyrate). Polymer 1995, 36(24), 4703—4705.

[22] Pajerski, A.D.; Lenz, RW. Stereoregular polymerisation of B-butyrolactone by aluminoxane

catalysis. Makromolekulare Chemie. Macromolecular Symposia 1993, 73, 7-26.

187



Section 1. Copolymers of high glass transition temperature Chapter 2.1.

[23] Nakamura, S.; Doi, Y.; Scandola, M. Microbial synthesis and characterisation of poly(3-
hydroxybutyrate-co- 4-hydroxybutyrate). Macromolecules 1992, 25(17), 4237-4241.

[24] Brulé, E.; Gaillard, S.; Rager, M-N.; Roisnel, T.; Guérineau, V.; Nolan, S.P.; Thomas, C.M.
Polymerization of Racemic B-Butyrolactone Using Gold Catalysts: A Simple Access to Biodegradable
Polymers. Organometallics 2011, 30, 2650-2653.

[25] Freier, T.; Kunze, C.; Nischan, C.; Kramer, S.; Sternberg, K.; SaX, M., Hopt, U.T.; Schmitz, K-P. In
vitro and in vivo degradation studies for development of a biodegradable patch based on poly(3-
hydroxybutyrate). Biomaterials 2002, 23, 2649-2657.

[26] Crescenzi, V.; Manzini, G.; Calzolari, G.; Borri, C. Thermodynamics of fusion of poly(beta-
propiolactone) and poly(epsilon-caprolactone) comparative analysis of melting of aliphatic polylactone

and polyester chains. European Polymer Journal 1972, 8, 449-463.

[27] Na, Y-H.; He, Y.; Asakawa, N.; Yoshie, N.; Inoue, Y. Miscibility and phase structure of blends of
poly(ethylene oxide) with poly(3-hydroxybutyrate), poly(3-hydroxypropionate), and their copolymers.
Macromolecules 2002, 35(3), 727-735.

[28] Martin, D.P.; Williams, S.F. Medical applications of poly-4-hydroxybutyrate: a strong flexible
absorbable biomaterial. Biochemical Engineering Journal 2003, 16, 97-105.

[29] Moore, T.; Adhikari, R.; Gunatillake, P. Chemosynthesis of bioresorbable poly(y-butyrolactone) by

ring-opening polymerization: a review. Biomaterials 2005, 26, 3771-3782.

[30] Lee, C.W.; Urakawa, R.; Kimura, Y. Copolymerization of y-valerolactone and B-butyrolactone.

European Polymer Journal 1998, 34, 117-122.

[31] Martello, M.T.; Hillmyer, M.A. Polylactide. Poly(6-methyl- e-caprolactone)-Polylactide
thermoplastic elastomers. Macromolecules 2011, 44, 8537-8545.

[32] Martello, M.T.; Hillmyer, M.A. Bulk Ring-Opening Transesterification Polymerization of the
Renewable 6-Decalactone Using an Organocatalyst. ACS Macro Letters 2012, 1, 131-135.

[33] Olsén, P.; Borke, T.; Odelius, K.; Albertsson, A.C. e-Decalactone: A thermoresilient and toughening
comonomer to poly(L-lactide). Biomacromolecules 2013, 14, 2883-2890.

[34] de Geus, M.; van der Meulen, I.; Goderis, B.; van Hecke, K.; Dorschu, M.; van der Werff, H.;
Coning, C.E.; Heise, A. Performance polymers from renewable monomers: high molecular weight

poly(pentadecalactone) for fiber applications. Polymer Chemistry 2010, 1, 525-533.

188



Section 1. Copolymers of high glass transition temperature Chapter 2.1.

[35] Jiang, Z.; Azim, H.; Gross, R.A. Lipase-Catalyzed Copolymerization of ®-Pentadecalactone with p-
Dioxanone and Characterization of Copolymer Thermal and Crystalline Properties. Biomacromolecules

2007, 8, 2262-2269.

[36] Bouyahyi, M.; Duchateau, R. Metal-Based catalysts for Controlled Ring-Opening Polymerization of
Macrolactones: High Molecular Weight and Well-Defined Copolymer Architectures. Macromolecules
2014, 47, 517-524.

[37] Cheeseman, M.A.; Machuga, E.J.; Bayley, A.B. A tiered approach to threshold of regulation. Food
and Chemical Toxicology 1999, 37, 387-412.

[38] Houk, K.N.; Jabbari, A.; Hall, Jr HK.; Aleman, C. Why &-valerolactone Polymerizes and y-
butyrolactone Does Not. The Journal of Organic Chemistry 2008, 73, 2674-2678.

[39] Aubin, M. ; Prud homme, R.E. Preparation and properties of poly(valerolactone). Polymer 1981, 22,
1223-1226.

[40] Cao, H.; Han, H.; Li, G.; Yang, J.; Zhang, L.; Yang, Y.; Fang, X.; Li, Q. Biocatalytic Synthesis of
Poly(3-Valerolactone) Using a Thermophilic Esterase from Archaeoglobus fulgidus as Catalyst.
International Journal of Molecular Sciences 2012, 13, 12232—-12241.

[41] Nakayama, A.; Kawasaki, N.; Maeda, Y.; Arvanitoyannis, I.; Aiba, S.; Yamamoto, N. Study of
biodegradability of poly(delta-valerolactone-co-L-lactide)s. Journal of Applied Polymer Science 1997,
66, 741-748.

[42] Herbert, I.R. Statistical analysis of copolymer sequence distribution. In NMR Spectroscopy of
Polymers. Ibbet, R.N. Ed.: Blackie Academic & Professional, London, 1993:50-79. (Chapter 2).

[43] Pan, P.; Zhu, B.; Inoue, Y. Enthalpy relaxation and Embrittlement of Poly(L-lactide) during Physical
Aging. Macromolecules 2007, 40, 9664-9671.

[44] Lopez-Rodriguez, N.; Lopez-Arraiza, A.; Meaurio, E.; Sarasua, J.R. Crystallization, Morphology,
and Mechanical Behavior of Polylactide/Poly(e-caprolactone) blends. Polymer Engineering and Science

2006, 46, 1299-1308.

[45] Helminen, A.O.; Korhonen, H.; Seppala, J.V. Cross-linked Poly(g-caprolactone/D,L-lactide)
copolymers with elastic properties. Macromolecular Chemistry and Physics 2002; 203, 2630-2639.

[46] Zuza, E.; Ugartemendia, J.M.; Lopez, A.; Meaurio, E.; Lejardi, A.; Sarasua, J.R. Glass transition
behavior and dynamics fragility in polylactides containing mobile and rigid amorphous fractions. Polymer

2008, 49, 4427-4432.

189



Section 1. Copolymers of high glass transition temperature Chapter 2.1.

[47] Lizundia, E.; Petisco, S.; Sarasua, J.R. Phase-structure and mechanical properties of isothermally
melt- and cold-crystallized poly(L-lactide). Journal of Mechanical Behavior of Biomedical Materials
2013, 17, 242:251.

[48] Urayama, H.; Kanamori, T.; Kimura, Y. Microstructure and Thermomechanical Properties of Glassy
Polylactides with Different Optical Purity of the Lactate Units. Macromolecular Materials and
Engineering 2001, 286, 705-713.

[49] Menard, K.P. Dynamic mechanical analysis: a practical introduction. CRC Press LLC, Boca Raton
(Florida), 1999.

[50] Fernandez, J.; Larrafaga, A.; Etxeberria, A.; Sarasua, J.R. Effects of chain microstructures and
derived crystallization capability on hydrolytic degradation of poly(L-lactide/e-caprolactone) copolymers.

Polymer Degradation and Stability 2013, 98, 481-489.

190



Chapter 2.2 In Vitro Degradation Study
of Biopolyesters Using Lactide-co-6-

Valerolactone Copolymers

Polymer Degradation and Stability 2015, 112, 104-116.

191



Section 1. Copolymers of high glass transition temperature Chapter 2.2.

Abstract

The in vitro hydrolytic degradation study was carried out at 37 °C on lactide-co-o-
valerolactone (PLVL) biopolyesters and demonstrated that water uptake was favoured
by the resistance of polymers to crystallize, the presence of large amorphous domains
and the decrease in microstructural stereoregularity of the polymer chains. Those
copolymers that displayed higher levels of water absorption (WA > 30 % on day 42)
experienced the fastest degradation rates. Thus, two amorphous rac-lactide-co- 6-VL,
with a 3-VL content of 25 % and 15 % and short L-lactide and D-lactide segments,
showed degradation rates (Kyy) of 0.060 and 0.047 days™, respectively, the highest of
the study. On the other hand, high Tes (> 37 °C) and a greater capacity to crystallize
(with L-LA-unit average sequence lengths > 3.82), hinder water diffusion inside the
polymer. For example, an 82:18 L-LA-co-8-VL copolymer (Kyw = 0.017 days™) did not
lose weight until day 98 when it began to absorb water. Conversely, amorphous PLVL
53 (53.4 % of L-LA and 46.6 % of 6-VL) exhibited a Ky (0.030 days'l) that was
slightly lower than those of the crystallisable copolymers with L-LA contents between
69 and 74 %. WA started at shorter times due to its low T, (at 6 °C), however, its more
hydrophobic character and lower amount of ester groups slowed its hydrolysis rate
down. It is also worth stating that the PLVLs degraded at a slower rate than the lactide-
co-g-caprolactone (PLCLs) of the same composition. This can be explained by the fact
that PLVLs, despite presenting a higher proportion of hydrolyzable esters than PLCLs,
have more packed amorphous regions related to higher Tgs. To illustrate this, rac-LA-
co-CL 85:15 used in a previous work of ours presented a Ky of 0.066 days™ and a T,
value of 29 °C whereas the equivalent PLVL of this study has a Ky, of 0.047 days™ and
aT,of37°C.
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2.2.1. Introduction

When a biodegradable material is implanted in the human body, medical staff have to
know how it is actually going to behave [1, 2]. Therefore, several parameters should be
taken into consideration when designing and producing a medical device. The
degradation rate should be predicted and adjusted and at the same time the period during
which the biomaterial will support actual mechanical performance must be determined.
In addition, the changes in the thermal and mechanical properties and the morphological
modifications that the biomaterial may undergo during degradation have to be assessed
in detail and, in order to avoid undesirable body reactions [3], the remnants and polymer
fragments leaving the biomaterial must also be studied. Finally, another important
aspect to consider is the part of the body where the device will be inserted. If the
biomaterial is in direct contact with a human fluid, such as blood or urine, the
degradation residues can be easily transported or excreted. However, if the polymer is
implanted for example, as a bone fixation, the material can only be resorbed and
eliminated via metabolic pathways. In the case of the scaffolds applied in tissue
engineering [4, 5], their degradation should match the tissue regeneration rate and
completely disappear once the tissue has fully regenerated. It is worth stating that these
porous samples degrade slower than their non-porous counterparts [6-9]. Porous
structures enable the diffusion of degradation by-products to the outside medium and
therefore, the autocatalytic effect, which is the acceleration of the hydrolysis rate due to

entrapped acidic short chains, is clearly limited.

Bio(co)polyesters are known to degrade by bulk erosion [10,11]. The diffusion of water
inside the polymer is dominant over the splitting of the chemical bonds, and so the
material loses volume homogenously. Therefore, degradation occurs throughout the
whole material equally and does not proceed from the exterior surface, that is at the
interfacial areas between polymeric specimens and the aqueous environment (surface
erosion). In the hydrolytic degradation, a combination of two mechanisms, random and
chain-end scission (also known as backbiting), are identified [12, 13]. The chain

scission of a polymer is called random if the bonds at any position along the polymer

193



Section 1. Copolymers of high glass transition temperature Chapter 2.2.

chain have the same probability of being cleaved. As a consequence, the main chain
breaks down randomly via cascades of irreversible scission steps following a first-order
kinetic, irrespective of the chain length of the polymer molecules involved. In contrast,
in chain-end scission, the number of chains ends and the rate constant for the cleavage
of the terminal bond are the essential kinetic parameters. The contribution of chain-end
scission rises with a decrease in the molecular weight of the polymer since the fraction
of chain ends increases as a result of the degradation process. Shih et al. suggested that
end scission dominates, being approximately 10 times the rate of random scission.
Ester bonds towards the end of polymer chains are more susceptible to hydrolysis than
those in the middle, however, for a high molecular weight sample, a single random
scission has a greater impact on molecular weight than 1000 end scissions [14].
Therefore, it can be concluded that random scission controls the molecular weight

reduction whereas the mass loss is due to end scission [13].

Hydrolytic degradation of (co)polyesters is affected by a large number of factors [15].
The mentioned auto-catalysis effect is reported to be a very important factor [16-18].
Thicker devices are degraded more quickly because all the leachable oligomeric
compounds formed within the matrix are not able to escape from it as soon as they
become soluble [19]. The geometry of the shaped bodies, the surface properties (contact
angle, roughness and surface tension), the pH changes, which can be due to the
degradation products, or the stresses applied during degradation, could also affect the
degradation rate. Chemical composition, the type of chemical bond, sequence structure
[20-23] and the morphology (crystalline or amorphous domains) are among other
factors that have an impact on the degradation process. As has been demonstrated,
amorphous regions are preferentially degraded because they are more accessible to
water molecules [24], whereas the presence of crystalline domains slows hydrolytic

degradation down dramatically [23].

The high number of factors influencing hydrolytic degradation and the inconsistency
between different experiments found in the bibliography hampers the understanding of
(co)polyester degradation behaviour. The aim of this work is to evaluate in depth the
most important factors affecting the hydrolytic degradation of poly(lactide-co- -
valerolactone) (PLVL) polymers [25]. The resulting conclusions will be useful for
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better understanding of the mechanism of biodegradation of other lactide-co-lactone
copolymers and (co)polyesters. In this paper an in vitro hydrolytic degradation study
was carried out in phosphate buffered solution (PBS) at 37 °C for a period up to 98
days. The changes in water absorption, weight loss, macroscopic morphology,
crystallinity, phase structure, molecular weight, composition and randomness character
of the PLVLs were studied using different techniques, such as differential scanning
calorimetry (DSC), gel permeation chromatography (GPC) and proton nuclear magnetic
resonance spectroscopy (‘'H NMR). For the study, repetitive square samples were
obtained from films of several previously synthesized PLVLs: some terpolymers based
on L-lactide, D-lactide and d-valerolactone and a series of copolymers of L-LA and o-

VL having L-LA molar contents ranging from 53 to 82 %.

2.2.2. Materials and methods

Materials

L-lactide and D,L-lactide monomers (assay > 99.5 %) were supplied from Purac
Biochem (The Netherlands) while 6-valerolactone monomer was provided by Sigma
Aldrich. Triphenyl bismuth (Ph;Bi) catalyst was obtained from Gelest. Stannous
octoate (SnOct,) (assay 95 %) and bismuth (III) subsalicylate (BiSS) (99.9 % metals
basis) catalysts were supplied by Sigma Aldrich. Phosphate buffer saline (PBS) (pH
7.2) was obtained from Fluka Analytical (Sigma Aldrich).

Methods

200-300 um films were prepared by pressure melting at 140 °C and followed by water
quenching so as to achieve an amorphous state. In the cases of the single PLVL
synthesized using SnOct, and the PLVL of 82 % lactide content, with melting peaks at ~
130 °C and 135 °C, it was necessary to work at a temperature of 175 °C to ensure the
complete melting of the crystalline phase. From these films, repetitive square samples

for the in vitro degradation study (1x1 cm?) were obtained.
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For the in vitro degradation study, square samples (25-35 mg (Wy) (n = 3)) of the
different copolymers were placed in Falcon tubes containing phosphate buffered saline
(PBS) (pH = 7.2) maintaining a surface area to volume ratio equal to 0.1 cm™. The
samples were stored in an oven at 37 °C. Three samples of each polymer were removed
at different times from the PBS and weighed wet (W) immediately after wiping the
surface with a filter paper to absorb the surface water. These samples were air-dried
overnight and vacuum-dried for another 48 h. Then, they were weighed again to obtain
the dry weight (W4). Water absorption (% WA) and remaining weight (% RW) were
calculated according to Egs. (1) and (2):

sewa = Yw = Ws 9 (1)
d
%RW = xd 100 -
0

In order to compare the degradation rate of the studied PLVLs, the exponential
relationship between molecular weight and degradation time for biodegradable

polyesters degrading under bulk degradation was used [26]:

In My, = In Mo — Kywet 3)
tip=1/Kmyw ¥ 1In 2 (4)

where M, is the weight-averaged molecular weight, M, is the initial weight-averaged molecular weight,
Ky 18 the apparent degradation rate and t,,, is the half degradation time (the amount of time required to

fall to half the initial value of molecular weight).

The molecular weights of the polymers were determined by GPC using a Waters 1515
GPC device equipped with two Styragel columns (10*- 10* A). Chloroform was used as
eluent at a flow rate of 1 mL min™' and polystyrene standards (Shodex Standards, SM-
105) were used to obtain a primary calibration curve. The samples were prepared at a

concentration of 10 mg in 1.25 mL.
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The thermal properties were determined on a DSC 2920 (TA Instruments). Samples of
5-9 mg were heated from -50 °C to 175 °C at 20 °C min™". This first scan was used to
determine the melting temperature (Ty,), the heat of fusion (AH,) and the glass
transition temperatures (T,) of the samples. After this first scan, the samples were
quenched in the DSC and a second scan was made from -50 °C to 175 °C at 20 °C min.
In this second scan the glass transition temperatures were also determined from the

inflection point of the heat flow curve.

Proton and carbon nuclear magnetic resonance (‘H NMR and C NMR) spectra were
recorded in a Bruker Avance DPX 300 at 300.16 MHz and at 75.5 MHz of resonance
frequency, respectively, using 5 mm O.D. sample tubes. All spectra were obtained at
room temperature from solutions of 0.7 mL of deuterated chloroform (CDCI;).
Experimental conditions were as follows: a) for '"H NMR: 10 mg of sample; 3 s
acquisition time; 1 s delay time; 8.5 Us pulse; spectral width 5000 Hz and 32 scans; b)
for *C NMR: 40 mg, inverse gated decoupled sequence; 3 s acquisition time; 4 s delay

time; 5.5 Ws pulse; spectral width 18800 Hz and more than 25000 scans.

T T T L T T T T T T T T T T T T T T T T T —
55 5.4 53 5.2 5.1 5.0 49 48 47 46 4.5 44 43 42 41 40 3.9b?.3 37 36 3.5 3.4 33 3.2 3.1 30 29 28 27 26 25 24 23 2.2 21
ppm

Figure 1. '"H NMR spectrum of PLVL 008515.
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The different signals of the 'H NMR spectrum, shown in Figure 1, can be easily
assigned. The lactide methine gives the signal centered at 5.15 ppm, the signals around
4.1 and 2.4 ppm correspond to the 0 and o methylenes of the o-valerolactone (see the
scheme of the units in Figure 2), respectively, and the rest of H are included in the
signal between 1.7 and 1.3 ppm (not shown). These signals can be assigned to the
different dyads of d-valerolactone and lactide in the same way as before, as with the

lactide-co-g-caprolactone statistical copolymers [27, 28].

0 0 0
5 Y B a I I
—O0—CH,—CH,—CH,—CH,—C O—(lfH—O—O—|CH—C—

CH; CH;

Figure 2. Scheme of the units of 3-valerolactone (left) and lactide (right).

It can be observed that both o and & methylenes give two signals (two triplets). The
signals of the a and 0 methylenes at the lowest chemical shift, at 2.34 and 4.08
respectively, correspond to the VL-VL dyad, while the ones at lowest field (at 2.43 and
4.15) can be assigned to the VL-LA dyad (from now on underlining will be used to
emphasize that the analysed nuclei belongs to that unit). In the case of LA unit signals,
the H-H coupling hinders this type of analysis significantly and the signals
corresponding to LA-LA and LA-VL are overlapped in the LA methine signal at 5.15
ppm, even though the quartet at highest field, at = 5.07 ppm, could be assigned to
sequence LA-VL. Taking into account the fact that the LA-VL dyad contribution to the
LA methine signal will take the same relative molar fraction obtained for the VL-LA
dyad, the experimental integration of the a and & methylenes provides a way of
calculating the total relative molar fraction of the VL-LA dyad. In this way, all the
average dyad relative molar fractions could be calculated and, therefore, the copolymer
composition and the microstructural magnitudes of the copolymers could be obtained
from them. L-LA and D-LA are indistinguishable in the NMR spectrum so their
contents and average sequence lengths are approximate values calculated on the
assumption that the reactivities of both L-LA and D-LA are the same (having taken into
account the L-LA:D-LA feed ratios), that is, the reaction with the employed bismuth

based catalysts is not stereoselective. Equations 5-8 [29] were employed to obtain the
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number-average sequence lengths (/), the Bernoullian random number-average

sequence lengths (/;) and the randomness character (R):

(LA -LA)+ %(LA - VL)

L= _2(LA)
1 (LA -VL) ~
— (LA - VL
5 ( ) )
1
VL -VL )+ — (LA - VL
- ( ) 2( ) _ 2(vi)
Lea-vn (LA -VL)
2
1 1
/ =—— 5 (Iy), =— 6
( LA )random (VL) ( VL )random (LA) ( )
R - (ILA)randnm - (lVL )random (7)
lLA ZVL
For the terpolymers:
1 1
[ia ;1 (8)

=((D-LA)+(VL))R »btA =((L-LA)+(VL))R

where (LA) and (VL) are the lactide and od-valerolactone molar fractions, obtained from the integration
of the lactide methine signals and the d-valerolactone methylene signals, (L-LA) and (D-LA) are the L-
lactide and D-lactide approximate molar fractions and (LA-VL) is the LA-VL average dyad relative

molar fraction.
Synthesis procedure

For the hydrolytic degradation study, statistical poly(lactide-co- d-valerolactone)
(PLVL) polymers of different L-lactide, D-lactide and o-valerolactone content were
synthesized by ring-opening polymerizations (ROP). The synthesis reactions were
carried out in a flask, immersed in a controlled temperature oil bath. In each
polymerization, predetermined amounts of L-LA, D,L-LA and 8-VL at the chosen mass
feed ratio were simultaneously added and melted. The flask was purged for 30 minutes
with a nitrogen stream under the surface of the melt. Then, the catalyst was added and
the magnetic stirrer was maintained at 100 rpm. The PLVL polymerizations using BiSS

as catalyst (1500:1 comonomers:catalyst molar ratio) and the synthesis reactions
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employing Ph;Bi (1000:1 comonomers:catalyst molar ratio) were carried out for 72
hours at 130 °C. The copolymerization of the only PLVL synthesized with SnOct,

(1665:1 comonomers:catalyst molar ratio) was conducted for 48 hours at 140 °C.

After the corresponding reaction time, the products were dissolved in chloroform and
precipitated by pouring the polymer solution into abundant methanol in order to remove
the catalyst impurities and those monomers that did not react. Finally the product was
dried at room temperature and then, a heat treatment at 100 °C for 1hour was performed

to ensure the complete elimination of solvent.

2.2.3. Results and discussion

Characterization

Table 1 and Table 2 summarize the characterization data of the several PLVL films
studied in this work. As can be seen, the initial molecular weights (M,,) of each
polymer, measured after film conformation, range from 87 to 130 kg mol” (and
dispersity (D) from 1.78 to 1.89). As was expected for all these bismuth initiated
PLVLs, they exhibited a random distribution of sequences (R ~ 1). In contrast, the
copolymer achieved using SnOct,, PLVL 70Sn, was moderately blocky having a

randomness character value of 0.68.

Several poly(L-lactide-co- o6-valerolactone) of L-LA molar content ranging from 53.4 to
81.9 % (IL.La from 1.79 to 5.55) were evaluated in this work to assess the effect of the
crystalline domains of L-LA formed during the hydrolytic degradation. The
characterization data of these PLVLs, synthesized using Ph;Bi as catalyst, are gathered
in Table 1. This set of copolymers show glass transition temperatures (Tgs) within the
range of 6 °C to 42 °C, in ascending order as the 6-VL content decreased. In addition, a
SnOct;- initiated PLVL, presenting an almost equal L-LA content to PLVL 71 (70.1 %
vs. 70.8 %), was also studied. Its moderately blocky character is reflected in its average
sequence lengths of L-LA and 6-VL (/L1a = 4.94 and [y = 2.11) compared to the

shorter sequence lengths (/1o = 3.32 and /yp = 1.37) of the previously mentioned
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PLVL 71. Its blocky character could give it a higher capability of crystallization during
the time submerged in PBS.

Table 1. Characterization data of the different poly(L-lactide-co- 5-valerolactone).

Composition' M, D Microstructural T,
Sample Catalyst (% molar) Magnitudes’

Y % .

LA | vi, | kemor ha | haa| b | R | °C

PLVL 53 Ph;Bi 534 | 46.6 88.1 1.79 | 1.79 | 1.79 | 1.56 | 1.20 | 59
PLVL 69 Ph;Bi 68.6 | 314 87.7 1.81 | 3.11 | 3.11 | 143 | 1.02 | 27.0
PLVL 71 Ph;Bi 70.8 29.2 120.7 1.89 | 332 | 332 | 1.37 | 1.03 | 30.3
PLVL 74 Ph;Bi 73.6 | 264 118.8 1.85 [ 373 [ 373 | 1.34 | 1.01 | 323
PLVL 82 Ph;Bi 81.9 18.1 117.7 1.78 | 5.55 | 555 | 1.23 | 1.00 | 42.5
PLVL 70 Sn | SnOct, 70.1 29.9 129.1 1.88 | 494 | 494 | 2.11 | 0.68 | 31.0

! Calculated from '"H NMR spectra.

2 Iaand Iy are the LA and VL number average sequence lengths obtained from '"HNMR. These values are compared to
the Bernoullian random number-average sequence lengths (/.a=1/VL and ly;=1/LA), obtaining the randomness character
value (R).

3 Obtained from the second scan of the DSC curves.

Table 2. Characterization data of the different poly(lactide-co- d-valerolactone) (PLVL) synthesized

using BiSS.
Composition' M, D Microstructural Tg
(% molar) Magnitudes2
Sample Catalyst
o, o, o,

L_/LD A D-f_), A V/(])_, kg mol” Iia hoa’ Loos® v R °C

PLVL 007525 BiSS 37.4 37.4 25.2 101.1 1.83 3.99 1.61 1.61 1.34 | 0.99 26.3
PLVL 502525 BiSS 62.3 12.5 25.2 87.7 1.82 | 419 [ 2.80 1.21 1.41 0.95 29.6
PLVL 750025 BiSS 73.6 0 26.4 90.0 1.81 3.82 | 3.82 - 1.37 | 0.99 32.7
PLVL 008515 BiSS 42.9 42.9 14.2 110.8 1.83 7.42 1.84 1.84 1.23 0.95 37.2
PLVL 404515 BiSS 62.9 22.7 14.4 116.4 1.83 7.50 | 291 1.39 1.26 | 0.93 40.0

! Calculated from 'H NMR spectra. Because of the impossibility of offering the exact L-LA and D-LA molar content
(indistinguishable in the NMR spectrum), approximate values are given under the assumption that the reactivity of both L-
LA and D-LA are the same.

2 Iiaand Iyy, are the LA and VL number average sequence lengths obtained from '"H NMR. These values are compared to
the Bernoullian random number-average sequence lengths (/,=1/VL and ly;=1/LA), obtaining the randomness character
value (R).

3laaand Ipya are the L-LA and D-LA approximate values of number average sequence lengths under the assumption that
the reactivity of both L-LA and D-LA are the same.

4 Obtained from the second scan of the DSC curves.

A second series of polymerizations were also conducted with BiSS, in which D-LA was

added. In Table 2, the first two digits represent the L-LA mass content in each sample
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name of these polymers; the next two the D,L-LA mass content and the last two the d-

VL mass content in the feeding mix.

For example, PLVL 502525 was synthesized

adding 50 wt. % of L-LA, 25 wt. % of D,L-LA and 25 wt. % of 6-VL. With these series

of polymers we sought to study the effect of the sterecoregularity and the disruption of

the microstructural arrangement of the L-LA crystallizable chains by means of D-LA

units on the hydrolytic degradation mechanisms. PLVL 007525, PLVL 502525 and

PLVL 750025 are lactide-co-0-valerolactone polymers having a similar 6-VL content (~
25 %), but a different L-LA/D-LA ratio. Their T,s shifted to higher values (from 26 to

33 °C) when the L-LA content was increased. Two more terpolymers richer in lactide (~

86 %) were analyzed: PLVL 008515 and PLVL 404515. They also show single Tgs, at

37 and 40 °C, respectively.
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Figure 3. >C NMR spectrum of PLVL 008515 with some regions enlarged; the peaks assigned in the text

to dyads and triads are marked with arrows.

In order to confirm the random character (R — 1) of these series of copolymers, as well

as the absence of the second mode transesterification, that is, the formation of 3-VL-
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lactyl-3-VL sequences during copolymerization, °C NMR spectrum was recorded for
PLVL 008515. This copolymer of rac-lactide and 6-valerolactone showed a R value of
0.95 in the proton nuclear magnetic resonance with a 6-VL molar content of 14.2 % and
a 8-VL average sequence length (/yr) of 1.23. Figure 3 shows the *C NMR spectrum of

this copolymer with some regions of interest enlarged.

Reactions of second mode transesterification, a phenomenon which lead to the bond
cleavage of lactide (LA or LL), might occur during the copolymerizations. In the
lactide-co-g-caprolactone copolymers, the concentration of e-CL-L-e-CL sequences are
experimentally determined from the signal of the >C NMR spectrum at 170.9 ppm [28].
It is noted that the lactide signals of the carbonyl carbon atom are located at the same
chemical shift in the spectra of both lactide-co-e-caprolactone and lactide-co-o-
valerolactone copolymers (within the range of 169.0 to 170.5 ppm), so it is expected
that the peak assigned to the VL-L-VL sequences appears also around 171 ppm.
However, as can be seen in the figure, it was not found any peak at this shift,
demonstrating that in these polymerizations the second mode transesterification

reactions were negligible.

The composition of PLVL 008515 was also calculated from the integral areas of bands
of the carbon signals present in °C NMR and was 86.5 % of lactide and 13.5 % of &-
VAL, equivalent to the previously obtained by 'H NMR. With regard to the calculus of
its randomness coefficient, it can be employed equation 9 [30-31], in which /[y is
determined from the triad peak intensities (I;) identified in the C NMR spectrum,
while the Bernoullian random number-average sequence length for this copolymer is

1.16 (/virandom = 1/(LA) = 1/0.865),

R - (ZVL)mndom = IVL—VL—VL + ILA—VL—VL + 1 (9)

[
VL
lVL where Lypviaa 1

LA-VL-LA

The region of the carbonyl carbon atom (at 172.5 ppm) and the signals of the a, B and y
methylene carbon atoms, located at ~ 33.5, 21.0 and 28.0 ppm respectively, present
triad sensitivity. Based on the LA-co-g-CL spectrum [32], VL-VL-VL, LA-VL-VL, VL-
VL-LA and LA-VL-LA triads of the LA-co-3-VL can be assigned from left to right in
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the carbonyl and the a and y methylene carbons while in the y region the intermediate
sequences change their relative order. It can be observed that the signal of the last one is
significantly more intense than the rest of triads. These four triads are easily
distinguished in the B methylene region. On the other hand, VL-VL-LA and LA-VL-LA
triad peaks appear overlapped in both the carbonyl region and the a methylene region,
but still allows us to calculate the 6-VL average sequence length thought the integration
of the area of the two triads. Its integral gives directly a value of the VL-LA dyad area
[(VL-LA) = (LA-VL-LA)+1/2 (LA-VL-VL)+ 1/2 (VL-VL-LA)] under the assumption
that (LA-VL-VL) = ( VL-VL-LA). On the contrary, in the y methylene signal the two
intermediate triads (LA-VL-LA and VL-VL-LA) are overlapped, but an approximate
calculation can also be made taking into account the relation given above between the
areas of these triads. The average value of Iy obtained from the four mentioned

estimates is 1.25 which means that the associated R coefficient calculated is 0.93.

The study of the chain microstructure can also be carried out through the & carbon atom
signal of the 8-VAL, in which the peaks of the d-valerolactone dyads are well resolved.
The peak at the highest chemical shift, at 65.0 ppm, corresponds to the VL-LA dyad,
while the signal at 63.9 ppm is assigned to the VL-VL dyad. Therefore, the average
dyad relative molar fractions can be calculated in the same way as before in the 'H
NMR, employing equations 5-7, though the integration of the signals from the LA-LA
and LA-VL dyads, which are overlapped in the LA methine signal centered at 69.0
ppm. Values of /yp = 1.28 and R = 0.90 were achieved, in agreement with the rest of

results and proving again the random character of PLVL 008515.
Hydrolytic degradation study

Thermal properties evolution

Figure 4 shows typical DSC thermograms of PLVL 007525, PLVL 71, PLVL 82 and
PLVL 70Sn at different times of degradation. The terpolymers based on L-lactide, D-
lactide and 6-valerolactone (PLVL 007525, PLVL 502525, PLVL 008515 and PLVL
404515), follow the trend shown in Figure 4a. Owing to the presence of D-LA

disrupting their chain microstructure and having an estimated value of /i A lower than
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2.91, they maintained their amorphous character during the degradation process and no
phase separation or melting peaks were detected. Throughout the entire study, these
PLVLs presented a single glass transition temperature (T,) which, as hydrolytic
degradation progresses, moved toward lower temperatures because of the higher
mobility of the shorter polymer chains that had been created. Hence, as an illustration,
the T, of PLVL 007525 shifted from 26 °C to a value of 15 °C on day 98 and the T,s of
PLVL 502515, PLVL 008515 and PLVL 404515 reached final values of 20, 28 and 29

°C, respectively.
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Figure 4. DSC evolution during degradation of PLVL 007525 (a), PLVL 71 (b), PLVL 82 (c) and PLVL
70Sn (d).

The DSC first scan curves of PLVL 53 (containing 53 % of L-LA and 47 % of 6-VL)
developed in a manner similar to those of terpolymers. With a short average sequence
length, /; 14 = 1.79, this material was not able to crystallize during the 98 days it was

submerged in PBS. Its single Ty, initially at 6 °C, shifted, from day 56, to values lower
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than 0 °C. At this stage of the degradation process, the weight-average molecular weight

(My,) of the polymer was lower than 17 kg mol™.

The rest of the polymers in this study, that is, the copolymers of L-LA and 8-VL of L-
LA molar content ranging from 69 to 82 %, were prone to crystallization and their L-
lactide (L-LA)-unit chains arranged into crystalline organized structures. At /| values
higher than 3.11, the L-LA sequences were large enough to crystallize during the
degradation period studied. In order to discuss the supramolecular rearrangements of
these materials, the thermal properties data obtained from their thermograms are

detailed in Table 3.

The evolution of the DSC curves of PLVL 69 (/.o = 3.11), PLVL 71(l.1a = 3.32),
PLVL 74(l..1a = 3.73) and PLVL 750025 (I..La = 3.82) followed the trend shown in
Figure 4b, which belongs to PLVL 71. Initially, they were completely amorphous
showing single T,s at 27, 28, 30 and 31 °C, respectively. However, after 7 days
submerged in PBS, a small melting peak appeared in all of them (T, = 82 °C for PLVL
69, 100 °C for PLVL 71, 94 °C for PLVL 74 and 109 °C for PLVL 750025). Then, on
day 14 of degradation a rapid increase in the melting enthalpy (AH,,) was observed as a
result of the migration of L-lactide chains from the amorphous phase. The AH,, at this
time took values of 14.3, 14.6, 19.5 and 199 J g'1 for PLVL 69, PLVL 71, PLVL 74
and PLVL 750025. During the study, the broad melting peaks of these polymers were
composed of two or three different peaks, which indicates that the crystallites created
may be more disordered and imperfect. Meanwhile, the corresponding melting
temperature (T,) shifted toward higher temperatures as the time submerged in PBS
increased and the melting peak became narrower. PLVL 69, PLVL 71, PLVL 74 and
PLVL 750025 reached a AH,, of 31.5, 33.5, 40.3 and 44.9 J g at the end of the study
(day 98). The larger /.1 4 of the latter gives it a higher crystallization capability during
degradation. On the other hand, regarding their glass transition behaviour, these PLVLs
exhibited a single T, which moved toward lower temperatures and presented lower AC,
changes as the degradation time increased, due to the development of the

aforementioned crystalline domains (and corresponding reduction in amorphous phase).

206



Section 1. Copolymers of high glass transition temperature

Chapter 2.2.

Table 3. Evolution of the thermal properties of the L-LA/ 3-VL copolymers prone to crystallization.

. 1" Scan 2" Scan
Sample time 1
(days) Ty (°C) Ty (°C) Tn (°C) AH, (J g7) T, (O
0 26.6 (0.63) : : 3 26.9
3 27.9 (0.61) ; ; - 28.0
7 25.9 (0.60) - 82.0 4.51 24.9
14 20.0 (0.50) - 82.2 14.25 23.1
2 21 19.8 (0.48) - 84.9 15.66 24.1
§ 28 20.7 (0.47) - 87.6 15.91 24.7
= 35 16.0 (0.49) - 86.6 19.00 20.2
42 15.8 (0.47) - 86.0 19.01 23.5
56 13.2(0.47) - 94.6 21.76 20.0
70 14.4 (0.45) - 88.6 22.98 24.5
98 11.4 (0.42) - 103.4 31.46 21.8
0 283 (0.61) : - - 303
3 30.4 (0.60) - - ; 317
7 32.3(0.54) - 100.1 5.18 31.5
14 26.3 (0.54) - 88.5 14.57 31.2
= 21 25.5(0.48) - 93.9 19.98 30.4
; 28 24.3(0.41) - 90.3 20.79 29.3
Q’—] 35 21.4 (0.49) - 90.0 20.93 28.7
42 20.9 (0.46) - 102.2 21.67 273
56 14.6 (0.47) - 101.5 23.81 21.2
70 12.8 (0.46) - 99.5 27.01 21.5
98 17.2 (0.39) - 108.2 33.52 30.0
0 303 (0.61) - - - 23
3 333 (0.61) ; ; - 337
7 31.7 (0.58) - 93.8 5.69 325
14 28.1(0.45) - 104.0 19.54 30.1
8 21 26.5(0.46) - 107.3 21.38 32.6
; 28 25.7(0.44) - 108.7 21.90 30.8
Q’—] 35 19.9 (0.45) - 109.1 23.35 253
42 21.5(0.43) - 108.7 25.13 27.4
56 15.5(0.42) - 109.3 27.24 24.5
70 11.8(0.41) - 111.2 28.55 22.6
98 12.2 (0.37) - 108.8 40.31 26.7
0 42.6 (0.59) - - - 425
3 422 (0.53) ; ; - 41.9
7 42.5(0.53) - 128.4 4.04 41.3
14 42.3 (0.49) 65.1(0.13) 1243 11.95 41.5
> 21 | 422(043) | 69.4(021) | 1287 15.58 38.8
~ 28 | 39.1(039) | 713(025) | 1273 18.05 40.6
= 35 37.3(0.42) 71.6 (0.26) 128.2 21.01 38.1
42 34.6 (0.35) 69.7 (0.23) 126.3 20.78 39.9
56 | 31.9(035) | 702(022) | 1266 26.59 38.8
70 25.9(0.32) 69.8 (0.15) 129.2 30.92 36.6
98 11.2 (0.29) - 127.0 44.05 28.8
0 31.5(0.59) : - - 31.0
3 22.1(0.40) 68.9 (0.21) 135.4 16.21 30.7
7 20.4 (0.40) 70.2 (0.21) 136.9 16.66 30.6
- 14 18.8(039) | 72.8(020) | 1392 17.61 29.7
2 21 16.4(038) | 70.9(020) | 1364 19.49 293
- 28 14.9 (0.35) 68.4 (0.28) 137.4 22.90 28.2
> 35 | 113(039) | 69.5(0.19) | 1402 23.69 282
& 4 108 (034) | 69.8(0.12) | 1359 2727 27.1
56 6.97 (0.36) - 136.4 32.56 22.0
70 2.11(0.38) - 136.3 36.84 23.0
98 2.50 (0.32) - 135.5 44.66 28.3

" The values of the specific heat capacity (AC,) was given in brackets next to the glass transition temperatures.
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The DSC curves of PLVL 82 (Figure 4c) and PLVL 70Sn (Figure 4d) were more
complex than those explained above. Both copolymers displayed a double T, behaviour
which was demonstrated in a previous work of ours by DMA measurements [33] and
was observable in the DSC scans from day 14 for PLVL 82 and from day 3 for PLVL
70Sn. The lower T, is linked to the hybrid amorphous miscible LA/3-VL phase, whereas
the higher T, suggests the presence of phase separated amorphous lactide chains. As the
time increased, the lower T, shifted to lower temperatures (from 42 °C on day 14 to 11
°C on day 98 for PLVL 82 and from 22 °C on day 3 to 3 °C on day 98 for PLVL 70Sn)
because of the incorporation of some LA from the LA/3-VL mixed phase to the lactide
amorphous phase and to the crystalline domains. As this migration occurs, the hybrid
amorphous miscible LA/3-VL phase became richer in 8-VL and the lactide amorphous
glass transition became less defined (lower AC, changes) because of the loss of lactide
chains toward the crystalline phase. The higher T, disappeared on day 98 of degradation
in the case of PLVL 82 and was not appreciable on day 56 in the PLVL 70Sn
thermograms. Finally, regarding the T, behaviour, it is also worth stating that from day
3 to day 14 of the study, PLVL 82 presented a small peak of enthalpy of relaxation (J)

at the lower T, as a result of the densification of the polymer chains.

The phase separation changes of the PLVL 82 evolve more slowly than in the other
polymers (including PLVL 70Sn) due to its high initial T, (43 °C), which is well above
the in vitro temperature (37 °C). Therefore, on day 98 its melting enthalpy (AH,, = 44.1
J ¢! still has not exceed the AH,, values of the rest of polymers substantially, even
though PLVL 82 shows the largest average sequence length of L-lactide (/s = 5.55)
between the poly(lactide-co- d-valerolactone)s employed in this work and,
consequently, the higher crystallization capability. The melting temperature of PLVL 82
and PLVL 70Sn were considerably higher (~ 128 °C for PLVL 82 and ~136 °C for
PLVL 70Sn) than those of the other L-LA-co-3-VL copolymers (with T, < 110 °C),
mainly owing to the formation of more ordered and perfect crystallites of L-LA. In
addition, it is also worth noting that the heat of fusion of these two copolymers had to
be obtained, in some cases, from the difference between the melting enthalpy and the
cold crystallization (at ~ 90 °C) enthalpy that appeared in the first few weeks of the
study.
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Comparing the thermal properties of the moderately blocky PLVL 70Sn (R = 0.68 and
I.La = 4.94) with those of random PLVL 71(R = 1.03 and /; 1o = 3.32), the importance
of the chain microstructure distribution of sequences on the supramolecular
rearrangements that took place during degradation its obvious. Both polymers have
almost equal L-LA content (70.1 vs 70.8 %) and similar Tgs (at around 30-31 °C), but
the blocky one is significantly more prone to suffer physical changes. Therefore, on day
3 of degradation PLVL 70Sn already exhibited a melting peak of 16.2 J g whereas
PLVL 71Sn was still amorphous, and at the end of the study, PLVL 70Sn presented a
AH,, of 44.7 J g while the AH,, of PLVL 71 reached a value of only 33.5 J g'. With
regard to PLVL 70Sn, it is also worth highlighting, as a curiosity, that on day 98 the
second DSC scan of PLVL 70Sn showed a cold crystallization peak accompanied by a
melting peak. Therefore this copolymer on that degradation day was able to crystallize

after being cooled from the melt; however, the neat heat of fusion was below 1 J g,

Weight loss and water absorption

Figure 5 shows the remaining weight (RW) and water absorption (WA) curves obtained
from the in vitro degradation study of the L-lactide-co-0-valerolactone copolymers
characterized in Table 1. The weight of the samples remained constant during the first
few weeks of the study, and, once the molecular weight reached a critical value they
started to lose mass. As can be seen in the plot of these polymeric materials, they began
to lose weight from day 56, with the exception of PLVL 82, when they presented a
relevant increment in water absorption. On day 70, the amorphous PLVL 53 exhibited
the highest water absorption capacity (WA = 73.2 %), followed by PLVL 69 (WA =
30.8 %). PLVL 82 and PLVL 70 Sn, the two copolymers with a greater tendency to
crystallize, did not take up virtually any water (6.7 % and 3.2 %, respectively) and their
remaining weight did not undergo any important changes, 99.7 % and 93.5 % of RW.
On the contrary, the PLVLs containing 53 to 74 % of L-lactide, with less perfect
crystallites at a lower Ty, suffered a measurable loss of weight and their RW dropped to
values in the range of 82 to 88 %. At the end of the study (day 98), PLVL 82 showed
the first signs of weight loss (RW = 87.7 %), when its M,, took a value of 15 kg mol™.
The developed highly crystalline domains and the more packed amorphous regions of

PLVL 82 (T, = 43 °C) impeded the absorption of water in comparison to the other
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copolymers. At this stage of degradation, PLVL 70Sn had a WA of 15.7 % and a
remaining weight of 79.1 % , while PLVL 71 (with an almost equal L-LA content to
PLVL 70Sn but presenting R = 1) and PLVL 74 presented values of WA of
approximately 40 % and remaining weight of ~ 70 %. On the contrary, PLVL 53 and
PLVL 69 exhibited sharp increases in water uptake (> 50 %) that led to a significant
loss of mass (RW ~ 64 %).
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Figure 5. Evolution of the remaining weight and the water absorption of the PLVLs of the Table 1

Figure 6 shows remaining weight and water absorption curves from the in vitro
degradation study of the terpolymers characterized in Table 2. The combination of short
L-LA, D-LA and 6-VL sequences resulted in disordered polymeric structures with

lower stereoregularity and, as consequently the amorphous regions were much larger
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than in the case of the copolymers in Figure 5. Water has the ability to penetrate these
regions easily. Therefore, PLVL 007525 started to lose weight from day 35 and PLVL
502525 and PLVL 008515 from day 42, whereas the semicrystalline PLVL 750025,
together with the glassy PLVL 404515 (T, = 40 °C), took longer to lose mass and did
not began to take up water significantly until day 56. On day 42, the WA of the last two
polymers still was less than 13 % with a RW value close to 100 %. In contrast, PLVL
502525 and PLVL 008515 showed a WA in the range of 33 to 35 % and a remaining
weight of approximately 95 %. In the case of PLVL 007525, more degradation by-
products were released from the sample leading to a weight loss of ~ 20 % of its initial
mass. Due to its fully amorphous character and its lowest T, (26 °C), the effect of the
hydrolytic degradation is more pronounced in this material. Consequently, on day 98 its
RW was only 33.5 %. On the other hand, the RW of PLVL 502525, PLVL 008515 and
PLVL 404515 reached values of 40.4, 65.2 and 64.9 %. On this day of the study, the
water uptake was only measurable for PLVL 750025 (WA = 36.5 %). This polymer did
not contain D-LA units and is similar to the L-lactide-co-d-valerolactone copolymers
evaluated above (i.e. PLVL 74). Its RW value (71 %) was in perfect agreement with
those results. This material was, at this moment of the study, in a less advanced state of

degradation than the terpolymers.

As can be observed by evaluating the WA values at different times, it can be said that
the order in water absorption from the highest to the lowest was: PLVL 007525, PLVL
502525 and PLVL 008515 > PLVL 404515 and PLVL 53 > PLVL 69 > PLVL 71,
PLVL 74 and PLVL 750025 > PLVL 70Sn and PLVL 82. Since the mass loss and the
degradation kinetics of the polyesters are dominated by water attacking to the ester
bonds, water absorption capacity plays a pivotal role and is a critical parameter in the
degradation mechanisms. In this section, we have seen that water uptake was favoured
by the resistance of the polymers to crystallize during degradation, the presence of large
amorphous domains and the decrease of the microstructural stereoregularity of the
polymer chains. The absence of high glass transition temperatures (above 37 °C, body
temperature, the one at which these biomaterials are usually employed) is another
important factor to be taken into account. At temperatures below the glass transition, the

amorphous polymers are in glassy state and behave like a rigid body which impedes
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water penetration. However, if its T, is several degrees below 37 °C, the material is
softer and more viscous and, as a result, the diffusivity of water inside the polymer is

easier and the water absorption of the polymer is improved.
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Figure 6. Evolution of the remaining weight and the water absorption of the PLVLs of the Table 2.

Molecular weights evolution and degradation kinetics

Figure 7 and Figure 8 show the progress of In M,, versus degradation time of the
lactide-co-6-valerolactone polymers. As the degradation evolves, the My, of the samples
decreased and the dispersity increased, indicating a broader distribution of polymer
chain length. The loss of My, and the production of short polymer chains resulted in a

reduction in molecular entanglement and an increase in chain mobility that directly
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affected the observed glass transition temperatures in the second DSC scan. For
example, T, dropped from the initial value of 26, 30, 37, 6 and 27 °C for PLVL 007525,
PLCL 502525, PLVL 008515, PLVL 53 and PLCL 69 respectively, to 14, 18, 23, -6
and 22 °C at the end of the study, when M,, were in the range of 4.5 to 9.0 kg mol™".
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Figure 7. In M,, versus degradation time of the PLVLs of the Table 1.

12

—<&— PLVL 007525

o —+— PLVL 502525
E O, — = PLVL 750025
11- o -+ PLVL 008515

—o—PLVL 404515

z 10 4

InM

Time (days)

Figure 8. In M,, versus degradation time of the PLVLs of the Table 2.
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Table 4 presents the values of Ky and t;; calculated from the slope of the fitting curve
before the slope gradually changed and the correlation coefficient decreased. The
experimental data of My, fits the fitting curve (R*> 0.98) very well during the times at
which the weight of the samples remained constant (see section 3.2.2). Then, they
started to deviate. This deceleration in loss of M, indicates that the degradation
mechanism is shifting from one dominated by random scission to another controlled by

chain end scission [13].

Table 4. Ky, and t;, of the PLVLs of this work.

Half-molecular weight
Sample Kyw Kyiw degradation time
(day 14) t 2 (days)

PLVL 53 0.0246 0.0317 21.9
PLVL 69 0.0312 0.0334 20.8
PLVL 71 0.0318 0.0339 20.5
PLVL 74 0.0322 0.0348 19.9
PLVL 82 0.0147 0.0166 41.8
PLVL 70Sn 0.0280 0.0300 23.1
PLVL 007525 0.0497 0.0601 11.5
PLVL 502525 0.0395 0.0473 14.7
PLVL 750025 0.0250 0.0302 23.0
PLVL 008515 0.0366 0.0470 14.8
PLVL 404515 0.0264 0.0340 20.4

As can be seen, the polymers that displayed higher values of water absorption also
experienced the fastest degradation rates. Ky obtained for PLVL 007525, PLVL
502525 and PLVL 008515 were 0.060, 0.047 and 0.047 days” respectively, with
corresponding t;, of 11.5, 14.7 and 14.8 days. On the other hand, poly(L-lactide-co-o-
valerolactone) of L-LA content ranging from 69 to 74 and PLVL 404515 exhibited
values of Ky in the range of 0.033 to 0.035 days™, with a t;,, of approximately 20 days.
Then, there is a third group of polymers, PLVL 53, PLVL 750025 and PLVL 70Sn,
with Ky 0f 0.030 to 0.032 days'1 and t;, of ~ 22.5 days. Finally, the polymeric material
with the slowest degradation rate (0.017 days™) and longest half-degradation time (41.8
days) was PLVL 82. In this study this PLVL is the copolymer with the largest capacity
to crystallize (/i.pa = 5.55) and the highest T, (43 °C), which makes it the most resistant
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copolymer to water uptake. However, its Ky 1s far above the values documented in the
literature for the poly(L-lactide) homopolymer. For example, Larrafaga et al. [9]
reported values of Ky and t;, of 0.011 days'1 and 62 days for PLLA.

After evaluating the data collected for the terpolymers, it should be noted that the
introduction of rigid L-lactide blocks, which increases the L-LA/D-LA ratio in the
PLVL chains and raises the /i 1A, leads to polymers with lower Ky and a higher
resistance to hydrolytic degradation. So, the rac-lactide-co-o-valerolactone PLVL
007525 (Kyw = 0.060 days™, 37.4 % of L-LA, 37.4 % of D-LA and I, o= 1.61), due to
its completely amorphous morphology and low stereoregularity, has a Ky value higher
than that found for PLVL 502525 (Kyw = 0.047 days'l, 62.3 % of L-LA, 12.5 % of D-
LA and /1o = 2.80), which is also larger than those corresponding to PLVL 750025
(Kmw = 0.030 days"l, 73.6 % of L-LA and /1.1 = 3.82) and the set of L-LA-co- 3-VL
copolymers synthesized using PH;Bi as catalyst. In agreement with the above, PLVL
404515 (62.9 % of L-LA, 22.7 % of D-LA and /;. ;s = 2.91), despite having similar
lactide content (~ 86 %) to PLVL 008515, also displayed a slower degradation rate than
the rac-LA-co- 8-VL copolymer (Kyyy = 0.034 days™ for PLVL 404515 vs. 0.047 days™
for PLVL 008515). Therefore it was probed that a large structural disorder with short

unit average sequence lengths improves the rate of degradation.

To provide another framework for comparison, some of the kinetic results were
contrasted with those obtained in a previous work [35] that used lactide-co-¢-
caprolactone copolymers (PLCL) with intercomparable compositions and chain
microstructures (R = 1). The e-caprolactone (¢-CL) unit has an identical structure to -
VL but has one more straight methylene group sandwiched between the ester groups of
the polymer chain. Therefore, e-CL provides higher flexibility with respect to 6-VL [35,
36] and their lactide copolymers have lower glass transition temperatures, bringing
about relevant differences in their mechanical behaviour. In accordance with the
literature [33], PLVLs showed an increase in their stress related properties (secant
modulus, yield strength and ultimate tensile stress) over the PLCLs, which is translated
into an important improvement in their stiffness and strength. Regarding hydrolytic
degradation, this paper demonstrated that PLCLs degrade at a faster rate than PLVLs.
As an illustration, e-CL composed PLCL 008515 (41.85 % of L-LA, 41.85 % of D-LA
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and /r.1a = 1.79) and PLCL 502525 (60.8 % of L-LA, 12.1 % of D-LA and /i 1A = 2.39)
presented values of Ky, and t;, of 0.066 days'1 and 10.5 days, and 0.056 days’1 and
12.4 days, respectively. Conversely, the respective polymers based on 6-VAL, PLVL
008515 and PLVL 502525, have a Ky of approximately 0.047 days"1 and a t;, of
around 14.7 days. Furthermore, it was found that a poly(L-lactide-co- e-caprolactone)
copolymer of 74.0 % of L-LA content (26.0 % of CL and /; ;o = 4.01) also presents a
higher Ky than PLVL 750025 (73.6 % of L-LA and /.1 = 3.82) (Kyy = 0.034 days™
vs. Kpw = 0.030 days"l). Based on these results, it can be concluded that the T, of the
polymers has a more important role to play in the degradation than the hydrophilic
character of their structural units. The fraction of hydrolytically ester bonds is richer in
the case of the lactide-co- d-valerolactone polymer chains (four straight methylenes and
an ester group for 0-VAL-units and five straight methylenes together with one ester
group for a unit of e-CL). However, PLVLs present higher T,s than PLCLs, which slow
down the water absorption. So, PLVL 008515, PLVL 502525 and PLVL 750025 have
Tes at 37, 30 and 33 °C, respectively, while the respective LA/e-CL copolymers present

initial T,s at lower temperatures (29, 21 and 28 °C, respectively).

A series of L-lactide-co- d-valerolactone copolymers of L-LA molar content ranging
from 53.4 to 81.9 % (/.La from 1.79 to 5.55) were also assessed in this work to study
their hydrolytic degradation. The highest degradation rate belongs to the PLVL with a
74 % L-lactide content, although PLVL 69 and PLVL 71 have nearly equal values of
Kmw. However, if the L-LA content is increased or lowered, the degradation rate is
smaller. At L-LA contents higher than 74 %, the copolymers are more prone to
crystallization and the crystallites formed are more perfect. In consequence, the water
uptake and the hydrolysis are clearly retarded. On the contrary, at L-LA contents lower
than 69 %, the copolymers have a more amorphous morphology and show lower Tis.
Nevertheless, contrary to what was expected, its degradation rate does not rise. This is
the case of the non-crystalline PLVL 53 (/i.pa = 1.79), in which the mobility of its
polymer chains is favoured due to its low T, (6 °C) and, as we have seen previously, the
water absorption begins earlier. However, PLCL 53 is rich in -VL units (46.6 %), and
displays a higher resistance to hydrolysis than LA because of its more hydrophobic

character and less proportion of ester groups. As a result, this opposite effect means that
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the degradation rate obtained (Kyy = 0.030 days'l) was slightly lower than that of some
of the crystallisable copolymers.

Table 4 also collects values of Ky taken on day 14. It is worth noting that, in some
cases, there were significant differences in the degradation rate (Kyw) between the
calculated values and those obtained over shorter periods (day 14). While the calculated
values of Ky and the Ky obtained on day 14 are fairly close for the crystallisable
copolymers, it was found that for the amorphous polymers (the terpolymers and PLVL
53), the degradation rate on day 14 is considerably lower than when the Ky is
calculated. For example, Ky, is 0.060 days'1 for PLVL 007525 while on day 14 it is
0.050 days™. This acceleration in the reduction of molecular weight during degradation
is presumably due to autocatalytic hydrolysis [37]. The accumulation of small chains
and acidic degradation products, which are not able to escape from the polymer matrix
as soon as they become soluble, is reported to contribute to the acceleration of the rate
of chain scission [13]. Nevertheless, in the case of the crystalline polymers, in which the
state of degradation is less advanced and the changes in water uptake during the first
few weeks of the study are almost negligible, this autocatalytic effect is weaker and the

degradation rate is almost constant at any part of the fitting curve.

Analysis of the remnants

The changes in thermal properties, water uptake and molecular weight loss of the
polymer sample were reflected in the morphological appearance of the degradation
remnants. Those polymers, which do not crystallize during degradation, degraded
homogeneously leaving soft and pasty residues over long degradation times. In
addition, the degradation effects were macroscopically discerned in these PLVLs well
before those of the crystalline polymers. Figure 9 shows three samples of PLVL 007525
after 56 days of degradation along with a square sample of the non-degraded polymer.
At this stage of degradation, this PLVL had an M,, of 6.9 kg mol™ and due to the high
levels of water absorption, the polymer chains were partially soluble forming a whitish
pasty mass at the moment when the samples were removed from the aqueous medium.
Once they were air-dried and the water was eliminated, the pasty mass became an

amorphous layer with no mechanical performance. In the case of the amorphous
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polymers with high glass transition temperatures, as is the case of PLVL 404515, the
samples became brittle before pasty. On the other hand, PLVL 53, the copolymer with
the lowest T,, was very sticky and difficult to manipulate after day 35 of the study.

Figure 9. Samples of PLVL 007525 on day 56 of degradation.

With regard to the crystalline polymers, which include the L-LA-co-6-VL copolymers
with the exception of PLVL 53, brittle crystalline residues were generated during the
hydrolytic degradation study. However, their original sample shape was preserved for a
long time. The type of the L-LA crystallites formed, that is, the degree of perfection and
their melting temperature, also affects the physical appearance of their remnants. Hence,
samples of PLVL 74 (I..La = 3.73), PLVL 750025 (/..1a = 3.82), PLVL 70Sn (IL.1a =
4.94) and PLVL 82 (l..1a = 5.55), with Ty, higher than 110 °C, were highly brittle
fragments from day 56 on. These remnants are undesirable in medical applications
because they are very resistant to hydrolysis [38] and can cause foreign body reactions
in the surrounding tissues [39-41]. On the other hand, crystallisable copolymers with
shorter average sequence lengths of L-LA, such as PLVL 69 (/..pa = 3.11) and PLVL
71 (IlLa = 3.32), were not able to arrange into such highly crystalline organized
structures. Due to their low Ty, values, in the range of 90-100 °C, their remnants were
less brittle and hydrolytically resistant than those corresponding to the other crystalline

copolymers of L-LA-co-0-VL used in this work and in particular, the polylactide
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homopolymers with a Ty,s higher than 170 °C [42]. To illustrate what is outlined above,
Figure 10 shows a sample of PLVL 69 on day 98 of degradation (on the right side of the
image) and also fragments of PLVL 74 (on the left) on the same day of degradation. As
can be seen, PLVL 69 has suffered a visible deterioration but its sample it is not as
brittle as in the case of PLVL 74. Their M,, on this day were 7.2 and 7.4 kg mol™,

respectively.

Figure 10. Samples of PLVL 74 (left) and PLVL 69 (right) on day 98.

Proton nuclear magnetic resonance (‘'H NMR) spectra were obtained before carrying out
the hydrolytic degradation study and after 70 days submerged in PBS at 37 °C. Figure
11 shows the spectrum of the PLVL 008515 on day 70 of the study. As the degradation
progresses, new signals appeared in the "H NMR of the PLVLs and, in addition to the
lactide methine and the caprolactone methylene signals (see Figure 1 of PLVL 008515
on day 0), small peaks can be identified, these are associated to the terminal groups of
degradation byproducts. In this sense, although it should be confirmed by addition of
trichloroacetylisocyanate, the quadruplet at 4.35 ppm and the triplet at 3.65 ppm could
be assigned to -CHOH and —CH,OH terminal groups.

Table 5 summarizes the lactide (L-lactide + D-lactide) and o-valerolactone molar
contents of the polymeric samples before degradation and after 70 days of hydrolytic
degradation. The molecular weights (My,) on day 70, measured by GPC, are also given
in the Table. As can be seen, the polymers with the slowest degradation rate have the

highest molecular weights at this stage of degradation, samples of PLVL 70Sn and
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PLVL 82 presented My, of 16.7 and 26.7 kg mol'l, respectively. On the other hand, the
lowest values of My, were found for PLVL 007525 (6.3 kg mol™), PLVL 502525 (7.7 kg
mol™) and PLVL 008515 (7.4 kg mol™), which are amorphous polymers with low
stereoregularity due to short L-LA, D-LA and 6-VL sequences in their polymer chains.
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Figure 11. "H NMR spectrum of PLVL 008515 on day 70 of degradation.

Table 5. Copolymer molar compositions after 70 days of hydrolytic degradation.

Sample Composition on day 0 R Composition on day 70 R (II\;I;, %
(% molar) (day 0) (% molar) (day 70) (kg mol™)
% LA % 98-VL % LA % 98-VL
PLVL 53 534 46.6 1.20 52.1 47.9 1.23 11.6
PLVL 69 68.6 314 1.02 69.9 30.1 1.03 11.0
PLVL 71 70.8 29.2 1.03 73.0 27.0 1.04 13.0
PLVL 74 73.6 26.4 1.01 75.2 24.8 1.02 11.7
PLVL 82 81.9 18.1 1.00 80.5 19.5 0.99 26.7
PLVL 70Sn 70.1 29.9 0.68 72.6 27.4 0.68 16.7
PLVL 007525 74.8 252 0.99 70.1 29.9 1.00 6.3
PLVL 502525 74.8 252 0.95 72.2 27.8 0.90 7.7
PLVL 750025 73.6 26.4 0.99 75.8 242 0.95 11.7
PLVL 008515 85.8 14.2 0.95 82.5 17.5 0.87 7.4
PLVL 404515 86.6 14.4 0.93 84.1 15.9 0.92 9.4
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With respect to the polymer composition, slight differences in the co-monomer contents
measured before and after the degradation process were found. Meanwhile, the
randomness parameter (R), also collected in the Table 5, stayed almost constant. For the
crystalline copolymers with LA lower than 75 % it can be seen that the LA content rose
as the degradation process advanced (i.e. For PLVL 74, % LA increased from 73.6 to
75.2 %). On the other hand, the LA content decreased for the amorphous polymeric
materials, PLVL 53 and the terpolymers composed of L-LA, D-LA and 6-VL (i.e. For
PLVL 007525, % LA lowered from 74.8 to 70.1 %). As is well known, amorphous
regions are preferentially degraded because they are more easily accessible to water
molecules. However, the fact is that, as degradation progresses, these amorphous
regions are richer in either LA or in 6-VL depending on the polymer morphology. In the
L-LA-co- 0-VL crystallizable copolymers, LA-rich segments migrate from the
amorphous domains to the crystalline phase and, as a result, the amorphous phase
became poorer in LA. Although the LA-units are more easily hydrolysable than those
of 6-VAL, there may be a negligible content of LA in the amorphous phase (except in
the case of the PLVL 82) and consequently the 6-VL blocks were degraded first and the
total LA molar content in the polymer increases. On the contrary, the amorphous phases
of the fully amorphous copolymers are highly heterogeneous and phase separation
phenomena do not occur. Since these amorphous regions are rich in lactide, the LA

blocks were preferably degraded.

2.2.4. Conclusions

In this in vitro degradation study repetitive square samples of different lactide-co-d-
valerolactone copolymers (PLVL) were submerged in PBS at 37 °C for a period up to
98 days. The results probe that the water absorption is a key factor in the degradation
process. Therefore, the polymers that displayed higher values of water uptake also
presented the fastest degradation rates, while the development of crystalline domains
was probed to hinder water absorption. Large average sequence lengths of L-LA (/1..1a)
in the copolymer chains give them a higher crystallization capability during

degradation. On the contrary, the combination of short L-lactide, D-lactide and &-
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valerolactone segments in the PLVLs resulted in a more amorphous morphology with
lower stereoregularity and consequently favoured a homogeneous degradation at an
accelerated rate. In addition, for these amorphous polymeric materials, their sample
residues were soft and pasty, while brittle and hydrolytically resistant fragments, which

are undesirable, were not generated.

Regarding the L-LA-co-56-VL copolymers, which do not have D-LA units disrupting the
microstructural arrangement of their L-LA crystallizable chains, the highest degradation
rate belongs to the PLVLs with L-LA contents in the range of 69 to 74 %. If the L-LA
content is increased or lowered, the degradation rate decreased. This is either because
the copolymers are prone to more perfect crystallization at higher Ty,s or because the d-
VL content is too large. The higher resistance to hydrolysis of 6-VL compared to LA
units, is due to its more hydrophobic character and less proportion of ester groups, and
seems to have a direct effect on the degradation despite the fact that water absorption

begins earlier in 8-VL rich copolymers.

Finally, it is also worth mentioning the fact that although the proportion of hydrolyzable
ester bonds is richer in the case of the PLVLs than in the lactide-co-e-caprolactone
(PLCL) polymer chains, PLVLs (with higher T,s than PLCLs) degraded at a slower rate
than the e-CL based copolymers. This demonstrated that the packed amorphous regions
related to high glass transition temperatures, also slow down the water absorption

phenomenon.
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Summary

Poly(e-caprolactone), poly(d-valerolactone) and some polymacrolactones, such as
poly(w-pentadecalactone) or poly(ethylene-brassylate) show an outstanding
combination of properties. This group of polyesters presents high thermal stability and
rapid crystallization from melt, which prevent physical aging. In addition, they also
display an appealing mechanical performance, with high elongation at break values and
elastic modulus below 400 MPa. However, these homopolymers biodegrade at a very
slow rate owing to their high crystallinity fraction. Thus, PCL degrades at a rate (Ky)
of only 0.0010 days™ at 37 °C while PPDL is practically non-degradable in aqueous
medium. Hence, the synthesis of poly(e-caprolactone)-like biomaterials with an
improved biodegradability is extremely interesting and could meet the requirements for

a large number of potential applications in the biomedical field.

In this section several copolyesters with a glass transition temperature under -25 °C and
melting temperatures below 100 °C were synthesized by ring-opening polymerization
employing triphenyl bismuth as catalyst. Then, these novel copolymers were
characterized using different techniques. The mechanical behaviour of the copolymers
with low T, is heavily dependent on the crystalline phase (on their Ty, and melting
enthalpies), especially at temperatures close to their melting points. For this reason, the
T, of the polymers of this section should be above human body temperature (37 °C) in

order to guarantee their mechanical performance during use.

» The copolymerization of e-caprolactone with L-lactide or 5-valerolactone units was
the strategy used by our research group in Chapter 3.1. (Crystallization and Melting
Behaviour of Poly(e-Caprolactone-co-o-Valerolactone) and Poly(e-Caprolactone-co-
0-L-lactide) with Novel Chain Microstructures) to reduce the crystallinity and so
improve the biodegradability of the PCL homopolymer. NMR characterization of the
copolymers showed that the poly(e-caprolactone-co-L-lactide)s and the poly(e-
caprolactone-co-0-valerolactone)s had semi-alternating (R — 2) and random (R ~ 1)
distribution of sequences, respectively. However, the aim of lowering the degree of
crystallinity was not achieved in the case of the poly(e-CL-co-6-VAL). Non-

isothermal cooling treatments at different rates and isothermal crystallizations at
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different temperatures were conducted by DSC, and these demonstrated that the e-CL
copolymers containing 6-VAL exhibited a higher crystallization capability than those
of L-LA and also arranged into crystalline structures over shorter times, regardless of
their e-CL average sequence length (/cr).The crystallization of the e-CL was easier
with 8-VAL units than in the presence of rigid lactide segments, and for some
compositions it was shown, via Wide Angle X-ray Scattering (WAXS), that these

two lactones undergo isomorphism and co-crystallize in a single cell.

» In Chapter 3.2. (In Vitro Degradation Studies and Mechanical Behaviour of Poly(e-
Caprolactone-co-6-Valerolactone) and Poly(e-Caprolactone-co-o-L-lactide) with
Random and Semi-alternating Chain Microstructures), in view of their melting
behaviour, only the copolymers with Tys above body temperature (37 °C) were
selected from among the materials synthesized in the previous chapter. Both &-CL-
co-3-VAL copolymers, with e-CL molar content ranging from 76 to 85 %, and e-CL-
co-L-LA copolymers, with 88 to 94 % of &-CL, exhibited faster degradation rates
than the polycaprolactone (PCL) homopolymer. 6-VAL copolymers degraded 3 to 5
times faster, whereas the copolymers based on lactide had Ky, values of between
0.0055 and 0.0105 days”'. However, their mechanical behaviour was heavily
dependent on the crystalline phase, especially at temperatures close to their melting
point. As a result, only the poly(e-CL-co-L-LA) which have a e-CL molar content
higher than 88 %, in addition to PCL, presented mechanical properties suitable

enough at both room temperature and 37 °C.

» If possible, the Ty, value of this kind of copolymers of low T, should preferably be
higher than 60-65 °C (the T,, of PCL) so as to assure more stable mechanical
properties. Likewise, the pair of comonomers should be chosen carefully to prevent
the cocrystallization phenomenon. In Chapter 4 (Synthesis and Characterization of
w-Pentadecalactone-co-e-Decalactone  Copolymers:  Evaluation of Thermal,
Mechanical and  Biodegradation Properties) -pentadecalactone, whose
homopolymer shows a T, at ~ 100 °C, was copolymerized with e-decalactone in

order to reduce the high crystallization capability of PPDL. The incorporation of -
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DL, a lactone identical to e-CL but with a butyl side chain, decreased the crystalline
fraction from 54 to 13-38 % and the Ty to around -50 °C. As a result, these
copolymers with blocky chain microstructures (randomness character R < 0.49) and
®-PDL molar contents ranging from 30 to 78 %, displayed high elongation at break
values and lower stiffness than PPDL (with secant modulus of 7 to 156 MPa) while
their mechanical properties remained constant at 37 °C. However, in vitro
degradation studies demonstrated that, despite their increased amorphous character,
these materials were very resistant to hydrolysis due to the steric effect of the e-DL

units, and can virtually be considered as non-biodegradable polymers.

» In Chapter 5 (Synthesis and Properties of w-Pentadecalactone-co-o-Hexalactone
Copolymers: A Biodegradable Thermoplastic Elastomer as an Alternative to Poly(e-
Caprolactone) 6-hexalactone, a six-membered lactone with identical structure to o-
valerolactone but possessing a methyl pendant group, was employed in place of e-DL
with the aim of lowering the steric effect of the e-DL and at the same time increasing
the hydrophilicity of the copolymers. The incorporation of 18 to 61 % molar content
of 6-HL decreased the crystalline fraction of PPDL to 21-44 % and the T,s to values
below -36 °C. As a result, the degradation rates obtained for the poly(w-PDL-co-0-
HL), which present chain microstructures that deviate slightly from a random
distribution (R > 0.74), ranged from 0.0013 to 0.0019 days™'. Owing to their lower
stiffness and upgraded biodegradability in comparison to poly(g-caprolactone) there
are high hopes for these new thermoplastic elastomers, which also present high

thermal stability and rapid crystallization from melt.

» Ethylene brassylate, a 17 member ring lactone with two ester groups (it is
commercially available in large quantities and is of particular interest owing to its
lower cost in comparison to other lactones and macrolactones) was copolymerized
with d-hexalactone in Chapter 6 (Ethylene brassylate-co-o-hexalactone biobased
polymers for application in the medical field: Synthesis, characterization and cell
culture studies). Owing to the racemic stereochemistry of the methyl side chain of

the o0-HL unit, only the EB sequences were able to crystallize and as a result the
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crystallinity fraction decreased from a 47 % (PEB homopolymer) to ~ 23-39 %
(when 10 to 51 % of 6-HL units were incorporated). The poly(EB-co-3-HL)s showed
a slightly deviated from random distribution of sequences (R > 0.71) and thermal
properties (Tgs < -27 °C and Tps from 50 to 65 °C) which led to to a mechanical
behaviour with improved flexibility in comparison to poly(e-caprolactone) or
poly(w-pentadecalactone) (elastic modulus from 57 to 274 MPa with high elongation
at break values) at both 21 °C and 37 °C. In addition, the incorporation of 6-HL
allowed a degradation rate almost 4 times higher than that of Poly(e-caprolactone)
(Knw values in the range of 0.0028 to 0.0041 days™). Finally, cell culture studies of
metabolic activity and cell morphology with Human Dermal Fibroblasts
demonstrated that these materials are not cytotoxic and provide a valid substrate for
cells to attach and proliferate. This opens the door to the use of these polymers in the
biomedical field, particularly, for the regeneration of soft tissues and for various

clinical implants and devices.
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Abstract

NMR characterization of the statistical copolymers of this study showed that the poly(e-
caprolactone-co-L-lactide)s, with e-CL molar contents ranging from 70 to 94 % and /cL
(e-CL average sequence length) between 2.20-9.52, and the poly(e-caprolactone-co-o-
valerolactone)s, with 60 to 85 % of &-CL and /¢ between 2.65-6.08, present semi-
alternating (R — 2) and random (R ~ 1) distribution of sequences, respectively. These
syntheses were carried out with the aim of reducing the crystallinity of poly(e-
caprolactone), needed to provide mechanical strength to the material but also
responsible for its slow degradation rate. However, this was not achieved in the case of
the e-CL-co-3-VAL. Non-isothermal cooling treatments at different rates and isothermal
crystallizations (at 5, 10, 21 and 37 °C) were conducted by DSC, and demonstrated that
e-CL copolymers containing 6-VL exhibited a larger crystallization capability than
those of L-LA and also arranged into crystalline structures over shorter times. The
crystallization enthalpies of the &-CL-co-6-VL copolymers during the cooling
treatments and their heat of fusion at the different isothermal temperatures were very
large (i.e. AH.> 53 J g') and in some cases, unrelated to the copolymer composition. In
some compositions, such as the 60:40, WAXS proved that that these two lactones

undergo isomorphism and co-crystallize in a single cell.

236



Section 2. Copolymers of low glass transition temperature Chapter 3.1.

3.1.1. Introduction

Lactones and macrolactones are used in the chemical industry as flavors and fragrances
but are also being employed in the manufacture of highly specialized biopolymers.
Cyclic esters larger than five-membered rings lead to homopolymers that show a similar
mechanical behaviour, with good ductility and strength which resemble the properties
of low density polyethylene (LDPE). o-valerolactone [1-4], e-caprolactone [5-6],
ethylene brassylate [7], m-pentadecalactone [8-11] or hexadecalactone [12], containing
respectively four, five, thirteen, fourteen or fifteen straight methylenes, together with an
ester group (two in the case of ethylene brassylate), allow the formation of flexible
semi-crystalline polymers with low melting points (< 100 °C) and glass transition
temperatures (< -27 °C) that make them easy to manipulate with thermoplastic
processing techniques. Nevertheless, these polylactones degrade at a very slow rate
under hydrolytic conditions, over several years, which restricts their potential

applications in the biomedical field.

Poly(e-caprolactone) (PCL) was one of the earliest polymers synthesized by the
Carothers” group in the early 1930s [13] and was used extensively in the biomaterials
field during the resorbable-polymer-boom of the 1970s and 1980s. Nowadays it is still
popular due to its outstanding rheological and viscoelastic properties [6] and is
employed in medical devices and for tissue engineering, including among others,
sutures for wound dressings, artificial blood vessels, nerve regeneration, drug-delivery
devices and bone engineering applications [14]. PCL is a semi-crystalline polymer
having a glass transition (T,) at (-60)-(-65) °C and a melting point between 56 and 65 °C
[5]; the crystalline nature of PCL makes it easily formable at relatively low
temperatures. Likewise, this polyester presents exceptional blend-compatibility,
efficient processing with thermoplastic techniques, high thermal stability [15-17] and
very attractive mechanical properties, with high elongation at break values (750-1000
%) and Young's Modulus from 210 to 440 MPa [18]. However, among its
disadvantages are its resistance to hydrolytic degradation. PCL homopolymer

biodegrades slowly and shows complete degradation after 2-4 years depending on the
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initial molecular weight of the device or implant [19-22]. In the hydrolytic degradation
of polyesters, amorphous regions are preferentially degraded over the crystalline
lamellae [23-25]. Therefore, the rate of biodegradation is highly influenced by the
crystallization capability and the degree of crystallinity [26], reaching 69 % in the case
of PCL [27].

In this study the copolymerization of e-caprolactone with L-lactide [28-29] or o-
valerolactone [30-33] units was the strategy used to reduce the crystallinity and so
improve the biodegradability of the PCL homopolymer. For this purpose, several
poly(e-caprolactone-co-  L-lactide) and  poly(e-caprolactone-co-6-valerolactone)
copolymers were synthesized using triphenyl bismuth (Ph;Bi), a catalyst that is known
to favour random sequences [34]. Above their glass transition, the crystalline phase is
the responsible of the mechanical properties of these low glass transition temperature’s
polymers and, therefore, e-CL rich compositions were used. On the other hand, it should
also be taken into consideration that their melting temperatures should be above the
body temperature (37 °C), the one at which they would be employed, in order to ensure

their mechanical performance during the application.

The polymers were characterized by proton and carbon nuclear magnetic resonance
spectroscopy ('H NMR and >C NMR) and gel permeation chromatography (GPC)
measurements. In this first paper crystallization studies were carried out by means of
non-isothermal cooling and isothermal experiments made on a differential scanning
calorimetry (DSC) device, while wide angle X-ray diffraction (WAXRD) and Polarized
Light Optical Microscopy (PLOM) techniques were also employed to complement the
study. In the future, the analysis of these biomaterials will be completed after
conducting mechanical characterization and in vitro hydrolytic degradation studies on

the copolymers with high melting temperatures.
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3.1.2. Materials and methods

Materials

g-caprolactone monomer (assay > 98 %) was provided by Merck. L-lactide monomer
(assay > 99.5 %) was supplied by Purac Biochem (The Netherlands) while o-
valerolactone monomer (assay > 98 %) was provided by Tokyo Chemical Industry
(Cymit Quimica). The triphenyl bismuth (Ph3;Bi) catalyst was obtained from Gelest. 1-
hexanol was supplied by Sigma Aldrich.

Synthesis procedure

Statistical copolymers from e-caprolactone, L-lactide and o-valerolactone were
synthesized in bulk by one pot-one-step ring-opening polymerizations (ROP). The
synthesis reactions were carried out in a flask immersed in a controlled temperature oil
bath. In each polymerization, predetermined amounts of the different comonomers at
the chosen mass feed ratio were simultaneously added and melted into the flask. 1-
hexanol was also added to provide ROH groups in order to control the molecular
weight. The flask was purged for 30 minutes with a nitrogen stream under the surface of
the melt. The catalyst (Ph;Bi) was then added (at 500:1 comonomers/catalyst molar
ratio) and the magnetic stirrer maintained at 100 rpm. The e-caprolactone-co- L-lactide
polymerizations were carried out for 48 hours at 130 °C whereas the synthesis reactions
of the e-caprolactone-co- d-valerolactone copolymers were conducted for 48 hours at
120 °C. The e-caprolactone homopolymer was synthesized at 130 °C after 24 hours of

reaction.

After the corresponding reaction time the products were dissolved in chloroform and
precipitated, pouring the polymer solution into an excess of methanol in order to
remove the catalyst impurities and those monomers that had not reacted. Finally the
product was dried at room temperature and then subjected to a heat treatment at 140 °C

for 1 hour to ensure the complete elimination of any remaining solvent.
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Methods

Proton and carbon nuclear magnetic resonance ("H NMR and "*C NMR) spectra were
recorded in a Bruker Avance DPX 300 at 300.16 MHz and at 75.5 MHz of resonance
frequency respectively, using 5 mm O.D. sample tubes. All spectra were obtained at
room temperature from solutions of 0.7 mL of deuterated chloroform (CDClIs).
Experimental conditions were as follows: a) for 'H NMR: 10 mg of sample; 3 s
acquisition time; 1 s delay time; 8.5 s pulse; spectral width 5000 Hz and 32 scans; b)
for *C NMR: 40 mg, inverse gated decoupled sequence; 3 s acquisition time; 4 s delay

time; 5.5 Us pulse; spectral width 18800 Hz and more than 10000 scans.

The molecular weights of the polymers were determined by GPC using a Waters 1515
GPC device equipped with two Styragel columns (10*- 10* A). Chloroform was used as
eluent at a flow rate of 1 mL min™ and polystyrene standards (Shodex Standards, SM-
105) were used to obtain a primary calibration curve. The samples were prepared at a

concentration of 10 mg in 2 mL.

The crystallization behaviour and the thermal properties of the polymers were studied
on a DSC 2920 (TA Instruments). Samples of 6-9 mg were melted at 100 °C and then
quenched to -50 °C at different cooling rates (5, 10 and 20 °C min™) to study the
crystallization process during the cooling. On the other hand, the isothermal treatments
were conducted at 5, 10, 21 and 37 °C for 1, 10, 30, 60, 180, 300, 600 and 1440 min.
The melting temperature (Ty,) and the heat of fusion (AH,,) were obtained from the
scans completed from the corresponding isothermal temperature to 100 °C at 20 °C min’
! The values determined from the scans which were made immediately after cooling at
40 °C min™ to the isothermal temperature were used as initial time values (time zero).
Finally, a scan was also made at 20 °C min™ from -85 to 100 °C to determine the glass

transition temperatures (T) of the samples.

Polarized light optical microscopy (PLOM) was used to study the nucleation and
growth of spherulites in some of the (co)polymers: the PCL homopolymer and two &-
CL-co-LA and &-CL-co-6-VL copolymers with similar average sequence length of &-

caprolactone unit. The samples were melted at 180 °C in an oven and then immediately
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put under a polarizing microscope (Leica DMLM). The evolution of spherulites was

followed during 20 min with images recorded at different times.

Wide angle X-ray diffraction (WAXRD) data were collected on a Bruker D8 Advance
diffractometer operating at 30 kV and 20 mA. This device is equipped with a Cu tube (A
= 1.5418 A), a Vantec-1 PSD detector, an Anton Parr HTK2000 high-temperature
furnace and an Anton Parr MRI-wide low-temperature chamber. The powder patterns of
the high-temperature furnace were recorded in 26 steps of 0.033° in the 10 <26< 38
range, counting for 0.2 s per step, from 30 to 122 °C every 2 °C using a heating rate of
0.17 °C s”'. The powder patterns of the low-temperature chamber were recorded in 26
steps of 0.033° in the 10 <20 < 38 range, counting for 0.2 s per step, from 2 to 62 °C
every 2 °C using a heating rate of 0.2 °C s™.

3.1.3. Results and discussion

Characterization

Tables 1 and 2 summarize the characterization data of the copolymers studied. As can
be observed, the initial molecular weights (My,) of each polymer are large, ranging from
91 to 173 kg mol™ with dispersities (D) between 1.70 - 1.92. For proper evaluation of
the behaviour of the e-caprolactone based copolymers, a polycaprolactone (PCL)
homopolymer was also synthesized. This material has a M, of 135 kg mol™ with a

dispersity of 1.74, and a glass transition temperature (T,) at -60.4 °C.

e-Caprolactone-co-L-Lactide copolymers

The characterization data of the poly(e-caprolactone-co-L-lactide) are gathered in Table
1. This set of copolymers show glass transition temperatures (Tgs) that range from -57
to -33 °C, in ascending order as the e-CL content decreases. Their lactide molar content
ranges from ~ 6 % (CL-LA 94) to 30 % (CL-LA 70) with average sequence lengths of

€-CL (Icp) from 9.52 to 2.20, and possess a semi-alternating distribution of sequences.
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The randomness character (R) value in all cases is higher than 1.50 and tends toward 2

as the e-CL content increases.

Table 1. Characterization data of the different poly(e-caprolactone-co-L-lactide).

o 1 3
Coomposmon M. D Microstructural T,
(% molar) . 2

Magnitudes
Sample

% % )
eCL | L1A | kemol”
CL-LA 94 | 943 | 57 143.1 | 170 | 952 | 058 | 1.84 | 574
CL-LA92 | 916 | 84 1316 | 1.77 | 6.65 | 0.61 | 1.80 | -54.0
CL-LA S8 | 883 | 117 | 1326 | 1.84 | 491 | 0.65 | 1.74 | -54.6
CL-LAS83 | 833 | 167 | 1729 | 192 | 3.54 | 071 | 1.69 | -482
CL-LA70 | 700 | 300 | 123.1 | 1.86 | 220 | 0.94 | 1.51 | -32.9

e ha R °C

! Calculated from '"H NMR spectra.

2l and I, are the CL and LA number average sequence lengths obtained from '"H NMR. These values are compared to
the Bernoullian random number-average sequence lengths (/c;=1/LA and /;,=1/CL), obtaining the randomness character
value (R).

* Obtained from a DSC scan made at 20 °C min™'from -85 to 100 °C

The e-caprolactone and L-lactide molar content and the microstructural magnitudes of
the copolymers were obtained from the average dyad relative molar fractions. The
lactide methine signals, centered at 5.15 ppm, and those of the o and € methylenes of the
g-caprolactone, around 2.35 and 4.10 ppm, seen in the 'H NMR spectrum (see Figure 1)
were assigned to the different dyads [28]. Then, equations 1-3 [35] were employed to
obtain the number-average sequence lengths (/;), the Bernoullian random number-

average sequence lengths (/;) and the randomness character (R):

1
1 :(LA-LA)+E(LA-CL) _ oLa)
o oo (LA -CL) ’
, (LA -CL) M
1
z :(CL-CL)+E(LA-CL) _ L)
& 1 (LA -CL) (LA -CL)
2
1 1
] = - (] = 2
( CL)random (LA) s ( LA)random (CL) ( )
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R - (ICL )mndom - (ILA )random (3)

ZCL lLA

where (CL) and (LA) are the e-caprolactone and L-lactide molar fractions and (CL-LA) is the CL-LA

average dyad relative molar fraction.

T T T T T T T
5.0 4.5 4.0 3.5 3.0 2.5 2.0
& (ppm)

Figure 1. "H NMR spectrum of CL-LA 70.
To confirm the semi-alternating character (R — 2) of this group of copolymers, the '*C
NMR spectrum was recorded for CL-LA 88, a copolymer showing an R value of 1.74 in

the proton nuclear magnetic resonance. The region of § and y methylene carbon atoms,

located between 24 - 26 ppm, [29, 36-37] was employed for obtaining the randomness

character from eq. (4).

I +1
I, = ICL—CL—CL LA-CL-CL 4 | 4)

R - (ZCL)random

lev where ci-ci-ta Tliaccrta

243



Section 2. Copolymers of low glass transition temperature Chapter 3.1.

T T T T T T T T T
25.6 25.2 24.8 24.4 24.0
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Figure 2. C NMR spectrum of CL-LA 88; region of f and y-methylene carbon atoms is enlarged.

Figure 2 shows the BC NMR spectrum of CL-LA 88 with the region of B and y-
methylene carbon atoms enlarged. CL-CL-CL, LA-CL-CL, CL-CL-LA and LA-CL-LA
triads can be assigned from left to right in both methylene signals [37]. It can be
observed that the CL-CL-CL triad signals are significantly more intense than in the rest
of the triads. However, for a random (R ~ ) or blocky (R — 0) distribution of
sequences, the peaks corresponding to the other triads should be lower, primarily in the
case of the LA-CL-LA signal, a peak which is distinguishable in the B carbon atom
signal at 25.2 ppm. The calculated value of R for this copolymer was 1.85, proving
again the semi-alternating chain microstructure of these poly(e-caprolactone-co-L-

lactide) polymeric materials synthesized with Ph;Bi.

e-Caprolactone-co- 6-Valerolactone copolymers

In the case of the e-caprolactone-co-d-valerolactone copolymers the resonances for the

protons of either repeat unit overlap sufficiently to prevent accurate integration of the
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peak areas [31, 38-39] . For this reason, the molar composition and the microstructural

parameters were calculated through the integration of the >C NMR spectra.

Table 2. Characterization data of the different poly(e-caprolactone-co- 5-valerolactone).

oge 1 3
C(?);n‘;:)sll;lro;l My D Microstructural T
’ Magnitudes’
Sample % % . .
e-CL | s-vL | ke mol- lev | I R C
CL-VALS85 | 853 14.7 90.9 1.75 | 6.08 | 1.05 | 1.12 | -64.3

CL-VAL 76 | 76.1 23.9 109.7 1.76 | 3.94 | 1.24 | 1.06 | -63.7
CL-VAL 70 | 70.2 29.8 94.2 1.75 | 330 | 140 | 1.01 | -63.6
CL-VAL 60 | 60.0 40.0 123.6 1.77 | 2.65 | 1.77 | 0.94 | -65.3

! Calculated from *C NMR spectra.

2Jcrand Iy are the CL and VL number average sequence lengths obtained from BCNMR. These values are compared to
the Bernoullian random number-average sequence lengths (/c;=1/VL and /y;=1/CL), obtaining the randomness character
value (R).

*Obtained from a DSC scan made at 20 °C min™from -85 to 100 °C.

Table 2 summarizes the data obtained from the *C NMR, molecular weights and glass
transition temperatures of the different poly(e-caprolactone-co- &-valerolactone)
synthesized. These copolymers present e-CL molar contents ranging from 85.3 to 60.0
% (IcL from 6.08 to 2.65) and show a random distribution of sequences (R ~ 1). Owing
to the similarities between the glass transition temperatures of both homopolymers (at -
65 °C for PCL and at -57 °C for PVL [40]), the T, values of this series of copolymers

are almost equal, around -64 °C.

Figure 3 shows the '*C NMR spectrum of CL-VAL 70, a e-caprolactone-co-6-
valerolactone copolymer with a e-CL molar content of 70 %. The signals appearing
between 21 and 174 ppm of chemical shift (5) can be assigned to the different carbons
of the repeat units as follows. The signals centered at 173.5 ppm belong to the carbonyl
carbon of the &-CL and 06-VL units, the peaks at 64.0, 34.0 and 28.3 ppm are
respectively assigned to &-, a- and 0- methylenes and the region 20-26 ppm contain the
remaining methylene carbons. The peaks at 25.5 ppm and 24.6 correspond to the - and
y-methylenes of the e-CL repeat unit (5-VL unit does not have y-CH; in its structure, see

Figure 4) whereas the B-methylene of the 6-VL repeat unit give a signal at 21.4 ppm of
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chemical shift. The molar composition of the copolymers can be easily determined by
comparing the area under the peak due to the B-carbon in the 3-VL unit to either the
area of the B-CH; or the y-CH, of the e-CL. The area calculated from the B-carbon of the
e-CL was reported by Storey et al. [31] to always be larger than that of the y-carbon
because of an added contribution from the initiator fragment. So, in this paper the
calculus was made based on the ratio of the integrated areas of the y-methylene group

from the e-CL to that of the B-CH; of the 0-VL repeat unit.

--------------

64.3 64.1 63.9 63.7

P e

T T T T T T T T T T T T T T T T T T T
74.5 174.0 173.5 173.0  65.0 64.5 B4.0 63.5 63.0 350 345 34.06[33.5_ 33.0 29.0 28.5 28.0 27.5 26.0 255 25.0 245 24.0 22.0 215
ppm)

Figure 3. >C NMR spectrum of CL-VAL 70; region of e-methylene carbon atoms is enlarged.
€ o) Y

B a O
~EO—CH2—CH2 —CH, —CH2 —CH2 —CiL ~Eo CH2—CH2 —CH,—CH, —ciL

Figure 4. Scheme of the units of e-caprolactone (left) and §-valerolactone (right).

In Figure 3, the e-CH; region at 63.5 to 64.5 ppm is also expanded. As can be seen these
signals present dyad sensitivity. Hence, the peaks at 64.22, 64.14, 63.91 and 63.83 ppm
can be assigned to CL-VL, CL-CL, VL-VL and VL-CL dyads, respectively, and the
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average dyad relative molar fractions calculated. This allowed the number-average
sequence lengths (/;), the Bernoullian random number-average sequence lengths (/;) and

the randomness character (R) to be obtained, using the equations 5-7.

1
) (CL—CL)+E(CL—VL) o

I, = _2(cr)

1 (CL -VL) ’

—(CL -VL

5 ( ) )

1
VL -VL)+ —(CL - VL

" :( ) 2( ) _ (VL)

Ler-w (CL - VL)

2
() -1 . (ly) -1 (6)

CL / random (VL) H VL J random (CL)
R= (ZCL )mndnm - (lVL )random (7)
lCL ZVL

Crystallization studies

Non-isothermal crystallization during the cooling

Several DSC cooling treatments from 100 to -50 °C at rates of 5, 10 and 20 °C min™
were conducted successively on the polymer samples. As an illustration, Figure 5 shows

the different scans of CL-LA 92.

The crystallization temperature (T.) and the enthalpy of crystallization (AH.) of each
material were obtained from these scans and gathered in Table 3. As can be observed
not all the polymers were able to crystallize during the cooling treatments. CL-LA 83
and CL-LA 70 copolymers, with average sequence lengths of &-CL (/cr) of 3.54 and
2.20, did not exhibit a crystallization peak at any cooling rate despite the fact that, as
will be seen below, crystalline domains were formed during isothermal studies.
Conversely, the e-CL sequences of the rest of poly(e-caprolactone-co-L-lactide), within
the length range of 4.91 to 9.52, were large enough to crystallize during the cooling
process. Likewise, the four poly(e-caprolactone-co- d-valerolactone) copolymers, with

lc ranging from 2.65 to 6.08, arranged into crystalline structures presenting high
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enthalpy of crystallization values (AH > 53 J g in all cases) with slight differences

between them.

Exo.

-40 -20 0 20 40 60 80 100

Temperature (°C)

Figure 5. Crystallization process during the cooling at different cooling rates (5, 10 and 20 °C min™") of

CL-LA 92.

Table 3. Characterization data obtained from the cooling treatments on the different poly(e-caprolactone-

co-L-lactide) and poly(e-caprolactone-co- d-valerolactone).

Cooling rate at Cooling rate at Cooling rate at
5°C min™ 10 °C min™ 20 °C min™
Sample
AH(Jg) | T(C) | |[AHJg) | T.(C) | [ AH{Jg!) | T.(O)
PCL 68.6 32.8 65.7 30.8 65.4 28.2
CL-LA 94 49.6 23.0 47.9 19.5 47.2 14.8
CL-LA 92 42.8 8.6 414 4.7 41.1 -1.6
CL-LA 88 34.0 -7.9 30.9 -16.2 16.4 -25.7
CL-LA 83 - - - - - -
CL-LA 70 - - - - - -
CL-VAL 85 59.8 12.9 58.2 11.6 57.8 9.6
CL-VAL 76 59.4 8.9 58.3 7.5 57.7 4.8
CL-VAL 70 56.7 8.5 55.0 6.3 54.0 3.0
CL-VAL 60 55.4 1.4 53.7 -1.0 53.0 -4-3

As expected, a decrease in the cooling rate meant that the crystallites appeared at a
higher temperature, presenting a narrower crystallization peak. At lower cooling rates
there is more time for the crystal nucleus to develop, leading to higher crystallization

temperatures [41]. The differences between the respective enthalpies from the same
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copolymer were small, although it was noted that at 5 °C min™ (the slowest cooling rate)
the AH associated to the crystallization peak was larger than those corresponding to the
other cooling treatments. As an illustration, at a rate of 20 °C min”' the AHgs of PCL
homopolymer, CL-LA 92 and CL-VAL 85 were 65.4, 41.1 and 57.8 J g’ respectively,
while at a rate of 5 °C min™ they presented slightly higher values of 68.6, 49.6 and 59.8
J g'. On the other hand, it was also observed that the changes in the crystallization
temperatures were more important in the e-CL-co-LA copolymers than in the 6-VL
based ones. For example, the T,s at a cooling rate of 20 °C min™ for CL-LA 92 and CL-
VAL 85 (both copolymers have a /¢ in the range of 6.0 to 6.7) were -1.6 and 9.8 °C

respectively, whereas at 5 °C min™ their T.s were 8.6 and 12.9 °C.

Another aspect to take into account is that the CL-co-LA copolymers show a lower
crystallization capability than the CL-co-VAL, regardless of their /¢ (a parameter that
depends on both the composition and the randomness character). This fact can be
explained by the higher T, values of those materials containing lactide (supramolecular
arrangements occur quickly if the polymer presents lower glass transition temperature,
perhaps because the small rigid chains of L-lactide disrupt the crystal structure of the e-
CL domains or it could even be due to an isomorphism phenomenom between the e-CL
and o-VL crystal lattice. Therefore, it is worth mentioning the fact that the enthalpies
associated with the crystallization of some of the poly(e-caprolactone-co- o-
valerolactone), such as CL-VAL 60, were surprisingly very large and unrelated to the
copolymer composition. In depth analysis of these findings is discussed in the following

sections.

Crystallization during isothermal treatments

Isothermal treatments were carried out at 5, 10, 21 and 37 °C for 1, 10, 30 and 60 min
and 3, 5, 10 and 24 hours. These temperatures were selected because the biomaterials
are usually stored or used at this range of temperatures. The melting temperature (T,,)
and the heat of fusion (AH,,) with respect to the time were obtained from the DSC

scans, made from the selected isothermal temperature to 100 °C.
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Some of the polymers (PCL, CL-LA 94, CL-LA 92, CL-VAL 85, CL-VAL 76 and CL-
VAL 70) were able to crystallize during the cooling process at 40 °C min” to the
isothermal temperature. Those which presented a crystallization temperature above -2
°C at a cooling rate of 20 °C min™', exhibited a melting peak during the scan made after
the cooling to 5 °C despite the fact that at higher cooling rates the crystallization
temperatures are lower. From now on, the enthalpies obtained immediately after this
cooling process, summarized in Table 4, will be used as initial time values of heat of

fusion (time zero) in the isothermal study.

Table 4. Melting enthalpies of the polymers studied after cooling at 40 °C min™ to the isothermal

temperature.

AH,, (J g") after cooling at 40 °C min™ to Isothermal Temperature '
Sample
Tc=5°C Tc=10°C Tc=21°C Tc=37°C
PCL 66.2 64.3 55.1

CL-LA 94 45.5 47.0 10.0

CL-LA 92 30.4 1.6 -

CL-LA 88 - -

CL-LA 83

CL-LA 70 - -
CL-VAL 85 61.9 56.8
CL-VAL 76 52.7 -
CL-VAL 70 40.3
CL-VAL 60 -

! Obtained from a DSC scan made at 20 °C min"'from the isothermal crystallization temperature up to 100 °C immediately

after cooling at 40 °C min™.

Table 5 summarizes the melting temperatures (T,,) of the polymers studied, which were
determined at the different isothermal temperatures. As the isothermal temperature
decreased, it was found that the Ty, also dropped towards lower values. The growth of
the crystal nucleus was less pronounced and the crystallites formed were thinner and
less perfect. As can be seen, only PCL, CL-LA 94, CL-LA 92 and CL-VAL 85 were
capable to form a crystalline phase at 37 °C. The rest of copolymers presented T, values
around this temperature or even at lower values, which will restrict its potential

application in the biomedical field.
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Table 5. Melting temperatures of the polymers studied with respect to the isothermal temperature.

Tw (°C) with respect to Isothermal Temperature !
Sample Tc=5°C | Tc=10°C | T¢c=21°C | T¢c=37°C
PCL 57.8 59.4 59.0 63.2
CL-LA 94 45.8 459 47.5 54.3
CL-LA 92 39.2 40.1 429 50.3
CL-LA 88 32.2 335 38.7 -
CL-LA 83 24.7 25.8 - -
CL-LA 70 - - - -
CL-VAL 85 43.6 44.0 46.8 51.1
CL-VAL 76 33.6 35.9 39.5 -
CL-VAL 70 30.9 333 35.5 -
CL-VAL 60 26.9 28.1 - -

! Obtained from a DSC scan made at 20 °C min™'from the isothermal crystallization temperature up to 100 °C. The values

given correspond to the isothermal treatments during 24 hours.

- Poly(e-caprolactone) homopolymer

Figure 6 shows the evolution of the melting enthalpy of the poly(e-caprolactone)
homopolymer at the four isothermal temperatures. The highest values of heat of fusion
were achieved at 37 °C (84.3 J ¢! after 24 hours), with a melting peak appearing at ~ 63
°C. Using Crescenzi's [42] value of 139.5 J g for the heat of fusion for 100 %
crystalline material (AH,)), the calculated crystalline fraction was 60.4 %, which is in
agreement with the PCL values found in literature [27]. The Ty, moved towards lower
values as the isothermal temperature decreased, just as in the case of the rest of
copolymers in this study (see Table 5). Hence, following the isothermal experiment
conducted at 5 °C, the T,,, was located at around 58 °C (5 degrees less than at 37 °C) and
after 24 hours at this temperature the AH reached a final value of 77.9 J g with an

associated crystallinity of 55.8 %.

At a lower isothermal temperature, that is further from the melting point of the &-CL
crystallites, the undercooling is larger and the changes in the polymer structure also
occurred much more quickly owing to the more efficient nucleating abilities under those
conditions. However, in the case of PCL, noteworthy differences were only observed at
the initial state (time zero) and after the isothermal treatment of 1 min, that is at very
short times. PCL homopolymer crystallizes very fast and at 5, 10 or 21 °C the heat of

fusion after “1 min” was in the range of 68 to 70 J g"' while in all cases the DSC
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thermograms made immediately after cooling to the isothermal temperature presented a
large melting peak, over 55 J g On the other hand the sample cooled to 37 °C at 40 °C
min”' was not capable of crystallizing during the cooling process while a melting peak

of 41 J g was found after 1 min at this temperature.

80 - oo 2
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: ffof’ SRR
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‘Tcn 4o .] Poly(s-caprolactone)
= 0
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Figure 6. Melting enthalpies obtained from the isothermal treatments on poly(e-caprolactone) at 5 °C (-¢-
), 10 °C (-e-), 21 °C (-A-) and 37 °C (-m-). The values obtained after 10 and 24 hours at those

temperatures are not shown.

- e-Caprolactone-co-L-Lactide copolymers

The same isothermal treatments at 5, 10, 21 and 37 °C were carried out for the poly(e-
caprolactone-co-L-lactide) samples. The evolution of AH,, against time is plotted in
Figure 7. As was expected, at a larger average sequence length of &-CL (/cp) the
crystallization capability of the copolymers was greater. CL-LA 94 (/o = 9.52) was the
copolymer that exhibited the highest value of melting enthalpy (62.1 J g after 24 hours
at 21 °C with a T, at 48 °C). This AH,, value was several J g'1 below than that of the
PCL following the same treatment (81.9 J g™ with a Ty, at 59 °C), proving that a 6 % L-

lactide content was enough to significantly alter the thermal properties of the
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homopolymer. On the other hand, and in general, the crystallization process of these

polymeric materials was more important and progressed faster at the lowest isothermal

temperature of the study (5 °C), at which crystal nucleation was favored. CL-LA 83 (/oL

= 3.54), despite not being capable of crystallizing during the cooling studies outlined in

the previous section, arranged into crystalline structures under isothermal conditions at

5 and 10 °C. A melting peak, at around 25 °C, was found after 3 hours at 5 °C and after

5 hours at 10 °C, and reached a final value of AH,, of 25.5 and 17.5 J g, respectively.

On the contrary, CL-LA 70 (Ic. = 2.20) did not exhibit a crystalline phase after any of

the isothermal conditions employed in this study.

80

5°C

80 -

10°C

80+

— & | 50
o .f.—J———. .
40 ——CL-LA 94
p—r > —C—CL-LA 92
——CL-LA 88
20 —\—CL-LA 83
——— CL-LA 70
0 0
8 I 1|2 ‘ 1|6 I Zb ‘ 2I4 A I 8I 1|2 1|6 I 2|D ‘ 2‘4

time (hours)

time (hours)

Figure 7. Melting enthalpies of the poly(e-caprolactone-co-L-lactide) obtained after different isothermal
treatments. CL-LA 94 (-m-), CL-LA 92 (-0-), CL-LA 88 (-»-), CL-LA 83 (-A-) and CL-LA 70 (==).
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Figure 8. DSC thermograms of CL-LA 92 after different isothermal treatments at 5 °C (a), 10 °C (b), 21
°C (c) and 37 °C (d).
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The behaviour of CL-LA 94, CL-LA 92 and CL-LA 88 was quite similar at 5, 10 or 21
°C: AH,, was almost stabilized after the first hour of the experiment and the differences
between their AH,, values with respect to the isothermal temperature were not very
large. As viewed above, higher T, values were achieved at the highest isothermal
temperatures for each of the polymers (see Table 5). Figure 8 shows the evolution of the
DSC thermograms of CL-LA 92 after the different isothermal treatments at 5, 10, 21
and 37 °C. As can be seen, this copolymer has its Ty, between 39 - 50 °C and the final
melting peak values AH;,, with the exception of that from the isothermal treatment at 37
°C, are between 51.6 and 57.7 J g (of these the highest value corresponds to the
isotherm at 5 °C). At 37 °C a small melting peak does not appear until at least 10 hours
have passed and after 24 hours at this temperature, the associated AH,, was only 1.9J g
!, This copolymer, with an Ic; of 6.65, along with CL-LA 94, was the only one that
crystallized at 37 °C and also had a melting peak at time zero (immediately after
cooling) in the experiments at 5 or 10 °C. With regard to CL-LA 94 at 37 °C, it is worth
mentioning that it started to crystallize after 30 minutes and from hour 3 to hour 24 the
melting peak was almost stable and did not undergo virtually any change (AH,, rose

from 48.4 to 53.7 J g™).
- e-Caprolactone-co-0-Valerolactone copolymers

Figure 9 shows the evolution of the melting enthalpies of the poly(e-caprolactone-co-o-
valerolactone) obtained at isothermal temperatures of 5, 10, 21 and 37 °C. At the latter
temperature the only copolymer that presented a melting peak during the experiment
was that containing an 85 % molar content of e-CL, CL-VAL 85. Its T,,, was centred at
51 °C, which is well above the isothermal temperature (37 °C), and its AH,,was 21.5J g’
! after 24 hours of treatment. This value was considerably lower than those measured
after 24 hours at 5, 10 or 21 °C (AH,, was 80.5, 74.8 and 72.5 J g, respectively). The
melting of the crystal phase usually occurs over a wide range of temperatures.
Therefore, at 37 °C it is possible that imperfect crystallites of low T,,, may not be able to
form, reducing the crystallization capability of the polymer or it is possible that the time
required at these conditions for the activation of the nuclei was too short (more than 24

hours would be needed).
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Figure 9. Melting enthalpies of the poly(e-caprolactone-co-3-valerolactone) obtained after different

isothermal treatments. CL-VAL 85 (-m-), CL-VAL 76 (-A-), CL-VAL 70 (-*-) and CL-LA 60 (-o-).

In the case of the copolymers with lower e-CL contents, those ranging from 60 to 76 %,
no crystalline peaks were found at the DSC during the 24 hours at 37 °C. However, at
an isothermal temperature of 21 °C, CL-VAL 76 showed a melting peak with a final
AH,, value of 39.6 J g (T = 39.5 °C), whereas CL-VAL 70 had a AH,, of 13.8 J g’
(T, = 35.5 °C). On the other hand CL-VAL 60 did not crystallize at all. Referring to
CL-VAL 76, its AH,, was practically constant from the third hour of the experiment
proving that the growth of the melting peak is limited by the fraction of crystals that
have a melting temperature higher than 21 °C. With respect to CL-VAL 70, the
crystallization process began after 5 hours and after 24 hours the AH,, values did not
attain stability yet. The nucleation occurred at a slow rate. Therefore, for this poly(e-
caprolactone-co-4-valerolactone) copolymer, the enthalpy associated with its melting

peak might be larger if the treatment had been extended for more than 24 hours.
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At 5 and 10 °C, the four e-CL-co-3-VL studied had high values of AH,, after 24 hours,
ranging from 69.8 to 80.5 J g at 5 °C and from 68.0 to 74.8 J g at 10 °C. Those
copolymers with a lower average sequence length of e-CL, such as CL-VAL 60, took
longer to develop a crystalline phase and had a slightly lower final AH,,, . However,
contrary to what was expected, the differences in the AH,, between CL-VAL 85 (IcL =
6.08), CL-VAL 76 (IcL = 3.94), CL-VAL 70 (Icr = 3.30) and CL-VAL 60 (/cL = 2.65)
were not really noteworthy despite their different copolymer composition. The melting
enthalpy was in some cases very large and did not change gradually with composition.
This suggests that e-CL and 96-VL units co-crystallize, giving rise to a conspicuous

crystal phase [43].
Wide Angle X-Ray Scattering (WAXS)

WAXS was employed to study those e-caprolactone-co-6-valerolactone copolymers that
exhibited an uncommon crystallization behaviour in the DSC. The WAXS profiles of
the poly(e-caprolactone-co-l-lactide) will be similar to those of the PCL and it was not

considered necessary their discussion.

Figure 10, three-dimensional, shows the diffraction profiles of CL-VAL 85 and CL-
VAL 60, in the range of diffraction angles 20 between 10 and 38°, in which the “z” axis
represents the number of scans. These scans were made every 2 °C from 30 to 122 °C in
the case of CL-VAL 85 and from 2 to 62 °C for the &-CL-co-6-VL copolymer
containing 60 % of &-CL units. As can be observed, as the temperature increased the
reflection intensity of the crystal bands decreases and eventually vanishes. This is the
consequence of the transition from a crystalline phase to an amorphous one. These two
copolymers, CL-VAL 85 and CL-VAL 60, presented a stable crystalline phase
respectively until 50 and 28 °C, values that are consistent with their corresponding
melting temperatures (from 44 to 51 °C for CL-VAL 85 and ~ 28 °C for CL-VAL 60).
On the other hand, the PCL homopolymer, whose profile is not shown, displayed a

stable crystalline phase up to a higher temperature, 61 °C.
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Figure 10. Three dimensional WAXS profiles of CLVAL 85 (a) and CLVAL 60 (b). “X” axis represents
the diffraction angle (26), Y” axis the intensity and “Z” axis the number of scans. The scans were made

every 2 °C from 30 to 122 °C in the case of CL-VAL 85 and from 2 to 62 °C for CL-VAL 60.

Figure 11 shows the diffraction profiles of CL-VAL 85 and CL-VAL 60 together with
the diffractogram of the reference homopolymer (PCL). CL-VAL 85 presented exactly
the same signals as PCL at 15.0, 21.6, 22.2, 23.8, 30.0 and 36.4 °, while the peaks in the
21 <20 < 24° range were the most intense. Therefore, it can be stated that both polymers
present the same crystal structure. However, this cannot be said for CL-VAL 60.
Conversely, this copolymer did not exhibit the shoulder-shaped signal at 22.2° whereas
the peak at 23.8 shifted to 24.2° (see the magnification in the figure). The latter peak
was broader and encompassed the signals of PCL at 23.8° and that of the poly(d-
valerolactone) (PVL), centered at 24.4° [44]. Hence, it can be concluded that CL-VAL
60 presents a different crystalline phase. Moreover, the fact that the WAXRD patterns

of PCL and PVL are very similar proves that the lattice parameters of both lactones are
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analogous and confirms that e-CL and 6-VL units are co-crystallizing in this copolymer

composition.
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Figure 11. Initial WAXS profiles of PCL, CL-VAL 85 and CL-VAL 60 in the 10 <20 < 38 range.

The term isomorphism refers to two or more distinct substances with similar crystalline
structure that crystallize together in a single crystal unit cell [45-48]. The different types
of isomorphism have been classified by Natta [49] and co-workers, the subject was later
reviewed by Wunderlich [50] and by Allegra et al. [51-52]. Macromolecular
isomorphism represents the statistical co-crystallization of different constitutional
repeating units in a single isomorphic crystalline lattice. In a strict sense, isomorphism
means that only one crystalline phase is observed, and the crystal structure is essentially
the same, irrespective of the composition. On the contrary, when the reference
homopolymers have different crystal structures, copolymers crystallize in either of the
crystal lattices depending on composition (isodimorphism), and often both crystals
coexist at some intermediate composition. As stated by Allegra and Bassi [51],
macromolecular isomorphism should meet several requirements: (i) the different types
of monomer units must have approximately the same shape and occupy the same
volume, (ii) the chain conformation of the parent homopolymers must be compatible

with either crystal lattice, and (iii) the crystalline structures of parent homopolymers
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should be analogous in the chain conformation, as well as in lattice symmetry and
dimensions. In agreement with early observations by Wunderlich [50], PCL and other
polylactones adopt polyethylene-like crystal structures, in which the length of the

methylene sequences determines the packing of polyethylene.

e-caprolactone is known to crystallize in an extended zigzag conformation and its units
cells are orthorhombic [53], with a = 7.496 A, b = 4.974 A and ¢ (fiber axis) = 17.297
A. §-valerolactone, with one less methylene in its chemical structure, was also found to
arrange itself into orthorhombic lattices with parameters a = 7.47 A, b= 5.02 A and ¢
(fiber axis) = 7.42 A [54]. The identity of the chain conformation and the close
similarity of unit-cell lateral dimensions allow both units to co-crystallize, as was seen
in the 60:40 &-CL-co-0-VL copolymer. Several other co-crystallizing copolymer
systems containing €-CL repeat units have been documented in literature. Shalaby and
Kafrawy [55] prepared random poly(e-caprolactone-co-1,5-dioxepan-2-one), suggesting
that isomorphic crystallization of these copolyesters took place. Jérome and coworkers
[56] reported co-crystallization of poly(g-caprolactone-co-2-oxepane-1,5-dione) random
copolymers. Bikiaris et al. [57] studied the crystalline structure and crystallization
kinetics of poly(e-caprolactone-co-propylene succinate) stating that co-crystallization
occurs in these copolymers to some extent. Finally, Scandola and Ceccorulli [43]
investigated the co-crystallization  behaviour of  poly(e-caprolactone-co-w-
pentadecalactone) while Gross and co-workers with Scandola [58-60] also studied other

1somorphic copolymers containing pentadecalactone units.
Polarized Light Optical Microscopy (PLOM)

In the previous sections it has been demonstrated that at certain compositions of ¢-CL
and 0-VAL, e-caprolactone-co-d-valerolactone copolymers undergo isomorphic
crystallization. As a result they are highly crystalline over the whole composition range
studied. Nevertheless, e-CL-co-6-VL copolymers also exhibited a higher crystallization
capability than some poly(e-caprolactone-co-L-lactide) with higher average sequence
lengths of e-CL. This cannot be explained by the co-crystallization phenomenon. As has
been proved, CL-VAL 85, with an 85.3 % of &-CL and a /. of 6.08, is not a co-

crystallizing polymer system, however it displayed a large crystallizing ability in
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comparison to CL-LA 92, a L-lactide based copolymer that has a higher content of e-CL
(91.6 %) and a larger /¢ (6.65). CL-VAL 85 reached a maximum of crystallization after
24 hours at 5 °C, with a AH,,, of 80.5 J ¢!, while it presented a crystallization peak of
59.8 J ¢! following a cooling treatment at 5 °C min" from 100 °C. Conversely, CL-LA
92 showed lower values of 57.7 J g'1 of AH,, and 49.6 J g'1 of AH, after the same
experiments in the DSC. In addition, during the isothermal process at 21 °C it was noted
that after 1 min only CL-VAL 85 showed a melting peak, demonstrating that the
supramolecular arrangements take place faster in this copolymer. In order to complete
the study of crystallization of those two copolymers that have a very low T, (-64.3 °C
for CL-VAL 85 vs. -54.0 °C for CL-LA 92) and similar Ty, (from 43 to 51 °C for CL-
VAL 85 vs. from 39 to 50 °C for CL-LA 92), Polarized Light Optical Microscopy

(PLOM) measurements were carried out

Figure 12. PLOM images of CL-VAL 85 after: a) 6min, b) 7min and c¢) 10min; and CL-LA 92: d) 9 min,

e) 10min and f) 15min.

PCL, CL-LA 92 and CL-VAL 85 samples were melted in an oven and then immediately
brought to the polarizing microscope, simulating the cooling to room temperature (21
°C) during a thermoplastic processing. Then, images were taken at different times.
Figure 12 shows PLOM micrographs of CL-VAL 85 after 6, 7 and 10 min (above) and
CL-LA 92 after 9, 10 and 15 min (below) after the start of the cooling to room

temperature. It was found that the nucleation and the spherulite growth began earlier in
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the case of CL-VAL 85, at minute 6, while the first crystal spherulites of e-CL from CL-
LA 92 were observed at 9 min. The crystalline structures of CL-VAL 85 and CL-LA 92
were stable after 10 and 15 min, respectively, while the PCL homopolymer (whose

images are not shown) was already highly crystalline after 2 minutes.

On the basis of the DSC, WAXS and these PLOM studies, it can be said that the
crystallization of the &-CL units was easier in the presence of d-VL units; both lactones
have a similar structure (five straight methylenes and an ester group for e-CL-units and
four straight methylenes together with one ester group for a unit of 6-VAL). However,
rigid L-lactide segments disrupt the structure of the crystal lattice of &-CL, which

decrease its crystallization capability.

3.1.4. Conclusions

In this work, e-caprolactone was co-polymerized with L-lactide or d-valerolactone
monomers with the aim of reducing the crystallinity of the poly(e-caprolactone)
homopolymer, so as to improve its biodegradability properties. The poly(e-
caprolactone-co- L-lactide) and poly(e-caprolactone-co- d-valerolactone) copolymers
were synthesized using triphenyl bismuth (Ph;Bi) as catalyst and were characterized by
nuclear magnetic resonance spectroscopy (NMR), showing respectively semi-

alternating (R — 2) or random (R ~ 1) distribution of sequences.

By means of differential scanning calorimetry (DSC), non-isothermal crystallizations
were conducted at different cooling rates (at 5, 10 and 20 °C min") and several
isothermal experiments (at 5, 10, 21 and 37 °C) were also carried out over 24 hours. &-
CL-co-LA copolymers (with e-CL molar contents ranging from 70 to 94 %) exhibited a
lower crystallization capability than the e-CL-co-8-VL (with &-CL content in the range
of 60 to 85 %). This was observed regardless of their e-CL average sequence length
(lcL), a parameter that depends on both the composition and the randomness character.
In addition, supramolecular arrangements occurred slower in those copolymers
containing lactide owing to their higher T, values (~ (-64) °C for the e-CL-co-5-VL and
from (-57) to (-33) °C for the e-CL-co-LA).
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Likewise, it was demonstrated that rigid L-lactide segments interfered with the structure
of the crystal lattice of &-CL, limiting the crystallization capability in CL-co-LA
structures. On the other hand, crystallization of the e-CL was easier in the presence of d-
VL units. Furthermore, for some compositions, such as the 60:40 &-CL-co-6-VL
copolymer, it was found that e-CL and 6-VL undergo isomorphic crystallization. The
WAXS pattern of this copolymer differed from the diffraction profiles of the PCL
homopolymer and the 85:15 copolymer, proving that the crystal phase of the CL-VAL
60 was different. As a result, the e-CL-co-0-VL copolymers were highly crystalline over
a broad composition range, at the same time their crystallization and melting enthalpies
were very large, unrelated to the copolymer composition. To the best of the authors’
knowledge this is the first time that this co-crystallizing system has been reported in

literature.

In further studies the mechanical performance of these polymeric materials will be
studied by testing their mechanical properties at room temperature (21 °C) and at 37 °C,
human body temperature, at which these biomaterials are intended to be employed.
Moreover, an in vitro hydrolytic degradation study, in phosphate buffered solution
(PBS) at 37 °C for a period up to 26 weeks, will be carried out so as to evaluate in depth
their biodegradation mechanisms. These studies have started and will be reported on in

due course.
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Abstract

Poly(e-caprolactone) (PCL) is one of the most common polymers employed in the
biomedical field owing to its outstanding properties, however, it degrades slowly, at a
degradation rate (Kyy) of 0.0010 days™ at 37 °C. The incorporation of a second
comonomer and the tailoring of more disordered chain microstructures were tested to
accelerate hydrolysis. Both e-caprolactone-co-6-valerolactone and e-caprolactone-co-L-
lactide copolymers, synthesized with random (R ~ 1) and semi-alternating (R — 2)
distribution of sequences, exhibited faster degradation rates than PCL. e-CL-co-3-VAL,
with &-CL molar contents ranging from 76 to 85 %, possessed Ky, values of between
0.0052 and 0.0033 days™, whereas the copolymers based on lactide, with 88 to 94 % of
e-CL, had a Ky 6 to 10 times higher than that of the homopolymer. The crystalline
phase played a pivotal role in water absorption and degradation process, but was also
responsible for the mechanical behaviour of these low glass transition temperature
polymers. At 21 °C all the copolymers showed excellent ductility (strain at break > 1000
%) and improved flexibility compared to PCL (with secant modulus between 56 to 185
MPa). At body temperature (37 °C) it was only possible to measure the properties of the
copolymers which had a T,, above 52 °C or a high enough melting enthalpy (> 33 J g™).
Moreover, at this temperature, PCL and the e-CL-co-L-LA with a e-CL content higher
than 88 % exhibited lower stress related properties. Nevertheless, the mechanical
performance at both temperatures of these poly(e-CL-co-L-LA), in addition to their
upgraded biodegradability, make them potential substitutes for PCL.
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3.2.1. Introduction

Poly(e-caprolactone) (PCL) is a well-known biopolyester, much appreciated in the
biomedical and tissue engineering fields. This polymer presents very good
biocompatibility, exceptional blend-compatibility, efficient processing with
thermoplastic techniques, high thermal stability and very attractive mechanical
properties with high elongation at break values [1-8]. In addition, its great permeability
to various molecules [9-10] facilities its use as a matrix for drug delivery. However,
PCL, due to its high crystallinity, biodegrades slowly and is completely degraded after
2-4 years depending on the geometry and the initial molecular weight of the device or
implant [11-15]. Amorphous regions are preferentially degraded, since water absorption
is impeded in the crystalline zones [16-22]. In consequence, the rate of biodegradation

of the polyesters is significantly influenced by their crystallization capability [23-24]

The copolymerization of g-caprolactone with L-lactide [25-26] or §-valerolactone [27-
30] units was the strategy used by our research group to reduce crystallinity and so
improve the biodegradability of the PCL homopolymer [31]. For this purpose, several ¢-
caprolactone-co-L-lactide and e-caprolactone-co-d-valerolactone copolymers were
synthesized in a previous study of ours [32] using triphenyl bismuth (Ph;Bi), a catalyst
that is known to favour random sequences [33]. NMR characterization of the
copolymers showed that the poly(e-caprolactone-co-L-lactide)s and the poly(e-
caprolactone-co-6-valerolactone)s had semi-alternating (R — 2) and random (R ~ 1)
distribution of sequences, respectively. However, the aim of lowering the degree of
crystallinity was not achieved in the case of the &-CL-co-6-VAL. Non-isothermal
cooling treatments at different rates and isothermal crystallizations at different
temperatures were conducted by DSC, and these demonstrated that the &-CL
copolymers containing 6-VL exhibited a higher crystallization capability than those of
L-LA and also arranged into crystalline structures over shorter times, regardless of their
e-CL average sequence length (/cp).The crystallization of the e-CL was easier with o-

VL units than in the presence of rigid lactide segments, and for some compositions it
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was shown, via Wide Angle X-ray Scattering (WAXS), that these two lactones undergo

isomorphism and co-crystallize in a single cell [32].

At temperatures well above their glass transition, the crystalline phase is responsible for
the mechanical properties of these low glass transition temperature polymers. Therefore,
only those whose melting temperatures (T,,) are higher than 37 °C are of interest, as this
ensures their mechanical performance during the biomedical application. In this work,
in view of their melting behaviour, only the polymers with T,s above body temperature
(37 °C) were selected from among the materials synthesized in our previous study [32].
The mechanical behaviour of the e-CL-co-6-VL and &-CL-co-L-LA copolymers was
studied by testing their mechanical properties at room temperature (21 °C) and at 37 °C,
the temperature at which these biomaterials are intended to be employed. Moreover, an
in vitro hydrolytic degradation study, in phosphate buffered solution (PBS) at 37 °C for
a period up to 26 weeks, was carried out so as to evaluate in depth their biodegradation
factors and mechanisms. As a result, the changes in water absorption, weight loss,
macroscopic morphology, crystallinity, phase structure and molecular weight of the

copolymers were monitored.

3.2.2. Materials and methods

Materials

g-caprolactone monomer (assay > 98 %) was provided by Merck. L-lactide monomer
(assay > 99.5 %) was supplied by Purac Biochem (The Netherlands) while o-
valerolactone monomer (assay > 98 %) was provided by Tokyo Chemical Industry
(Cymit Quimica). The triphenyl bismuth (Ph;Bi) catalyst was obtained from Gelest. 1-
hexanol was supplied by Sigma Aldrich. Phosphate buffer saline (PBS) (pH 7.2) was
obtained from Fluka Analytical (Sigma Aldrich).
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Synthesis procedure

Statistical copolymers from e-caprolactone, L-lactide and o-valerolactone were
synthesized in bulk by one pot-one-step ring-opening polymerizations (ROP). The
synthesis reactions were carried out in a flask immersed in a controlled temperature oil
bath. In each polymerization, predetermined amounts of the different comonomers at
the chosen mass feed ratio were simultaneously added and melted into the flask. 1-
hexanol was also added to provide ROH groups in order to control the molecular
weight. The flask was purged for 30 minutes with a nitrogen stream under the surface of
the melt. The catalyst (Ph;Bi) was then added (at 500:1 comonomers/catalyst molar
ratio) and the magnetic stirrer maintained at 100 rpm. The e-caprolactone-co-L-lactide
polymerizations were carried out for 48 hours at 130 °C whereas the synthesis reactions
of the e-caprolactone-co-o-valerolactone copolymers were conducted for 48 hours at
120 °C. The e-caprolactone homopolymer was synthesized at 130 °C after 24 hours of
reaction time. After the corresponding period of reaction time the products were
dissolved in chloroform and precipitated, pouring the polymer solution into an excess of
methanol in order to remove the catalyst impurities and those monomers that had not
reacted. Finally the product was dried at room temperature and then subjected to a heat
treatment at 140 °C for 1 hour to ensure the complete elimination of any remaining

solvent.
Methods

Proton and carbon nuclear magnetic resonance (‘H NMR and C NMR) spectra were
recorded in a Bruker Avance DPX 300 at 300.16 MHz and at 75.5 MHz of resonance
frequency respectively, using 5 mm O.D. sample tubes. All spectra were obtained at
room temperature from solutions of 0.7 mL of deuterated chloroform (CDCI;).
Experimental conditions were as follows: a) for '"H NMR: 10 mg of sample; 3 s
acquisition time; 1 s delay time; 8.5 Us pulse; spectral width 5000 Hz and 32 scans; b)
for *C NMR: 40 mg, inverse gated decoupled sequence; 3 s acquisition time; 4 s delay

time; 5.5 Ws pulse; spectral width 18800 Hz and more than 10000 scans.

275



Section 2. Copolymers of low glass transition temperature Chapter 3.2.

The lactide methine signals, centered at 5.15 ppm, and those of the a and & methylenes
of the e-caprolactone, around 2.35 and 4.10 ppm, seen in the '"H NMR spectrum [32]
can be assigned to the different dyads [25]. This allowed the e-caprolactone and L-
lactide molar content and the microstructural magnitudes of these copolymers to be
obtained from the average dyad relative molar fractions. In the case of the poly(e-
caprolactone-co-d-valerolactone) the molar composition and the microstructural
parameters were calculated via the integration of the >°C NMR spectra [32] because the
resonances for the protons of both repeat units overlapped preventing an accurate

integration of the peak areas [28, 34-35] .

200-300 um films were prepared by pressure melting at 175 °C, followed by water
quenching so as to achieve an amorphous state. They were then stored for 24 hours in a
fridge (at 0-5 °C), the temperature at which biomaterials are usually stored. From these
films repetitive square samples for the in vitro degradation study (1x1 cm?) and
repetitive samples for mechanical characterization (10xlcm®) were obtained. The
specimens for mechanical testing at 37 °C were stored for another 24 hours at 37 °C
before tests at this temperature were performed. DSC scans were made at 20 °C min™
for each polymer sample before the mechanical testing in order to monitor the thermal

properties of the specimens.

The mechanical properties were determined by tensile tests with an Instron 5565 testing
machine at a crosshead displacement rate of 10 mm min™. These tests were performed
at room temperature (21 + 2 °C) and at human body temperature (37 °C) following ISO
527-3/1995. The specimens had the following dimensions: overall length = 100 mm,
distance between marks = 50 mm, width = 10 mm; and were cut out from films of 200-
300 pum thickness. The mechanical properties reported (secant modulus at 2 %, yield
strength, ultimate tensile strength and elongation at break) correspond to average values
of at least 5 determinations. Mechanical testing at 37 °C was conducted in an Instron
controlled temperature chamber. The tests were stopped at 300 % of strain due to the
size limitations of the temperature chamber. The start of the tensile curves of the
polymers of this work at 21 and at 37 °C was lineal so the values of secant modulus at 2
% can be compared to the Young’s Modulus values reported in the bibliography for

other polymers.
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For the in vitro degradation study, square samples (25-35 mg of initial weight (W) and
n = 3) of the different copolymers were placed in Falcon tubes containing phosphate
buffered saline (PBS) (pH = 7.2) maintaining a surface area to volume ratio equal to 0.1
cm™'. The samples were stored in an oven at 37 °C. Three samples of each polymer were
removed at different times from the PBS and weighed wet (W) immediately after
wiping the surface with filter paper to absorb the surface water. These samples were air-
dried overnight at 37 °C. Then they were weighed again to obtain the dry weight (Wg).
Water absorption (% WA) and remaining weight (% RW) were calculated according to
Egs. (1) and (2):

sowa = Yw ~Wa g9 (1)
d
%RW = \V:]d .100 (
0 2)

In order to compare the degradation rate of the studied PLVLs, the exponential
relationship between molecular weight and degradation time for biodegradable

polyesters degrading under bulk degradation was used [23-24]:
In MW =In MW() — KMW't (3)

tip= I/KMW *In2 (4)

where My, is the weight-averaged molecular weight, My, is the initial weight-averaged molecular weight,
Ky 18 the apparent degradation rate and t,,, is the half degradation time (the amount of time required to

fall to half the initial value of molecular weight).

The molecular weights of the polymers were determined by GPC using a Waters 1515
GPC device equipped with two Styragel columns (10*- 10* A). Chloroform was used as
eluent at a flow rate of 1 mL min™' and polystyrene standards (Shodex Standards, SM-
105) were used to obtain a primary calibration curve. The samples were prepared at a

concentration of 10 mg in 2 mL.
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The thermal properties were determined on a DSC 2920 (TA Instruments) immediately
after the drying at 37 °C of the polymer samples removed from the degradation medium.
Samples of 5-9 mg were heated from 21 °C to 100 °C at 20 °C min™'. This first scan was
used to determine the melting temperature (T,,) and the heat of fusion (AH,,). After this
first scan, the samples were quenched in the DSC and a second scan was made from -85
°C to 100 °C at 20 °C min™. In this second scan the glass transition temperatures (Tg) of

the samples were determined.

3.2.3. Results and discussion

Characterization

As mentioned in the introduction, the polymers employed in this study, with the
exception of CL-VAL 80, were synthesized and thoroughly characterized in a previous
study [32]. Table 1 summarizes the characterization data of the different biomaterials.
As can be observed, the initial molecular weights (My,) of each polymer are large,

ranging from 91 to 170 kg mol™ with dispersities (D) between 1.70 - 1.84.

Table 1. Characterization data of the PCL and the different e-caprolactone-co-L-lactide and e¢-

caprolactone-co-8-valerolactone copolymers.

e 1 3
C((:,I/I:I:g(s)llg:)n M, D Microst.ructul;al Ty
Magnitudes
o, o,

Sample s-(/;)L Or/uo/l(: ;‘-‘éL kg mol'l IcL Ipa or Iy, R °C
PCL 100 0 135.0 1.74 - - - -60.4
CL-LA 94 94.3 5.7 143.1 1.70 | 9.52 0.58 1.84 | -57.4
CL-LA 92 91.6 8.4 131.6 1.77 | 6.65 0.61 1.80 | -54.0
CL-LA 88 88.3 11.7 132.6 1.84 | 491 0.65 1.74 | -54.6
CL-VALS85 | 85.3 14.7 90.9 1.75 | 6.08 1.05 1.12 | -64.3
CL-VAL 80 | 79.6 20,4 170.0 1.72 | 4.67 1.20 1.05 | -63.7
CL-VAL 76 | 76.1 23.9 109.7 1.76 | 3.94 1.24 1.06 | -63.7

! Calculated from '"HNMR spectra for the e-CL-co-L-LA copolymers and calculated from *C NMR spectra in the case of the
&-CL-c0-0-VL copolymers.

2lcand I are the CL and LA number average sequence lengths of the e-CL-co-L-LA copolymers obtained from 'HNMR,
while Ic; and Iy, are the CL and VL number average sequence lengths of the e-CL-co-3-VL copolymers obtained from *C
NMR. These values are compared to the Bernoullian random number-average sequence lengths obtaining the randomness
character value (R) of the different copolymers.

3 Obtained from a DSC scan made at 20 °C min'from -85 to 100 °C.
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Polycaprolactone homopolymer (PCL) shows a glass transition temperature (T,) at -60
°C, while the e-caprolactone-co-L-lactide copolymers, as a result of the incorporation of
the comonomer, present higher T,s. Therefore, the latter have Tgs that range from -57 to
-55 °C and possess a semi-alternating distribution of sequences. Their lactide molar
content ranges from ~ 6 % (CL-LA 94) to 12 % (CL-LA 88) with average sequence
lengths of &-CL (/cr) from 9.52 to 4.91 whereas their randomness character (R) value is
in all cases higher than 1.70 and tends toward 2 as the &-CL content increases.
Regarding the set of e-caprolactone-co-d-valerolactone copolymers, they present e-CL
molar contents that range from 85 to 76 % (/cL from 6.08 to 3.94) and show a random
distribution of sequences (R ~ 1). Owing to the similarities between the glass transition
temperatures of both homopolymers (at -60 to -65 °C for PCL and at -57 °C for PVL

[36]), the T, values of this series of copolymers are almost equal, around -64 °C.
Hydrolytic degradation study

Evolution of thermal properties

DSC scans were made from 21 to 100 °C: at room temperature before submerging the
samples in PBS, after storage for 24 hours at 37 °C and at different times of degradation.
The data relating to melting enthalpies (AH,,) and temperatures (T,,) at the start and at
the end of the study for all the polymer films are gathered in Table 2.

Table 2. Melting enthalpies and temperatures of all the polymer films at the start and at the end of the
degradation study.

21°C 37°C On day 182 of
Sample degradation at 37 °C
AHJ g") | Tw(°C) | AHU g") | T (°C) | AH(J g") | Tu (°C)
PCL 77.2 66.3 85.0 68.3 94.0 75.1
CL-LA 94 56.6 51.7 57.0 56.2 75.2 58.8
CL-LA 92 39.8 48.1 46.0 51.7 58.8 57.4
CL-LA 88 21.1 41.3 22.2 49.6 37.2 53.7
CL-VAL 85 58.7 52.1 61.9 56.9 72.8 59.7
CL-VAL 80 56.6 45.7 324 52.0 39.0 54.8
CL-VAL 76 50.5 40.9 - - - -

It can be observed that there are some differences between the melting behaviour of the

polymers at room temperature (21 °C) and after storage at 37 °C for 24 hours. Hence,
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with the exception of CL-VAL 76 and CL-VAL 80, PCL and the rest of copolymers

presented slightly higher melting peaks after being stored for 24h at 37 °C. Likewise,

the Ty, values shifted to higher temperatures (2 to 7 °C higher), a tendency that is

observed for all the materials. The rearrangements of the crystalline phase occurring at

37 °C were the result of the appearance of new crystallites that melt at higher

temperatures, and also the disappearance of other crystalline structures with a melting

point between 21 °C to ~ 37 °C. Therefore, it was found that the AH,, of CL-VAL 80

(with a Ty, at 45.7 °C at room temperature) decreased from almost 57 to 32 J g™, while

CL-VAL 76 (T = 40.9), which had a AH,,

was totally amorphous after storage at 37 °C.
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Figure 1. DSC evolution during degradation of CL-LA 88 (a), CL-LA 94 (b), CL-VAL 85 (c) and PCL

(d). “Day 0” curves belongs to scans made on day 0 at room temperature, whereas the other curves

correspond to scans made immediately after drying the samples for 24 hours at 37 °C.
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Figure 1 shows the typical DSC thermograms of CL-LA 88, CL-LA 94, CL-VAL 85
and PCL submerged in PBS for different days. The evolution of the curves of CL-LA
92 and CL-VAL 80 followed the trends shown for CL-LA 94 and CL-VAL 85,
respectively. On the contrary, the DSC curves of CL-VAL 76 did not present any
melting peaks during the hydrolytic degradation process at 37 °C. After these first scans,
the samples were quenched in the DSC to -85 °C for second scans (not shown).
Anyway, the polymer chains were enough large and the glass transition temperatures of
the PCL and its copolymers did not move towards lower temperatures and remained

constant during the entire study.

The experimental data show a progressive increase in the melting peaks (AHp,) and the
Tm values (see Figure 1). This is more noticeable in the copolymers with lower Ty, and
may be explained by the growth of crystalline regions by hydration, enlarging the space
available for movement between chains. While the melting enthalpy of PCL only
increased from 85 to 94 J g, some copolymers such as CL-LA 88 experienced on day
182, the final day of the study, an increase of ~ 68 % over the initial value of AH,, at 37
°C. As will be seen below, those polymers which were more prone to crystallization

changes also displayed higher values of water uptake during the degradation period.

Weight loss and water absorption

Figure 2 shows the remaining weight (RW) and water absorption (WA) curves obtained
from the in vitro degradation study of the polymers in Table 1. As can be observed in
the plot, the weight of the samples remained constant during the entire study. The
molecular weight has to be reduced substantially to permit mass loss through
solubilization of the oligomers and in this study, only CL-LA 88 showed signs of
weight loss, (RW ~ 92 %) on day 154, when it presented a relevant increase in the water
uptake (WA > 20 %) and a molecular weight of 24 kg mol™'. Weight loss is dominated
by water attacking the ester bonds [24] so water absorption capacity is a key factor in
the degradation process. However, the highly crystalline domains of these &-CL rich
copolymers impeded the absorption of water and what is more, their low proportion of
hydrolysable ester bonds slowed hydrolysis down. Consequently, with the exception of

CL-LA 88 and CL-VAL 76 (which is fully amorphous at 37 °C), water absorption was
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negligible. As it will be shown later, this will be reflected on the degradation rates

(Kwmw) of this family of copolymers.
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Figure 2. Evolution of the remaining weight and the water absorption of the PCL and copolymers.

Molecular weight evolution and degradation kinetics

Figure 3 shows the progress of In M,, against degradation time of the PCL and
copolymers. As the degradation evolves, the M,, of the samples decreased while the
dispersity rose, indicating a broader distribution of polymer chain length. e&-

caprolactone-co-L-lactide copolymers (on the left) showed higher falls, that is, faster
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degradation rates, than PCL and poly(e-caprolactone-co-3-valerolactone)s (shown in the

graph on the right).
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Figure 3. In M, against degradation time of PCL and its copolymers.

Table 3. Ky, and t;, of PCL and its copolymers.

Half-molecular weight
Sample' K ww (days ™) degradation time
t!? (days)

PCL 0.0010 693
CL-LA 94 0.0075 92
CL-LA 92 0.0055 126
CL-LA 88 0.0105 66
CL-VAL 85 0.0033 210
CL-VAL 80 0.0036 193
CL-VAL 76 0.0052 133

! Calculated on day 182, the final day of the study, with the exception of CL-LA 88. For this polymer the calculus was made

on day 126.

Table 3 shows the degradation rate values (Kwyyw) and half degradation times (t;5)

calculated from the slope of the fitting curve. The My, experimental data adapts to the

fitting curve (R* > 0.9 for PCL and R* > 0.98 for the copolymers) very well over the

182 days. Only the curve of CL-LA 88 began to deviate, from day 126 on. This change

in the slope indicates that the degradation mechanism is shifting from one dominated by

random scission to another controlled by chain end scission [37].
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The copolymers containing lactide presented the fastest degradation rates. Ky, obtained
for CL-LA 94, CL-LA 92 and CL-LA 88 were 0.0075, 0.0055 and 0.0105 days™
respectively, with corresponding t;, of 92, 126 and 66 days. These Ky, values were 6 to
10 times higher than that of the PCL homopolymer (0.0010 days™), whose molecular
mass and distribution were quite stable during the degradation period. The reduction in
the crystallization capacity and the large structural disorder (randomness character , R, >
1.70) of this kind of e-CL-co-L-LA copolymers of short unit average sequence lengths
of e-CL (/¢ from 4.91 to 9.52), substantially accelerated their hydrolytic degradation.
However, their low water absorption levels make them more resistant to degradation

than the set of L-LA rich e-CL-co-L-LA copolymers used in a previous study [23, 38].

In accordance with the degradation studies at 20 °C of Fay et al. [31], poly(e-CL-co-6-
VAL) degrades more slowly than the lactide copolymers due to the higher
hydrolyzability of lactic acid unit sequences. Ky values of CL-VAL 85, CL-VAL 80
and CL-VAL 76 were 0.0033, 0.0035 and 0.0052 days'l, with t;, ranging from 210 to
133 days. The degradation of the copolymer with an increased amount of valerolactone
(CL-VAL 76) was the fastest, in good agreement with the published results of Fay and
Lin [27, 31]. These e-CL-co-0-VL copolymers were found to be highly crystalline over
a broad composition range (from 85 to 60 % of e-CL) with a high level of crystallization
and melting enthalpies unrelated to the copolymer composition [32]. Nevertheless, as a
result of the increasing amount of comonomer (6-VAL) in PCL, their crystal structure
differs from that of the homopolymer and presents lower melting temperatures. The
melting of the crystal phase occurs over a wide range of temperatures and at 37 °C some
imperfect crystallites of low T,, were unable to form, reducing the crystallization
capability of the copolymers. CL-VAL 85, which presents a T, of ~ 60 °C, close to that
of PCL (T, of ~ 70 °C), exhibited a high melting peak (AH,, of 75 J g') on day 182. On
the contrary, CL-VAL 80 had a AH,, of 39 J g at the end of the study, while CL-VAL
76 was fully amorphous at 37 °C. Due to its amorphous character, the latter copolymer
presented higher values of water uptake (around 7 %), even greater than those of some

€CL-LA copolymers in this work, which enhances its hydrolysis process.
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Analysis of the remnants

The changes in thermal properties, water uptake and molecular weight loss of the
polymer samples were reflected in the morphological appearance of some of the

degradation remnants.

Figure 4 shows samples of CL-VAL 76 and CL-VAL 80 after 182 days submerged in
PBS (above) along with square samples of the non-degraded polymers (below). At this
stage of degradation CL-VAL 76 had an M, of 41 kg mol™ and, as can be seen, the
sample is transparent and has lost its original shape. In the case of CL-VAL 80, with a
higher melting temperature, the square sample has suffered a slight deformation. This
sample, as well as those corresponding to PCL and the rest of copolymers, was

crystalline and had a whitish colour.

Figure 4. Samples of CL-VAL 76 on day 0 and on day 182 (left) and CL-VAL 80 on day 0 and on day
182 (right).

Figure 5 shows a sample of CL-LA 88 on day 0 (below) and on day 182 (above), when
it had an M, of approximately 19 Kg mol”'. This copolymer is the one that displayed
the highest degradation rate, and as a result suffered an obvious surface deterioration.

On day 182, all the polymers (with the exception of CL-VAL 76) continued to exhibit a
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flexible mechanical behaviour and since they had low melting points (> 100 °C) did not
generate hard and rigid remnants. However, some of them became brittle after a specific
day, a result of the degradation process. Thus, the samples of CL-LA 92 and CL-LA 88
became brittle from day 98, those of CL-VAL 85 from day 126 and the remnants of CL-
LA 94 and CL-VAL 80 (presented the highest initial M,,) were found to be more fragile
on the final day of the study. Conversely, no morphological change on the PCL samples
were appreciated, its M y, only dropped from 135 to 108 kg mol™ over the whole period
of the study.

Figure 5. Samples of CL-LA 88 on day 0 (below) and on day 182 (above).
Mechanical properties

Tables 4 and 5 summarize the mechanical testing data of PCL and its copolymers at 21
°C and at 37 °C. The mechanical performance of these low T, polymers was heavily
dependent on the crystalline phase, especially at temperatures close to their melting
point. In the cases of CL-VAL 80, CL-VAL 76 and CL-LA 88, it proved impossible to
measure their mechanical properties at 37 °C because they were too soft and sticky at
this temperature. All of them had a Ty, under 52 °C and the enthalpy associated with
their melting peak was not very high enough (AHn< 33 J g") to provide mechanical
support. As mentioned above, CL-VAL 76 was amorphous at this temperature. On the
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other hand, these three copolymers exhibited an interesting mechanical response with
excellent flexibility and ductility at room temperature. Hence, CL-LA 88, which had a
degradation rate similar to that of PLLA, showed a secant modulus value of 56.2 MPa,
8.5 MPa of ultimate tensile strength and an elongation at break of 1227 %. CL-VAL 76
and CL-VAL 80 presented secant modulus in the range of 105 to 132 MPa, tensile
strengths of 8.5 and 19.1 MPa and strain at break values higher than 1100 %. It should
be noted that as a result of its higher molecular weight (with a greater number of
entanglements in its polymer chains), CL-VAL 80 show a much larger ultimate tensile
strength than the other CL-VAL copolymers and had an elongation at break value of ~
1300 %.

As can be seen in Figure 6, which presents the typical stress-strain curves of the
materials studied, the copolymers of e-caprolactone with L-lactide or 6-valerolactone
showed a marked improvement in their flexibility compared to PCL. The homopolymer
exhibited a secant modulus value of 311.7 MPa, yield strength of 13.7 MPa, ultimate
tensile strength of 30.5 MPa and strain at break values of 937 %; mechanical data that
are in agreement with other values obtained for PCL [1,2,4]. However, at 37 °C its
stress related properties were found to be higher than those of the copolymers at 21 °C.
CL-LA 94 (Icp = 9.52, Ty~ 52 °C and AHp, ~ 57 J g') and CL-LA 92 (o = 6.65, Ty ~
48 °C and AH,, ~ 40 J g'') showed increased values for elongation at break (> 1110 %)
and strain recovery rates (45 and 65 % for CL-LA 94 and CL-LA 92 vs. 31 % for PCL)
compared to PCL. Their appearance is very similar to that of the silicone rubber with
secant modulus of 159.3 and 89.5 MPa yield strengths of 6.7 and 3.9 MPa and final
strength values of 18.4 and 11.3 MPa. Regarding CL-VAL 85, the e-caprolactone-co-6-
valerolactone copolymer with a higher melting temperature, this exhibited a more glassy
semicrystalline behaviour than the &-CL-co-L-LA copolymers with a higher &-CL
content (such as CL-LA 94 or CL-LA 92). Owing to its different crystal structure and
its large AH,,, (57 J g), it presented values of secant modulus of 185.2 MPa, 7.3 MPa of
yield strength and a strain recovery of 29 %. However, the stress-strain curves of this
copolymer did not show a cold-drawing profile and its tensile strength at break was

lower (8.9 MPa) than the o, of the e-CL-co-L-LA.
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Table 4. Mechanical properties of PCL and e-caprolactone-co-3-valerolactone copolymers.
Yield . . Strain
Secant Strength Tensile Ultlm:ate Elongation Recovery
Testing M(t)(;uol/us (Yield Stgeol:)ggl at S;I'ensnltiz at break after break’
a R ren
Sample Temperature' ’ Point) ’ &
(MPa) (MPa) (MPa) (MPa) (%) (%)
21°C 311.7+16.2 1?§7Oi0/1)'2 13.8+£0.3 30.5+3.6 937 30.8+3.2
o 0
PCL
9.8+0.9
37°C 2763+114 (5.3 %) 13.7+0.9 - - -
21 °C 185.2+20.4 7(73 7i0})0 6505 89=1.1 1079 20.0+4.6
. 0
CL-VAL 85
38+04
37°C 1252+ 11.7 (3.9 %) - 23+04 5.0 -
53405
21°C 1320+ 11.5 (10.8 %) 55+0.2 19.1+£2.6 1300 31.2+0.8
CL-VAL 80
37 0C4 * * % * * *
21 °C 105.1+7.3 3('73 1i09)3 44403 85+1.6 1104 271413
. 0
CL-VAL 76
37 0C4 * * % * * *
! At 37°, the tests were stopped at 300 % of strain due to the size limitations of the temperature chamber.
% The tensile strength was determined as ultimate stress value (c,).
* Measured 24 hours after break.
4 No measurable mechanical properties at 37 °C
Table 5. Mechanical properties of e-caprolactone-co-L-lactide copolymers.
Secant Yield Tensile Ultimate Elongation Rzg)ileli‘
Modulus Strength Strength at Tensile at bgreak after brea)l,(3
. at2 % (Yield Point) 300 % Strength’
Sample Testing
Temperature'
(MPa) (MPa) (MPa) (MPa) (%) (%)
21°C 1593 £12.5 6(; Si(S)S 7.6+0.2 18.4+0.9 1142 45.0+2.3
. 0
CL-LA 94
39405
37°C 115.8+6.3 (5.5 %) 4.9£0.1 - - -
39405
21°C 89.5+16.8 9.3 %) 42402 11.3+1.6 1110 65.1+9.3
CL-LA 92
1.8+£0.2
37°C 40.9+9.8 (12.8 %) 27+0.2 - - -
22+04
21°C 56.2+8.1 (9.4 %) 29+0.1 8.5+04 1227 76.6 £3.0
CL-LA 88
37 oC3 * * % * * *
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' At 37°, the tests were stopped at 300 % of strain due to the size limitations of the temperature chamber.
2 The tensile strength was determined as ultimate stress value (c,).
3 Measured 24 hours after break.

4 No measurable mechanical properties at 37 °C

PCL 21°C

PCL 37°C

CL-LA 94 21°C
CL-VAL 85 21°C

CL-VAL 80 21°C

CL-LA 94 37°C

CL-LA 92 21°C 44 CL-VAL 76 21°C

CL-LA 88 21°C

-
CL-VAL 8537°C

> CL-LA9237°C

T T T T T T T T O 1 T T T T T T T T

o] 10 20 30 40 50 0 10 20 30 40 50
Strain (%) Strain (%)

Figure 6. Tensile stress-strain curves of PCL and their L-lactide and §-valerolactone copolymers at 21 °C

and at 37 °C.

The mechanical behaviour at 37 °C of the materials studied, for those that allowed
mechanical testing to be carried out, was more elastomeric. At this temperature, the
polymers are closer to their melting temperature and after 24 hours of storage have
undergone supramolecular arrangements in their crystal structure. Consequently, PCL
and the copolymers present lower stress related properties (secant modulus and tensile
strength values at 300 %) than at room temperature. PCL homopolymer, with a Ty, of 68
°C after storage at 37 °C, exhibited the smallest differences: its secant modulus dropped
from ~ 312 to 276 MPa while its yield strength shifted from almost 14 MPa to 9.8 MPa.
In the case of CL-VAL 85 it was just the opposite, the secant modulus decreased a 32 %
and the copolymer became brittle and broke at 5 % of strain just after the yield point.
With regard to CL-LA 94 and CL-92, their secant modulus values at 37 °C were 115.8
and 40.9 MPa, respectively, representing a drop of 27 % and 54 % in their initial values.
The changes in yield strength and tensile strength at 300 % were also significant. As an
illustration, the yield strength of CL-LA 94 went down to 3.9 MPa while its o390
decreased from 7.6 to 4.9 MPa. Nonetheless, the mechanical properties of CL-LA 94

and CL-LA 92 are suitable enough to make them useful for medical applications that
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require a flexible mechanical performance at both room temperature and at human body

temperature.

3.2.4. Conclusions

In this work an in vitro degradation study at 37 °C was carried out in phosphate buffered
saline (PBS) with poly(e-caprolactone-co-6-valerolactone) and poly(e-caprolactone-co-
L-lactide), which have melting temperatures (T,,) above body temperature (37 °C).
Moreover, the mechanical performance of the different copolymers was assessed by
testing their mechanical properties at room temperature (21 °C) and at 37 °C with an

Instron testing machine.

Both &-CL-co-6-VL copolymers, with e-CL molar content ranging from 76 to 85 % and
random (R ~ 1) chain microstructures, and e-CL-co-L-LA copolymers, with 88 to 94 %
of ¢-CL and semi-alternating (R — 2) distribution of sequences, exhibited faster
degradation rates than a polycaprolactone (PCL) homopolymer. The latter, whose M
only dropped from 135 to 108 kg mol” during the entire study (182 days), had a
degradation rate (Kyyw) of 0.0010 days'. On the contrary, the 8-VL copolymers
degraded 3 to 5 times faster, whereas the copolymers based on lactide had Ky, values

of between 0.0055 and 0.0105 days™.

However, their mechanical behaviour was heavily dependent on the crystalline phase
(on their T, and melting enthalpies), especially at temperatures close to their melting
point. As a result, only the e-CL-co-L-LA copolymers which have a e-CL molar content
higher than 88 %, in addition to PCL, presented mechanical properties suitable enough
at both room temperature and 37 °C (less flexible and very resistant to hydrolytic
degradation). Their secant modulus values between 56 and 159 MPa and excellent
ductility (strain at break > 1100 %) make them very useful for medical applications that
require a flexible mechanical performance and at the same time provide improved

biodegradability.
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Abstract

e-Decalactone (e-DL), whose homopolymer is completely amorphous owing to the
racemic stereochemistry of its butyl side chain, was copolymerized with -
pentadecalactone (w-PDL) in order to reduce the high crystallization capability of the
latter. NMR characterization showed that the poly(w-PDL-co-¢-DL), with ®w-PDL molar
contents ranging from 30 to 78 %, presented a blocky chain microstructure (randomness
character R < 0.49). o-PDL homopolymer (PPDL), with a T, at 104 °C and a T, at ~ -
36 °C, exhibited a degree of crystallinity of 54 % and the incorporation of &-DL
decreased its crystalline fraction to 13-38 % and the T, to around -50 °C. As a result,
these copolymers displayed high elongation at break values and lower stiffness than
PPDL (with secant modulus of 7 to 156 MPa) while their mechanical properties
remained constant at 37 °C. The poly(w-PDL-co-e-DL), with a melting enthalpy in the
range of between 36-106 J g™, presented a melting temperature higher than 69 °C and
showed great thermal stability, degrading at temperatures higher than 400 °C. However,
in vitro degradation studies during 182 days demonstrated that, despite their increased
amorphous character, these materials were very resistant to hydrolysis due to the steric

effect of the e-DL units, and can virtually be considered as non-biodegradable polymers.
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4.1. Introduction

Poly(w-pentadecalactone) (PPDL) is a semicrystalline polymer obtained from a readily
available resource, pentadecanolide or w-pentadecalactone (w-PDL), which is a
macrolactone commercially available in large quantities and used in the fragrance
industry [1,2]. The crystallization behaviour and the crystal structure of this polymer
shared many similarities with polyethylene (PE) [3-5] so PPDL is often referred to as a
degradable PE because of the presence of hydrolysable ester bonds in its polymer main
chain. Nevertheless, although upon hydrolysis, the m-pentadecalactone sequences would
be converted into w-hydroxypentadecanoic acid [6] (a typical hydroxyl-substituted fatty
acid), some studies have shown that PPDL was neither enzymatically nor hydrolytically
degradable in buffer solutions [7]. Its PE-like properties are mainly due to the long alkyl
chain backbone [8] which induces a melting point around 100 °C and a glass transition
temperature (T,) far below room temperature (-27 °C) [9-10]. As a result, PPDL
exhibits good ductility and a tensile strength comparable to that of low-density
polyethylene (LDPE) [1], a thermoplastic with a melting temperature between 97 to 117
°C and a Tgat -25 °C.

Ring-opening polymerization (ROP) has proved to be a very efficient method to
produce high molecular weight polyesters containing long methylene sequences [11].
However, the ROP mechanism of the macrolactones differs from the behaviour of small
or medium size cyclic lactones, such as g-caprolactone (e-CL), that have a large and
negative enthalpy of ring-opening as a result of ring-strain. On the contrary, the
polymerization reactions of macrolactones are driven mainly by entropy as a
consequence of the low ring strain associated to their larger ring size [12-15]. Hence,
macrolactones are difficult to polymerize by traditional chemical methods and a limited
number of catalysts have been found to be effective in contrast to the numerous routes
of synthesis published to date related to small lactones. Duchateau et al. [16] have
reported on the polymerization of ®-PDL using organic catalysts while a few examples

of metal catalyzed ROP have also been published in literature employing tin, zinc,
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yttrium and aluminium complexes [11, 14, 17-23]. However, in general, long
polymerization times were necessary to reach high conversions and only moderate
molecular weight products have been obtained. The most successful approach are those
based on the use of enzymes [1, 7, 12, 24-26] (i.e. Candida Antarctica Lipase B), but the
enzymatic polymerization also has some limitations such as poor level of control of the

polymer microstructure as a result of transesterification.

In order to produce improved biomaterials with tailored properties, w-PDL has been
copolymerized with several monomers using different catalysts. The reactions
proceeded at different rates of consumption for each monomer and, in some cases, only
rather low molecular weight polymers were obtained. Thus, various ®-PDL-containing
copolyesters including poly(w-pentadecalactone-co-g-caprolactone), poly(®-
pentadecalactone-co-p-dioxanone), poly(m-pentadecalactone-co-d-valerolactone) or
poly(w-pentadecalactone-co-trimethylene carbonate) have been proposed as alternative
bioresorbable materials [15, 27-35]. However, in most of these cases both comonomers

cocrystalize and the crystalline fraction was not reduced.

e-Decalactone (e-DL) [36-40], a renewable monomer that belong to the decalactones, a
class of lactones composed of 10 carbons that includes y-decalactone and 6-decalactone,
could be an excellent compound to copolymerize with ®-PDL and, therefore, reduce the
crystallization capability of the latter. e-DL is a seven-membered lactone with identical
structure to e-CL but possesses a butyl pendant group at the ring-closing position. For
the synthesis of the e-DL homopolymer, Albertsson et al. [41] employed either stannous
octoate (SnOctp) or 1,5,7-triazabicyclo [4.4.0]dec-5-ene (TBD) as catalysts, and
produced an oily and viscous polymer with a T, at approximately -53 °C. This
completely amorphous nature was due to the racemic stereochemistry of the alkyl side
chain and, for the same reason, it was also expected that poly(e-decalactone) would be
more hydrophobic than polycaprolactone (PCL). e-DL was recently copolymerized with
o-PDL via catalytic ROP using a Zn complex by Jasinska-Walc and Duchateau [42-43],
however the properties of these w-pentadecalactone-co-e-decalactone (w-PDL -co-e-

DL) copolymers have yet to be studied in greater detail.
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The objective of this paper was to focus on poly(w-PDL -co-e-DL) with the aim of
carrying out a complete characterization of this kind of materials and, at the same time,
to report a new successful route for its synthesis. In this work the copolymers were
achieved using triphenyl bismuth (Ph;Bi) as catalyst and were characterized by proton
and carbon nuclear magnetic resonance spectroscopy ('"H and C NMR), gel
permeation chromatography (GPC) measurements and thermogravimetric analysis
(TGA). Their crystallization and melting behaviour was studied by means of differential
scanning calorimetry (DSC) and Wide Angle X-ray diffraction (WAXRD). In addition,
films of the w-PDL -co-¢-DL copolymers with ®-PDL molar contents ranging from 30
to 78 % were prepared for mechanical testing at room temperature (21 °C) and at 37 °C,
body temperature, the working temperatures of these biomaterials. Finally, an in vitro
hydrolytic degradation study was also carried out at 37 °C for a period up to 26 weeks in
phosphate buffer solution (PBS). Thus, the changes in water absorption, weight loss,
macroscopic morphology, crystallinity, phase structure and molecular weight of the

copolymers were monitored.

4.2. Materials and Methods

Materials

e-decalactone monomer (assay > 99 %) was provided by Sigma Aldrich (W361305). ®-
pentadecalactone monomer (assay > 98 %) was also supplied by Sigma Aldrich
(W284009). The triphenyl bismuth (Ph3Bi) catalyst was obtained from Gelest.
Phosphate buffer solution (PBS) (pH 7.2) was obtained from Fluka Analytical (Sigma
Aldrich).

Synthesis procedure

Statistical copolymers from w-pentadecalactone and e-decalactone (see Figure 1) were
synthesized in bulk by one pot-one-step ring-opening polymerizations (ROP). The
synthesis reactions were conducted in a flask immersed in a controlled temperature oil

bath. In each polymerization, predetermined amounts of the different comonomers at
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the chosen mass feed ratio were simultaneously added and melted into the flask. The
flask was purged for 30 minutes with a nitrogen stream under the surface of the melt.
The catalyst (Ph3;Bi) was then added (at 250:1 to 500:1 comonomers/catalyst molar
ratio) and the magnetic stirrer maintained at 100 rpm. No initiator compound was
added to the reaction mix so the catalyst was activated by the ROH provided by the
monomers (H,O and impurities). The -pentadecalactone-co-g-decalactone
polymerizations were carried out over 6 days. After the corresponding period of
reaction time the products were dissolved in chloroform and precipitated, pouring the
polymer solution into an excess of methanol in order to remove the catalyst impurities
and those monomers that had not reacted. Finally the product was dried at room
temperature and then subjected to a heat treatment at 140 °C for 1 hour to ensure the
complete elimination of any remaining solvent. Then, the polymer was weighed

obtaining the yield of the synthesis process, given in Tables 1 and 2.

2 4 6 8 10 12 14

8 10'

Figure 1. Scheme of the units of w-pentadecalactone (above) and e-decalactone (below).

Methods

Proton and carbon nuclear magnetic resonance (IH and “°C NMR) spectra were
recorded in a Bruker Avance DPX 300 at 300.16 MHz and at 75.5 MHz of resonance
frequency respectively, using 5 mm O.D. sample tubes. All spectra were obtained at

room temperature from solutions of 0.7 mL of deuterated chloroform (CDCI;).
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Experimental conditions were as follows: a) for 'H NMR: 10 mg of sample; 3 s
acquisition time; 1 s delay time; 8.5 s pulse; spectral width 5000 Hz and 32 scans; b)
for *C NMR: 40 mg, inverse gated decoupled sequence; 3 s acquisition time; 4 s delay
time; 5.5 Us pulse; spectral width 18800 Hz and more than 10000 scans. The assignment
of the different signals were made employing the tables of structural determination from
Prestch et al. [44]. The data of copolymer composition, average sequence lengths and
randomness character from Tables 1 and 2 were calculated averaging the values of
molar contents and the PDL-DL dyad relative molar fractions that were obtained by
means of 'H and >C NMR spectroscopy. Equations 1-3 [45] were employed to obtain
the number-average sequence lengths (/;), the Bernoullian random number-average

sequence lengths (/;) and the randomness character (R):

(PDL - PDL)+%(PDL -DL)

- __2(ppL)
1 (PDL -DL) ’
—(PDL - DL
2( ) (1)
1
DL -DL )+ —(PDL -DL
- PP PLD (o)
1 ppL -DL) (PDL - DL)
2
N N S @
DL / random (PDL) b PDL / random (DL)
R - (ZDL )mndom - (ZPDL )mndom (3)
lDL lPDL

where (DL) and (PDL) are the e-decalactone and ®-pentadecalactone molar fractions and (PDL-DL) is

the PDL-DL average dyad relative molar fraction.

200-300 um films were prepared by pressure melting at 200 °C followed by water
quenching. They were then stored for 24 hours in a fridge (at 0-5 °C), the typical storage
temperature for biopolymers. From these films repetitive square samples for the in vitro
degradation study (1x1 cm?) and repetitive samples for mechanical characterization
(10x1cm?) were obtained. The specimens for mechanical testing at 37 °C were stored

for another 24 hours at 37 °C before tests were conducted at this temperature. DSC
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scans were made at 20 °C min™' for each polymer sample before the mechanical testing

in order to monitor the thermal properties of the specimens.

The mechanical properties were determined by tensile tests with an Instron 5565 testing
machine at a crosshead displacement rate of 10 mm min™'. These tests were performed
at room temperature (21 + 2 °C) and at human body temperature (37 °C) following ISO
527-3/1995. The specimens had the following dimensions: overall length = 100 mm,
distance between marks = 50 mm, width =10 mm; and were cut out from films of 200-
300 um in thickness. The mechanical properties reported (secant modulus at 2 %, yield
strength, ultimate tensile strength and elongation at break) correspond to average values
of at least 5 determinations. Mechanical testing at 37 °C was conducted in an Instron
controlled temperature chamber. The tests were stopped at 300 % of strain due to the

size limitations of the temperature chamber.

For the in vitro degradation study, square samples (25-35 mg (Wy) (n = 3)) of the
different copolymers were placed in Falcon tubes containing phosphate buffer solution
(PBS) (pH = 7.2) maintaining a surface area to volume ratio equal to 0.1 cm™. The
samples were stored in an oven at 37 °C. Three samples of each polymer were removed
at different times from the PBS and weighed wet (W,,) immediately after wiping the
surface with filter paper to absorb the surface water. These samples were air-dried
overnight at 37 °C. Then they were weighed again to obtain the dry weight (W4). Water
absorption (% WA) and remaining weight (% RW) were calculated according to Egs.
(4) and (5):

sowa = v ~Wa g9 4)
d
%RW = \\Zd 100
0 (5)

In order to compare the degradation rate of the studied copolymers, the exponential
relationship between molecular weight and degradation time for biodegradable

polyesters degrading under bulk degradation was used [46-47]:
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In MW =In MW() — KMW't (6)
tip=1/Kuw *1In 2 (7)

where My, is the weight-averaged molecular weight, My, is the initial weight-averaged molecular weight,
Ky 18 the apparent degradation rate and t,,, is the half degradation time (the amount of time required to

fall to half the initial value of molecular weight).

The molecular weights of the polymers were determined by GPC using a Waters 1515
GPC device equipped with two Styragel columns (10*- 10* A). Chloroform was used as
eluent at a flow rate of 1 mL min™' and polystyrene standards (Shodex Standards, SM-
105) were used to obtain a primary calibration curve at 50 mV of signal. The samples
were prepared at a concentration of 10 mg in 1.5 mL. While the ®w-PDL-co-e-DL
copolymers dissolved easily in chloroform, it was needed to store the solutions of the
PPDL homopolymer at 37 °C for ~ 30 min in order to accelerate the solution of the
latter. Since polystyrene standards were used, the reported values measured are likely to
be higher than the actual molecular weights owing to the differences in hydrodynamic

volume of the copolymers and polystyrene.

The thermal properties of the polymers were studied on a DSC 2920 (TA Instruments).
Samples of 6-9 mg were melted at 140 °C and then quenched to 5 °C at different cooling
rates (5, 10, 20 and 40 °C min™) to study the crystallization process during the cooling.
Finally, a scan was also made at 20 °C min™ from -85 to 140 °C to determine the glass
transition temperature (T,), the melting temperature (T,,) and the heat of fusion or
melting enthalpy per gram (AH,,) of the samples. During the in vitro degradation study,
the DSC samples were heated from 21 °C to 140 °C at 20 °C min™', immediately after
the drying at 37 °C of the polymer samples removed from the degradation medium.
After this first scan, the samples were quenched in the DSC and a second scan was

made from -85 °C to 140 °C at 20 °C min™".

Wide angle X-ray diffraction (WAXRD) data were collected on a Bruker D8 Advance
diffractometer operating at 30 kV and 20 mA. This device is equipped with a Cu tube (A
= 1.5418 A), a Vantec-1 PSD detector and an Anton Parr HTK2000 high-temperature
furnace. The powder patterns were recorded in 20 steps of 0.033° in the 10 <20 < 38
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range, counting for 0.2 s per step, from 50 to 122 °C every 2 °C using a heating rate of

0.2°Cs™.

Thermal degradation was studied under nitrogen by means of thermogravimetric
analysis (TGA) into a TGA model Q50-0545 (TA Instruments). Samples of 10-15 mg
were heated from room temperature to 500 °C at a heating rate (B) of 5 °C min™,
recording continuously the heat flow, sample temperature, residual sample weight and

its time derivative. In this temperature range, the polymers degraded completely.

4.3. Results and Discussion

Synthesis conditions

Firstly, several copolymerizations were carried out at a 75/25 mass feed ratio of -
PDL/e-DL (that is, a 62/38 molar ratio) in order to evaluate the influence of the
temperature and the monomers/catalyst molar ratio (M/C). Long reaction times, 6 days,
were necessary to obtain substantial yields due to the low reactivity of the mixture of

monomers. The synthesis results are summarized in Table 1.

As can be seen in the Table 1, the conversion of e-DL was in all cases higher than that
of ®-PDL. The highest weight average molecular weights (M, = 150.2 kg mol™), yield
of reactions (~ 75 %) and ®-PDL conversions (~ 71 %) were obtained at 130 °C with a
M/C of 250. When less PH3Bi was added (at 500 of M/C), the copolymer composition
(46.1 % of ®-PDL) differed more from the feed composition, the overall conversion of
®-PDL was much lower (46 %) and the final molecular weight decreased substantially
(My, < 85 kg mol™). That means that the reaction evolved more slowly and that the
catalyst firstly favored the formation of e-DL-rich domains. The same was true for the
copolymerization made at a lower temperature of reaction, 110 °C (PDL-DL 1), in
which the yield was approximately 75 % but the M, had a value of 113.8 kg mol™ and
the molar content of ®w-PDL failed to reach to 46 % (when the feed composition had a
62.3 % molar content of this monomer). In this case, the conversion of e-DL reached a

100 % while only a 59 % of ®w-PDL became a part of the copolymer after the synthesis.
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Therefore, it can be concluded that the reactivity of e-DL was higher than the observed
for ®-PDL. The initiating species formed by means of the activation of the catalyst with
ROH (H,O or impurities provided by the monomers or the catalyst) may prefer the
incorporation of &-DL rather than the large and unstrained ®-PDL units so the
consumption of e-DL was faster. This is in accordance with the reports of Jasinska-
Walc, Duchateau et al. [43] despite the assumed higher steric hindrance of e-DL during

the coordination and insertion mechanism.

Table 1. Characterization of the @-PDL-co-e-DL copolymers synthesized at the same feed composition

(62.3/37.7 @-PDL/e-DL).

Composition' . .o Microstructural
Sample M/C T (% mol) Yield | Conversion (%) M, D Magnitudes’
°C | %PDL ;| %DL | (%) PDL DL kg mol” o | oL R

PDL-DL1 | 250 | 110 45.9 54.1 75.9 59.1 100 113.8 1.78 | 483 | 570 : 0.38

PDL-DL2 | 250 | 130 59.1 40.9 74.3 71.2 81.5 150.2 1.73 | 6.26 : 432 : 0.39

PDL-DL3 | 500 | 130 46.1 539 59.0 46.1 89.1 84.5 1.79 | 4.09 | 479 : 045

PDL-DL4 | 250 | 150 58.2 41.8 57.1 54.1 64.1 106.2 1.74 | 578 : 4.16 | 041

! Calculated averaging the copolymer compositions obtained by 'H and *C NMR
2 Ipr, and Iy, are the PDL and DL number average sequence lengths of the ®-PDL-co-¢-DL copolymers obtained from the
average dyad relative molar fraction (PDL-DL) in C°NMR. These values are compared to the Bernoullian random number-

average sequence lengths obtaining the randomness character value (R) of the different copolymers.

With regard to the chain microstructures parameters, as a consequence of the different
reactivity of the comonomers, the synthesis reactions led to blocky (R — 0) rather than
random copolymers (R — 1), which will not allow us to suppress the crystallization of
the o-PDL segments as much as we would like. e-DL monomers polymerized first
whereas the ®-PDL units reacted later favoring the formation of large sequences of ®-
PDL and &-DL. PDL-DL 3, with the lowest content of catalyst, showed the highest
randomness character (R = 0.45), with ©-PDL and e-DL-unit average sequence lengths

of 4.09 and 4.79, respectively.

A second series of copolymerizations of poly(w-PDL-co-¢-DL) were also conducted
with a variation in the feed composition and will be thoroughly analyzed in the

following sections. Table 2 summarized the characterization data of these copolymers
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synthesized at 130 °C for 6 days with a M/C of 250 (the synthesis conditions at which
the conversion of ®-PDL was higher). As can be observed, the molecular weights of the
copolymers increase proportionally with the w-PDL content and range from 99 to 230
kg mol™, while their dispersity values are in the range of 1.73 to 1.79. The ©-PDL molar
content of this set of copolymers ranges from ~ 30 % (PDL-DL 30) to 78 % (PDL-DL
78) with average sequence lengths of ®-PDL (/ppr) from 3.29 to 9.22. The randomness
character (R) value is in all cases lower than 0.49 while the copolymers richer in e-DL
showed a slightly blockier distribution of sequences (R < 0.43). For proper evaluation of
the behaviour of the ®-PDL-co-¢-DL copolymers, a poly(w-pentadecalactone) (PPDL)
homopolymer was also synthesized. This material had a M,, of 365 kg mol™ with a
dispersity of 1.98.

Table 2. Characterization data of the -PDL-co-¢-DL copolymers of different compositions synthesized

at 130 °C with a monomers/catalyst molar ratio of 250.

onple | cointtr | Commmiton’ | viaa | Comesion 00| M. | | Mt

%PDL %DL %PDL %DL (%) PDL DL kg mol! IppL, IpL, R

PPDL 100 0 100 0 64.3 64.3 - 365.1 1.98 - - -

PDL-DL 78 80.1 19.9 77.8 22.2 74.2 72.6 83.2 230.0 1.78 | 922 : 2.64 | 049

PDL-DL 59 62.3 37.7 59.1 40.9 74.3 71.2 81.5 150.2 1.73 | 6.26 | 432 : 0.39

PDL-DL 46 44.4 50.6 45.5 54.5 87.2 85.8 88.9 118.5 1.73 | 488 | 584 @ 0.38

PDL-DL 30 36.7 63.3 29.8 70.2 76.2 63.5 86.6 99.4 1.79 | 329 { 7.74 : 043

! Calculated averaging the copolymer molar compositions obtained by 'H and *C NMR
2 Ippr. and Ip; are the PDL and DL number average sequence lengths of the ®-PDL-co-¢-DL copolymers obtained from the
average dyad relative molar fraction (PDL-DL) in “C NMR. These values are compared to the Bernoullian random

number-average sequence lengths obtaining the randomness character value (R) of the different copolymers.

NMR Characterization

Figure 2 and 3 present the 'H and *C NMR spectra of the o-pentadecalactone-co-g-
decalactone copolymer with a 46 % of o-PDL (PDL-DL 46). In the "H NMR spectrum,
the calculus of the molar composition was made based on the signals of the o-PDL

methylene bonded to the ester group, which appears centered at 4.09 ppm, with regard
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to the e-DL methine at around 4.89 ppm. The rest of peaks (see scheme in Figure 1) are

assigned in Table 3 to the other hydrogens of the copolymer.

5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
& (ppm)

Figure 2. "H NMR spectrum of PDL-DL 46.

Table 3. Assignment of the different signals to the hydrogens of the w-PDL-co-¢-DL.

H H
Number of C

®-PDL e-DL

o (ppm) | & (ppm)
1 4.09 4.89
2 1.65 1.56
3 1.29
4 1.65
5 2.32
6 R
7 1.65
8 129 1.29
9 1.29
10 0.92
11
12
13 1.65
14 2.32
15 -
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Figure 3. >C NMR spectrum of PDL-DL 46.

Figure 3 shows the ?C NMR spectrum of the @-PDL-co- &-DL copolymer with some
regions of interest enlarged. The different signals appearing between 13 and 175 ppm of
chemical shift (d) are assigned in Table 4 to the different carbons numbered in Figure 1.
The signals at 173.23 and 173.75 ppm belong to the carbonyl carbons of the e-
decalactone and w-pentadecalactone units, whereas the peaks at 64.39 and 73.80 ppm
can be respectively assigned to the o-PDL methylene bonded to the ester group (carbon
1) and the &-DL methine (carbon 1°). Therefore, the molar composition of these
copolymers can be easily determined in these two regions by comparing the areas under
the peaks due to the ®-PDL and &-DL units. On the other hand, since these two signals
present dyad sensitivity (see the enlargement in Figure 3), the PDL-DL dyad relative
molar fraction can also be calculated. Hence, the signals at 73.69 and 73.83 ppm can be
respectively assigned to the PDL-DL and DL-DL dyads (underlining is used to
emphasize that the analysed nuclei belongs to that unit), while the PDL-DL and PDL-
PDL dyads appears, from left to right, at the peak at 64.39 ppm [43].
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Table 4. Assignment of the different signals to the carbons of the @-PDL-co-g-DL.

Thermal Properties

C C
Number of C | ®-PDL e-DL
o (ppm) | & (ppm)

1 64.39 73.80

2 28.6-29.6 33.76

3 25.90 24.98

4 24.98

5 33.76

6 173.23

7 34.36

8 28.6-29.6 27.42

9 22.52

10 13.95

11

12

13 24.98

14 34.36

15 173.6-173.9

In this section the crystallization and melting behaviour of the copolymers from Table 2

were studied. Firstly, several cooling treatments at different rates (5, 10, 20 and 40 °C

min") were conducted in the DSC. The crystallization temperatures (T;) and the

enthalpy of crystallization (AH.) of each material are shown in Table 5, whereas the

DSC traces at a cooling rate of 20 °C min™ are shown in Figure 4.

At a cooling rate
of 20°C min’'

-

S B

PPDL

.

/
,/ RN
" g // \\.

\

PDL-DL 78 (R=0.49) /// TN \

PDL-DL 30 (R=0.43)

: /
£ PDL-DL 59 (R=0.39) -~
PDL-DL 46 (R=0.38)
—— — — /’_‘
/S
4
T T T
10 20 30 40

Temperature (°C)

T
70

T
80

Figure 4. DSC cooling scans at 20 °C min™' of the ®-PDL-co-e-DL copolymers.
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As can be seen in Table 5, the crystallization peaks of each polymer appeared at a
higher temperature as the cooling rate decreased. This is due to the fact that at lower
cooling rates, crystal nuclei have more time to develop [48-49]. As an illustration, the T,
of PDL-DL 78 at a rate of 5 °C min™' was 71 °C , while at 40 °C min™ its crystallization
peak was located at ~ 52 °C. o-PDL chains crystallized very fast and the AH, of the
PPDL homopolymer and their copolymers was almost independent of cooling rate. The
differences between the respective enthalpies from the same polymer were small
(particularly for those with higher contents of e-DL), although it was noted that at the
slowest cooling rate, the AH, was slightly larger than those corresponding to the other

cooling treatments.

Table 5. Crystallization enthalpies and temperatures obtained for the w-PDL-co-¢-DL copolymers at

cooling rates in the 5 - 40 °C min™' range.

5 °C min” 10 °C min™! 20 °C min’ 40 °C min’
Sample
AHJg") | T.(C) | AHJ g") | T.(C) | AHU@ gh) | T.C) | AHJ g") | T(°C)

PPDL 129.2 76.0 127.5 722 123.8 63.2 117.1 56.7
PDL-DL 78 97.6 71.0 93.3 65.1 85.5 59.7 84.7 52.2
PDL-DL 59 69.2 64.0 68.0 60.8 66.5 55.3 64.6 46.9
PDL-DL 46 58.2 66.4 56.3 63.4 554 59.0 55.1 50.4
PDL-DL 30 30.3 50.1 30.0 46.4 29.6 413 28.4 36.6

As expected, PPDL and the w-PDL rich copolymers presented broader crystallization
peaks and higher crystallization capability in comparison to other copolymers as PDL-
DL 30 (see Figure 4). Nevertheless, it is worth mentioning the fact that PDL-DL 78,
PDL-DL 59 and PDL-DL 46 presented similar T,s (at around 55-60 °C at a cooling rate
of 20 °C min™) despite their different compositions. This could be explained by their
different chain microstructures. PDL 78 show a more random distribution of sequences
(R ~ 0.49) and, as a result, its ®-PDL average sequence length was lower than the

expected (/ppr. = 9.22).

The DSC heating curves obtained after the cooling treatments were virtually identical
for each polymer, both having practically the same melting temperatures and enthalpies

(Ty and AHy,) after the cooling process. Figure 5 shows the DSC curves of scans made
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from -85 to 140 °C at 20 °C min™, with the glass transition temperatures (T,s) marked

by an arrow.
S PPDL
_"_"-\-.._“_\\ r//f'—
\\ J,‘
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Figure 5. DSC heating curves at 20 °C min" from -85 to 140 °C of the different @-PDL-co-g-DL

copolymers.

PPDL homopolymer exhibited a large melting peak, over 136 J ¢!, with a Ty, at 104 °C,
results that are in agreement with other reports [1, 9]. As can be observed in Figure 5, as
the w-PDL content decreased the melting peaks became smaller. The associated AH;,s
values were slightly higher than those of the crystallization peaks and, as well as in the
case of their Tcs, the Ty,s of the copolymers with a ®-PDL content of 78, 59 and 46 %
were within a similar range of values (82 °C < T, < 90 °C). However, the AH,, values
of these poly(w-PDL-co-e-DL) were between ~ 70 to 106 J g”'. With regard to PDL-DL
30, with only a 30 % molar content of ®-PDL, it was able to crystallize and presented
the smallest melting peak (AH,, of 35.8 J g) at around 69 °C. Its T, at -52 °C, was
easily distinguished because of its lower crystallization capability and increased

amorphous character, while its heat capacity (AC,) had a value of 0.34 J g °C!, which
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shifted to lower values in the other polymers when the ®-PDL content was raised. The
glass transition became more difficult to discern in the ®-PDL homopolymer, and was
located at around -36 °C with a AC, 0 0.16 J g'°C!. The Tgs of the copolymers did not
change significantly with the polymer composition and the T, of PDL-DL 78 was only
3 °C higher than those of PDL-DL 30. Therefore, the glass transition temperatures were
in the -52 to -49 °C range for the four copolymers.

The DSC heating results discussed above are summarized in Table 6 along with the
melting temperature, the crystal fraction (X;) and the average crystal size (c.s.) from
Wide Angle X-ray Scatttering (WAXS). The latter data were calculated from the two
most intense peaks in the diffraction pattern: at 20 = 21.7° and at 20 = 24.1°. The Tps
given are the temperatures until the crystalline phase became stable, values that are

consistent with their corresponding melting temperatures obtained by DSC.

Table 6. Calorimetric and X-ray Diffraction data of the @-PDL-co-g-DL copolymers.

T | Xe | es | AHu | Tl T, ACp
Sample IppL,

°C | (%) | nm | Jg?! °C °c | Jg'c!

PPDL - 104.0 | 53.8 | 27 | 136.1 | 1043 | -35.6 0.16

PDL-DL 78 | 9.22 | 96.0 | 384 | 20 | 1063 | 89.4 | -49.1 0.22

PDL-DL 59 | 6.26 | 88.0 | 29.6 | 23 77.6 81.8 | -50.7 0.25

PDL-DL 46 | 4.88 | 88.0 | 294 | 22 | 69.8 84.0 | -52.2 0.29

PDL-DL 30 | 329 | 74.0 | 12.7 | 20 | 35.8 69.0 | -52.1 0.34

! Obtained by WAXS. This is the crystalline phase-stable temperature.
? Obtained from a DSC at 20 °C min™ from -85 to 140 °C.

Figure 6 shows the diffraction profiles of the poly(w-PDL-co-e-DL) together with the
diffractogram of the reference homopolymer (PPDL). As can be seen, at higher contents
of e-DL in the copolymers the reflection intensity decreases. However, the poly(w-PDL-
co-e-DL) presented exactly the same signals as PPDL at a 20 of 21.7, 24.1, 30.1 and
36.3° (the peak at 27.3° may be due to the bismuth compounds because it also appeared

at high temperatures when the polymers were fully amorphous). Hence, it can be stated
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that the w-PDL-co-e-DL copolymers and the PPDL present the same crystal structure

and confirms that only the w-PDL units were able to crystallize.
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Figure 6. WAXS profiles of PPDL and the w-PDL-co-g-DL copolymers in the 10< 20<38 range.
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Figure 7. Deconvolution of the signal in the 12<20<27 range.

The peaks in the 20 < 20 < 25 range were the most intense of the WAXS profiles.
Figure 7 shows this region for one of the copolymers, PDL-DL 30, with the amorphous
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area and the crystalline peaks isolated. The degree of crystallinity () was determined
as the ratio of the crystalline peak areas to the total area under the scattering curve,
while the average crystal size was obtained employing the Scherrer equation [50] with a

shape factor “k”of 0.90.

The calculated crystalline fraction for PPDL was 53.8 % and, using its AH,, of 136.1 J
g from the DSC measurements, a value of heat of fusion for 100 % crystalline material
(AH,)) of 253.0 J g was estimated. As the e-DL content increased, the degree of
crystallinity of the copolymers fell, as expected. Therefore, PDL-DL 78 and PDL-DL
30, presented . of 38.4 and 12.7 %, respectively. With regard to PDL-DL 59 and PDL
46, both showed a similar crystalline fraction (~ 29 %), which is in accordance with the
melting behaviour seen in the DSC (AH;, of PDL-DL 59 was slightly larger than that of
PDL-DL 46). Finally, the fact that the calculated average crystal size of the copolymers
was in the 20 to 23 nm range should also be mentioned, all values lower than those

obtained for the homopolymer which had an average crystal size near 27 nm.
Hydrolytic degradation study

DSC scans were made from 21 to 140 °C: at room temperature before submerging the
samples in PBS, after storage for 24 hours at 37 °C and at different degradation times.
The data relating to melting enthalpies and temperatures at the start and at the end of the

study for all the polymer films are gathered in Table 7.

Table 7. Melting enthalpies and temperatures of all the polymer films at the start and at the end of the
degradation study.

On day 182 of
21°C 37°C
degradation at 37 °C
Sample
AH@g") | Tu("C) | AHJ g") | T (°C) | AH(J g") | Tu (°C)
PPDL 133.3 102.2 133.8 102.8 147.4 106.1
PDL-DL 78 102.5 92.4 104.4 90.8 112.1 92.0
PDL-DL 59 80.5 83.9 77.8 84.9 77.6 90.0
PDL-DL 46 67.6 85.4 62.9 88.0 71.5 90.4
PDL-DL 30 33.8 72.6 30.9 73.1 39.3 72.7
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The thermal properties of the polymers at 21 °C and at 37 °C can be considered as very
similar (the small differences may be due to the precision of the measurements).
However, it can be observed that on day 182 of degradation, the samples were slightly
more crystalline with higher AH,, values. This is particularly true in the case of PDL-DL
30, in which the melting enthalpy rose from 30.9 to 39.3 J g because of the
rearrangements of its crystalline phase. However, as a consequence of the highly
crystalline domains of w-PDL, water absorption was negligible and did not exceed a
value of 1 % in any case. Consequently, the polymers did not lose mass and the weight

of the samples remained constant during the entire study.
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Figure 8. In M, against degradation time of PPDL and its e-DL copolymers.

Figure 8 shows the progress of In M, against degradation time of the PPDL
homopolymer and the &-DL copolymers. As can be seen, My remained practically
constant during the 182 days, regardless of the polymer composition. The higher
melting temperature of the w-PDL crystals and the lower proportion of hydrolysable
ester bonds of ®-PDL in comparison to e-CL, make PPDL more resistant to hydrolytic
degradation than the well-studied poly(e-caprolactone) (PCL). With the incorporation of
e-DL units, the crystal structure of w-PDL (54 % crystalline fraction) is disrupted and

the copolymers became significantly more amorphous (13-38 % crystalline fraction).
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However, the steric effect of the butyl pendant group of the e-DL may slow the
hydrolysis process down. The same applies to some polyhydroxyalkanoates (PHAS), in
which the degradation rate is greatly affected by the length of the pendant groups and

the distance between their ester linkages [51-52].

No morphological changes were appreciated on the PPDL and poly(w-PDL-co-g-DL)
samples and their My, at the end of the study was approximately the same as at the start.
Only the My, of PDL-DL 46 and PDL-DL 30 slightly decreased to final values of 107
and 89 kg mol™, which allows the calculus of an approximated degradation rate (Kyy)
of 0.0002 days™ (and a half degradation time of ~ 9.5 years). This Ky value is well
below the obtained for PCL (0.0010 days™) in a previous study by this group [53] but it

would be necessary to carry out a longer degradation study to get more exact results.
Mechanical Properties

Table 8 summarizes the mechanical testing results at 21 °C and at 37 °C for the PPDL
and poly(w-PDL-co-¢-DL)s films, whose DSC data, before performing the mechanical
tests, were already shown in Table 7. Figure 9 shows the typical stress-strain curves of
the polymers at 21 °C while Figure 10 displays the start of the curves at 21 and 37 °C.
As can be seen in Figure 10, the behaviour at both temperatures was very similar and
these materials maintain their properties at body temperature, in contrast to other
polyesters of high T, (i.e. Polylactide, polyglycolide and their copolymers [54]) or
biopolymers of low T, (< 65 °C) such as PCL and its copolymers [53]. Nevertheless, it
is worth noting that at 37 °C the yield points were broader and their stress related
properties (secant modulus, yield strength and tensile strength at 300 %) were found to

be slightly lower than at 21 °C.

PPDL homopolymer exhibited a secant modulus value of 327.1 MPa, ultimate tensile
strength of 28.8 MPa and strain at break values of 847 %; mechanical data that are in
agreement with the results obtained by our group for another polyester in the same
family, poly(e-caprolactone) (PCL) [53]. At 37 °C the secant modulus of PPDL
decreased to 307.3 MPa, representing a drop of 6 %, while its yield strength shifted
from 13.1 MPa to 11.6 MPa. In the case of PCL, the loss of strength was more
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important and the secant modulus dropped from ~ 312 to 276 MPa and its yield strength

shifted from almost 14 MPa to 9.8 MPa. These changes were even more relevant on the

PCL copolymers studied in a previous work by this group, due to their lower melting

temperatures [49, 53].
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Figure 9. Typical tensile stress-strain curves of PPDL and the @-PDL-co-g-DL copolymers at 21 °C.
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Figure 10. Tensile stress-strain curves until 50 % of strain of PPDL and the @-PDL-co-e-DL copolymers

at 21 °C and at 37 °C.
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Table 8. Mechanical properties of the PPDL and the @-PDL-co-e-DL copolymers.

Yield Strength
Secant (Yield Point) Tensile Ultimate Elongation Strain
Testing Modulus at or Offset Yield Strength at Tensile \ at break Recovery )
Sample 1 2% 300 % Strength after break
Temperature Strength at
10 %’
(MPa) (MPa) (MPa) (MPa) (%) (%)
21°C 327.1+16.8 131 :!:00,8 145+14 28.8+2.5 847 37.6+22
PPDL (8.3 %)
o 11.6 £0.8

37°C 307.3+£6.5 (8.3 %) 124+0.9 - > 300 -

21°C 1562 +3.2 72+ (()]'4 83+0.3 21.5+1.1 974 433+£24
PDL-DL 78 (15.3 %)

o 59403

37°C 124.0+4.4 (22.1 %) 6.9+0.2 - > 300 -

21°C 65.9+2.6 34+04 4.7+0.1 75+0.3 968 51.7+£1.7
PDL-DL 59

37°C 53.6+23 3.0+0.2 4.6+0.3 - > 300 -

21°C 50.1£2.1 2.7+0.1 - 3.1+02 193 77.8+2.4
PDL-DL 46

37°C4 46.7+£1.6 23+0.1 - 25+0.1 86 -

21°C 6.7+0.3 0.57£0.03 - 0.67 £0.09 34 933+1.1
PDL-DL 30

37°C4 43+0.7 - - 0.39 +0.09 14 -

'At 37 °C, the tests were stopped at 300 % of strain due to the size limitations of the temperature chamber.
% Offset Yield Strength at 10 % was calculated for PDL-DL 59, PDL-DL 46 and PDL-DL 30.
* The tensile strength was determined as ultimate stress value (c,).

4 Measured 24 hours after break.

The ®-PDL-co-e-DL copolymers showed a marked improvement in flexibility
compared to PPDL (and PCL) with lower secant modulus and increased strain recovery
rates (from 43 to 93 %). PDL-DL 78 (T, ~ 92 °C and AH,, ~ 103 J g'l) and PDL-DL 59
(T, ~ 84 °C and AH,,, ~ 81 J g'l) presented high values for elongation at break (~ 970
%), secant modulus of 156.2 and 65.9 MPa yield strengths of 7.2 and 3.4 MPa and final
strength values of 21.5 and 7.5 MPa. Regarding PDL-DL 46, it had secant modulus
values of 50.1 MPa, 2.7 MPa of yield strength and only 3.1 MPa of ultimate tensile
strength. Owing to its lower AH, (68 J g'l) its testing samples broke at only 193 % of

strain but exhibited a strain recovery rate of almost 78 %. The mechanical performance
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of PDL-DL 30 (Ty ~ 73 °C and AH,,, ~ 34 J g), the copolymer with highest content of
e-DL, was the most elastomeric material. However, its performance was heavily
dependent on its crystalline phase. Hence, this material presented an elongation at break
value of only 34 % and its secant modulus decreased approximately a 36 % (from 6.7
MPa at 21 °C to 4.3 MPa) when the mechanical tests were conducted at 37 °C. In the
case of the other copolymers the changes in secant modulus, yield strength and tensile
strength at 300 % were not so relevant and it can be said that their mechanical properties
were stable at 21 °C, the temperature at which these biomaterials will be implanted, and

at 37 °C, body temperature, at which they would be employed.
Thermogravimetric analysis

Figure 11 shows the curves of percent weight loss and first derivative of weight loss
against temperature (TG and DTG curves) belonging to the PPDL homopolymer and
the w-PDL-co-e-DL copolymers. As can be seen, three well-defined peaks can be
distinguished in the DTG curves, which support the blocky structure found for the
copolymers. The first stage of thermal degradation at around 325 °C was attributed to
the decomposition of e-DL-rich sequences. This peak did not appear in the curve of the
PPDL and was more pronounced in the case of PDL-DL 30, the copolymer with the
highest e-DL content. As the ®-PDL content increased, the intensity of this peak
decreased and it eventually vanished in PPDL. Two stages of degradation of w-PDL
were found in the DTG curve of PPDL that also appeared in the poly(w-PDL-co-¢-DL)
curves. The first peak, the more intense, appeared at ~ 400 °C whereas the thermal
degradation of the (assumed) ®-PDL catalyst free chains was delayed to around 440 °C.
This second peak was weaker due to the high residual catalyst content of this kind of
polymers (a low monomer/catalyst molar ratio was used in their synthesis). As a result
of the accelerating effect of the metal compounds on the pyrolysis of the polyesters
[55], the peak of thermal degradation of &-DL (with an identical structure to e-CL but
having a butyl pendant group) shifted to a lower temperature than that of PCL, which
had a degradation peak in the range of 350 to 400 °C [55]. Conversely, the w-PDL
blocks, with a lower proportion of ester groups, were more stable to thermal degradation

than PCL and resisted higher temperatures.
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Figure 11. Thermogravimetric (TG) and differential thermogravimetric (DTG) curves of PPDL and the
®-PDL-co-g-DL copolymers.

4.4. Conclusions

In this work several statistical copolymers based on m-pentadecalactone and e-
decalactone were synthesized with triphenyl bismuth. Due to the low reactivity of the
mix of monomers, long reactions times were necessary to obtain high molecular weights
My > 99 kg mol™) and efficient overall yields (> 74 %). The poly(w-PDL-co-e-DL)s
showed a blocky distribution of sequences (R < 0.49) and were carefully characterized
by NMR, GPC, DSC, WAXS and TGA measurements. In addition, their mechanical

properties were tested at room temperature (21 °C) and at body temperature (37 °C),
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whereas an in vitro degradation study was also carried out at 37 °C for 182 days.
Despite their increased amorphous character (with a crystalline fraction of 13-38 % vs.
54 % for w-pentadecalactone homopolymer), these biomaterials were found to be very
resistant to hydrolytic degradation due to the steric effect of the e-DL units. However,
their (assumed) biocompatibility, upgraded thermal stability, rapid crystallization from
melt, proper processing with thermoplastic techniques of these copolyesters and their
attractive mechanical properties (are stable at 21 °C and at 37 °C in contrast to other
polyesters of high T, (i.e. polylactide) or of low T, (< 65 °C) such as poly(e-
caprolactone), present lower values of secant modulus than poly(e-caprolactone) and,
therefore, a lower stiffness), make them very interesting substitutes for silicone or low

density polyethylene.
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Abstract

The copolymerization of m-pentadecalactone with the little-known o-hexalactone, a
cyclic ester with identical structure to d-valerolactone but possessing a methyl pendant
group, creates a new kind of low glass transition polyester that shows improved
biodegradability in comparison to poly(e-caprolactone) (PCL). The poly(w-PDL-co-3-
HL), with ©-PDL molar contents ranging from 39 to 82 %, were synthesized using
triphenyl bismuth as catalyst and presented a chain microstructure that deviated slightly
from a random distribution (R > 0.74) while WAXS measurements proved that only the
o-PDL blocks were able to crystallize. Therefore, the incorporation of 3-HL decreased
the crystalline fraction of the poly(w-pentadecalactone) to 21-44 % and the Tys of the
copolymers shifted from 104 °C to temperatures between 53 and 88 °C. On the other
hand, the low glass transition temperatures (< -36 °C) of these thermoplastic elastomers
allow a rapid crystallization from melt, which prevents physical aging during their
storage or application. The degradation rates obtained for the poly(w-PDL-co-6-HL),
after carrying out in vitro degradation studies in phosphate buffer solution (at 37 °C for
182 days), ranged from 0.0013 to 0.0019 days”. Thermogravimetric analysis also
demonstrated their great thermal stability, since they were completely degraded at
temperatures close to 500 °C. These w-PDL-co- d-HL copolymers displayed tunable
mechanical properties, adjusted according to their composition, with lower elastic
modulus values than PCL and a mechanical performance that was quite steady at both

room temperature (21 °C) and body temperature (37 °C).
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5.1. Introduction

Nowadays, one of the challenges of polymer chemistry is synthesizing biodegradable
materials with the same properties as petroleum based polymers. Since the 1980s, an
important research work has been focused on aliphatic polyesters while the ring-
opening polymerization (ROP) of lactones and macrolactones [1-10] has been proven as
a useful approach in obtaining copolyesters with tuned topology and microstructure.
However, the polyesters most often employed in medical science either display a glassy
mechanical behaviour with high elastic modulus and rather low elongation at break
values, owing to their high glass transition (T,) and melting temperatures (Ty) (i.e.
polylactide (PLA) or polyglycolide (PGA) [11]), or show an optimal combination of
properties but biodegrade at a very slow rate, as is the case of poly(g-caprolactone)
(PCL) [12-13] and the polyethylene-like polymacrolactones [14-15]. These materials
are, therefore, clearly inappropriate for numerous clinical uses, where highly

elastomeric biodegradable materials are required.

The copolymerization of lactide or glycolide with a complementing monomer that
reduces the crystallinity and the melting point is a good strategy to enhance the
flexibility and ductility of PLA and PGA, as long as the glass transition of these new
materials is kept above room temperature. However, some of the g-caprolactone, d-
valerolactone, e-decalactone, trimethylene carbonate or p-dioxanone [16-33] based
copolymers frequently suffer from supramolecular rearrangements in their chains,
associated with the development of lactide/glycolide crystalline domains, which cause
undesirable changes in their properties during storage or biodegradation. Moreover,
these lactide or glycolide-rich copolymers usually do not exhibit a suitable mechanical
performance at both room temperature (21 °C) and at human body temperature (37 °C)

because their mechanical properties are not stable at temperatures above T,.

On the contrary, linear copolymers with a relatively low concentration of ester groups
show low glass transition (< - 25 °C) and melting temperatures (< 100 °C), thereby

ensuring a very efficient processing with thermoplastic techniques. Likewise, these
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polyesters present high thermal stability and a rapid crystallization from melt, which
prevent physical aging. Another important feature of these low T, copolymers is their
attractive mechanical behaviour, with high elongation at break values and elastic
modulus below 400 MPa. Hence, the synthesis of poly(e-caprolactone)-like biomaterials
with an improved biodegradability is extremely interesting and could meet the
requirements for a large number of potential applications in the biomedical field.
However, it should also be taken into consideration that the Ty, of these polymers should
be above human body temperature in order to guarantee their mechanical performance
during use. In addition, if possible, this T, value should preferably be higher than 60-65
°C, the Ty, of PCL, so as to assure more stable mechanical properties. The mechanical
behaviour of the copolymers with low T, is heavily dependent on the crystalline phase
(on their Tp,, and melting enthalpies), especially at temperatures close to their melting
points. Therefore, with the incorporation of another monomer, the e-caprolactone-rich
copolymers [34-35] present lower Ty, and melting enthalpies and as a result exhibit

lower stress related properties at 37 °C than at 21 °C [34].

w-Pentadecalactone, whose homopolymer is highly crystalline and melts at around 100
°C [36], has been copolymerized with numerous monomers. Thus, several o-PDL-
containing copolyesters including poly(w-pentadecalactone-co-g-caprolactone), poly(w-
pentadecalactone-co-p-dioxanone), poly(w-pentadecalactone-co-6-valerolactone) and
poly(w-pentadecalactone-co-trimethylene carbonate) have been proposed as alternative
bioresorbable materials [37-47]. However, in most of these cases both comonomers
cocrystalize. Only, in the case of poly(m-pentadecalactone-co-e-decalactone) [48-50]
was the crystalline fraction reduced, owing to the racemic stereochemistry of the butyl
side chain of this decalactone. Nevertheless, the latter materials were found to be very
resistant to hydrolytic degradation because of their blocky distribution of sequences and
the steric effect of the e-DL units [50]. Therefore, in the this paper d-hexalactone [51-
54], a six-membered lactone with identical structure to 6-valerolactone but possessing a
methyl pendant group (also known as d-caprolactone and found in heated milk fat), was
employed in place of e-DL with the aim of lowering the steric effect of the e-DL and at

the same time increasing the hydrophilicity of the copolymers.
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The poly(w-pentadecalactone-co-6-hexalactone) of this study were synthesized using
triphenyl bismuth (Ph3;Bi) [55] as catalyst and characterized using proton and carbon
nuclear magnetic resonance spectroscopy (‘H and “C NMR), gel permeation
chromatography (GPC) measurements and thermogravimetric analysis (TGA). Their
crystallization and melting behaviour was studied by means of differential scanning
calorimetry (DSC) and Wide Angle X-ray diffraction (WAXRD). In addition, films of
the ®-PDL -co-6-HL copolymers with @-PDL molar contents ranging from 39 to 82 %
were prepared for mechanical testing at room temperature (21 °C) and at 37 °C, the
working temperatures of these biomaterials. Finally, an in vitro hydrolytic degradation
study was also carried out at 37 °C for a period up to 26 weeks in phosphate buffer
solution (PBS). Thus, the changes in water absorption, weight loss, macroscopic
morphology, crystallinity, phase structure, molecular weight and mechanical properties

of the copolymers were monitored.

5.2. Materials and Methods

Materials

d-hexalactone monomer (assay > 98 %) was provided by Sigma Aldrich (W316709). ©-
pentadecalactone monomer (assay > 98 %) was also supplied by Sigma Aldrich
(W284009). The triphenyl bismuth (Ph;Bi) catalyst was obtained from Gelest.
Phosphate buffer solution (PBS) (pH 7.2) was obtained from Fluka Analytical (Sigma
Aldrich). For proper evaluation of the behaviour of the ®-PDL-co-6-HL copolymers, a
poly(w-pentadecalactone) (PPDL) homopolymer, synthesized in a previous work [50],
was also employed. This material had a M, of 365 kg mol™ with a dispersity of 1.98.

Synthesis procedure

Statistical copolymers from -pentadecalactone and o-hexalactone at different
compositions were synthesized in bulk by one pot-one-step ring-opening
polymerizations (ROP). The synthesis reactions were conducted in a flask immersed in

a controlled temperature oil bath. In each polymerization, predetermined amounts of the
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different comonomers at the chosen mass feed ratio were simultaneously added and
melted into the flask. The flask was purged for 30 minutes with a nitrogen stream under
the surface of the melt. The catalyst (Ph;Bi) was then added (at 100:1
comonomers/catalyst molar ratio) and the magnetic stirrer maintained at 100 rpm. No
initiator compound was added to the reaction mix so the catalyst was activated by the
ROH provided by the monomers (H,O and impurities). The w-pentadecalactone-co-o-
hexalactone polymerizations were carried out at 130 °C over 6 days. Long reaction
times were necessary to obtain substantial yields due to the low reactivity of the mixture
of monomers. Moreover, at lower reaction temperatures or when less PH;Bi was added
the efficiency of the process decreased and products with low molecular mass were

obtained.

Figure 1. Scheme of the units of w-pentadecalactone (above) and 3-hexalactone (below).

After the corresponding period of reaction time the product was dissolved in chloroform
and precipitated, pouring the polymer solution into an excess of methanol in order to
remove the catalyst impurities and those monomers that had not reacted. Finally the
product was dried at room temperature and then subjected to a heat treatment at 140 °C
for 1 hour to ensure the complete elimination of any remaining solvent. The polymer
sample then weighed, obtaining the yield of the synthesis process which is shown in

Table 1.
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Methods

Proton and carbon nuclear magnetic resonance ('H and *C NMR) spectra were
recorded in a Bruker Avance DPX 300 at 300.16 MHz and at 75.5 MHz of resonance
frequency respectively, using 5 mm O.D. sample tubes. All spectra were obtained at
room temperature from solutions of 0.7 mL of deuterated chloroform (CDCIs).
Experimental conditions were as follows: a) for '"H NMR: 10 mg of sample; 3 s
acquisition time; 1 s delay time; 8.5 s pulse; spectral width 5000 Hz and 32 scans; b)
for *C NMR: 40 mg, inverse gated decoupled sequence; 3 s acquisition time; 4 s delay
time; 5.5 Us pulse; spectral width 18800 Hz and more than 10000 scans. The assignment
of the different signals was made employing the tables of structural determination
devised by Prestch et al. [56]. The copolymer composition data, average sequence
lengths and randomness character in Table 1 were calculated by averaging the values of
molar contents and the PDL-HL dyad relative molar fractions that were obtained by
means of 'H and *C NMR spectroscopy. Equations 1-3 [57] were employed to obtain
the number-average sequence lengths (/;), the Bernoullian random number-average

sequence lengths (/;) and the randomness character (R):

(PDL - PDL)+%(PDL -HL)

_ 2(PDL)
foow = 1 " (PDL - HL
~ (PDL - HL) (PDL -HL)
2 (1)
1
. (HL -HL)+5(PDL -HL) _ (L)
. 1 ppL - 1L (PDL -HL)
2
1 1
I = . ( S 2
( HL)mndﬂm (PDL) ( PDL)random (HL) ( )
R - (IHL)random - (ZPDL )random (3)
ZHL ZPDL

where (HL) and (PDL) are the d-hexalactone and w-pentadecalactone molar fractions and (PDL-HL) is
the PDL-HL average dyad relative molar fraction.
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200-300 um films were prepared by pressure melting at 200 °C followed by water
quenching. These were then stored for 24 hours in a fridge (at 0-5 °C), the typical
storage temperature for biopolymers. From these films repetitive square samples for the
in vitro degradation study (Ix1 cm?®) and repetitive samples for mechanical
characterization (10x1 cm?) were obtained. The specimens for mechanical testing at 37
°C were stored for another 24 hours at 37 °C before tests were conducted at this
temperature. In addition, DSC scans were made at 20 °C min™ for each polymer sample

before mechanical testing, in order to monitor the thermal properties of the specimens.

The mechanical properties were determined by tensile tests with an Instron 5565 testing
machine at a crosshead displacement rate of 10 mm min™'. These tests were performed
at room temperature (21 + 2 °C) and at human body temperature (37 °C) following ISO
527-3/1995. The specimens had the following dimensions: overall length = 100 mm,
distance between marks = 50 mm, width = 10 mm; and were cut from 200-300 pm thick
films. The mechanical properties reported (secant modulus at 2 %, yield strength,
ultimate tensile strength and elongation at break) correspond to average values of at
least 5 determinations. Mechanical testing at 37 °C was conducted in an Instron
controlled temperature chamber. The tests were stopped at 300 % of strain due to the

size limitations of the temperature chamber.

For the in vitro degradation study, square samples (25-35 mg (W) (n = 3)) of the
different copolymers were placed in Falcon tubes containing phosphate buffer solution
(PBS) (pH = 7.2) maintaining a surface area to volume ratio equal to 0.1 cm™. The
samples were stored in an oven at 37 °C. Three samples of each polymer were removed
at different times from the PBS and weighed wet (W) immediately after wiping the
surface with filter paper to absorb the surface water. These samples were air-dried
overnight at 37 °C. Then they were weighed again to obtain the dry weight (W,4). Water
absorption (% WA) and remaining weight (% RW) were calculated according to Egs.
(4) and (5). At the end of the degradation study (182 days) the mechanical properties of

the poly(w-pentadecalactone-co-6-hexalactone) were also measured at 37 °C.

.100 4)
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%RW = Wy .100

Vo )

In order to compare the degradation rate of the studied copolymers, the exponential
relationship between molecular weight and degradation time for biodegradable

polyesters degrading under bulk degradation was used [58-59]:
In MW =In MW() — KMW't (6)
tip=1/Kuw *1In 2 (7)

where M, is the weight-averaged molecular weight, My, is the initial weight-averaged molecular weight,
Ky 18 the apparent degradation rate and t,,, is the half degradation time (the amount of time required to

fall to half the initial value of molecular weight).

The molecular weights of the polymers were determined by GPC using a Waters 1515
GPC device equipped with two Styragel columns (10*- 10* A). Chloroform was used as
eluent at a flow rate of 1 mL min™' and polystyrene standards (Shodex Standards, SM-
105) were used to obtain a primary calibration curve. The samples were prepared at a
concentration of 10 mg in 1.5 mL. The reported values are likely to be higher than the
actual molecular weights owing to the differences in hydrodynamic volume of the

copolymers and polystyrene.

The thermal properties of the polymers were studied on a DSC 2920 (TA Instruments).
Samples of 6-9 mg were melted at 140 °C and then quenched to 5 °C at different cooling
rates (5, 10 and 20 °C min™) to study the crystallization process during the cooling.
Finally, a scan was also made at 20 °C min™ from -85 to 140 °C to determine the glass
transition temperature (T,), the melting temperature (T,,) and the heat of fusion or
melting enthalpy per gram (AH,,) of the samples. During the in vitro degradation study,
the DSC samples were heated from 21 °C to 140 °C at 20 °C min™', immediately after
the drying at 37 °C of the polymer samples removed from the degradation medium.
After this first scan, the samples were quenched in the DSC and a second scan was

made from -85 °C to 140 °C at 20 °C min™".
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Wide angle X-ray diffraction (WAXRD) data were collected on a Bruker D8 Advance
diffractometer operating at 30 kV and 20 mA. This device is equipped with a Cu tube (A
= 1.5418 A), a Vantec-1 PSD detector and an Anton Parr HTK2000 high-temperature
furnace. The powder patterns were recorded in 20 steps of 0.033° in the 10 <20 < 38
range, counting for 0.2 s per step, from 30 to 120 °C every 2 °C using a heating rate of
0.16 °C s'. The degree of crystallinity (X.) was determined as the ratio of the
crystalline peak areas to the total area under the scattering curve, while the average
crystal size was obtained employing the Scherrer equation [60] with a shape factor
“k”of 0.90. The latter data were calculated from the two most intense peaks in the
diffraction pattern: at 20 = 21.7° and at 26 = 24.1°. On the other hand, the melting
temperatures (T,s) estimated are the temperatures until the crystalline phase became

stable.

Thermal degradation was studied under nitrogen by means of thermogravimetric
analysis (TGA) into a TGA model Q50-0545 (TA Instruments). Samples of 10-15 mg
were heated from room temperature to 500 °C at a heating rate () of 5 °C min™, with
the heat flow, sample temperature, residual sample weight and its time derivative being

continuously recorded. In this temperature range, the polymers degraded completely.

5.3. Results and Discussion

Synthesis characterization

Table 1 summarizes the characterization data of several poly(w-PDL-co- 6-HL) with
different composition synthesized at 130 °C for 6 days with a monomers/catalyst molar
ratio (M/C) of 100. As can be observed, the molecular weights of the copolymers
increase proportionally with the @-PDL content, ranging from 62 to 249 kg mol™, while
their dispersity values (D) are in the range of 1.77 to 2.03. The ®-PDL molar content in
this set of copolymers ranges from ~ 39 % (PDL-HL 39) to 82 % (PDL-HL 82) with
average sequence lengths of @-PDL (/ppr) from 2.22 to 6.67. The consequence of the

different reactivity of the comonomers is that the synthesis reactions led to gradient

337



Section 2. Copolymers of low glass transition temperature Chapter 5

copolymers with a slightly random distribution of sequences (R — 1).The randomness
character (R) value is, in all cases, higher than 0.74 while the copolymers richer in ®-

PDL showed a more random distribution of sequences (R > 0.82).

Table 1. Characterization data of the ®w-PDL-co-6-HL copolymers of different compositions synthesized

at 130 °C with a monomers/catalyst molar ratio of 100.

Feed Mf)l.ar Composition' Yield Conversion M, D Microst.ructurzal
Sample Composition (% molar) (%) Magnitudes
%PDL %HL %PDL %HL (%) PDL | HL kg mol™ lepr. [ R
PDL-HL 82 72.9 27.1 82.4 17.6 74.9 80.0 | 46.0 249.2 2.03 | 6.67 1.42 0.85
PDL-HL 76 65.5 345 75.8 24.2 65.4 71.0 | 43.0 180.1 191 | 4091 1.57 0.84
PDL-HL 72 58.8 41.2 71.6 28.4 76.0 853 | 482 156.7 1.82 | 430 1.71 0.82
PDL-HL 63 50.2 49.8 62.6 37.4 67.4 772 | 465 103.9 1.79 | 3.58 2.14 0.75
PDL-HL 42 36.7 63.3 422 57.8 57.0 62.8 : 49.9 83.5 1.77 | 236 3.22 0.74
PDL-HL 39 28.0 72.0 38.7 61.3 48.9 62.0 | 382 62.0 1.81 222 3.51 0.74

! Calculated averaging the copolymer molar compositions obtained by 'H and *C NMR
2 Ipprand Iy are the PDL and HL number average sequence lengths of the ®-PDL-co-6-HL copolymers obtained from the
average dyad relative molar fraction (PDL-HL) in *C NMR. These values are compared to the Bernoullian random

number-average sequence lengths obtaining the randomness character value (R) of the different copolymers.

As can be seen in Table 1, the conversion of @-PDL was higher than that of 3-HL in all
polymerizations. Therefore, higher yield of reactions and molecular weights were
obtained when the feed was richer in ®-PDL. For example, PDL-HL 39, the copolymer
with the lowest content of ®w-PDL, only 38 % of 6-HL became a part of the copolymer
after the synthesis reaction and the molar content of this unit failed to reach to 61 %
(when the feed composition had a 72 % molar content of this monomer). The initiating
species formed by means of the activation of the catalyst with ROH (H,O or impurities
provided by the monomers or the catalyst) may prefer the incorporation of w-PDL
rather than 0-HL units. Thus, the consumption of ®-PDL was faster than that of 6-HL
owing to the low reactivity of the latter. This is different from what was observed in the
study of the w-pentadecalactone-co-e-decalactone copolymers. In accordance with our
own results [50] and the reports of Jasinska-Walc and Duchateau [48-49], the reactivity
of e-DL was higher than that of ®-PDL leading to a blockier distribution of sequences

(R <0.49). Thermodynamic polymerizability has been shown to increase along with the
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ring size in the cyclic small-medium lactones [61]. So, it may be possible that the
smaller ring strain of o-HL (six-membered ring) when compared to &-DL (seven-
membered ring) explains the contrasting reactivity of these two lactones in presence of

o-PDL, whose polymerization route is, in contrast, mainly entropycally driven [62].

NMR Characterization

Figures 2 and 3 present the 'H and >C NMR spectra of the w-pentadecalactone-co-8-

hexalactone copolymer with 63 % of w-PDL (PDL-HL 63).

In the '"H NMR spectrum, the calculus of the molar composition was made based on the
signals of the w-PDL methylene bonded to the ester group, which appears centered at
4.09 ppm, with regard to the 6-HL methine at around 4.95 ppm. The rest of the peaks

(see scheme in Figure 1) are assigned to the other hydrogens of the copolymer in Table

2, although some signals appear overlapped.

T T T T
3.0 2.8 2.6 2.4 2.2 2.0

T T T
40 3.8 36 34 3.2
& (ppm)

T T T T
5.2 5.0 4.8 4.6 4.4 4.2

Figure 2. '"H NMR spectrum of PDL-HL 63.
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Table 2. Assignment of the different signals to the hydrogens of the @-PDL-co-3-HL.

H H
Number of C | o-PDL o-HL
6 (ppm) | & (ppm)
1 4.09 4.95
2 1.65 1.65
3 129
4 232
5
6 122
7
129
8
9
10
11
12
13 1.65
14 232
15 -
|
‘|
- |
I,'IIII|I IIIIII I‘IIJI ||II
M
I P
| L M}h 1l
B |vw MH_JJL il e J|I_.| 11 /N LILJJ,UUI.JILJL»J, )|| .
1 I?S 1.;‘0 ?IO 6‘5 5 [Dﬁpon‘\] 35 30 2‘5 20

Figure 3. °C NMR spectrum of PDL-HL 63. The region enlarged shows the signals of the w-PDL

methylene bonded to the ester group (carbon 1) and the 3-HL methine (carbon 1°), respectively.
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Table 3. Assignment of the different signals to the carbons of the @-PDL-co-3-HL.

C C
Number of C o-PDL o-HL
6 (ppm) 6 (ppm)

64.34 PDL-PDL 70.07 HL-PDL
64.50 PDL-HL 70.31 HL-HL

2 28.6-29.6 35.19
25.90 20.79
4 33.90-34.62
172.82 HL-HL
: 172.85 HL-PDL
6 19.86
7
28.6-29.6
8
9
10
11
12
13 24.98
14 34.36

173.32_PDL-HL
173.36 PDL-HL
173.42 PDL-HL
173.93 PDL-PDL

Figure 3 shows the *C NMR spectrum of the w-PDL-co- 8-HL copolymer. The
different signals appearing between 19 and 175 ppm of chemical shift (3) are assigned
in Table 3 to the different carbons numbered in Figure 1. Hence, the molar composition
of these copolymers can be easily determined by comparing the areas under the peaks
due to the ©-PDL and 8-HL carbons. On the other hand, the signals of the *C NMR
spectrum at 172.8 and at 173.5 ppm, which belong to the carbonyl carbons of the 6-
hexalactone and w-pentadecalactone units respectively, show sequence sensitivity. The
peak at 172.83 split into two shoulders that can be assigned to the HL-HL and HL-PDL
dyads (underlining is used to emphasize that the analysed nuclei belong to that unit).
Furthermore, the PDL-PDL dyad appears at 173.93 ppm whereas the signals found at
173.36 ppm are related to the PDL-HL dyad. However, the carbonyl peaks were not

well-resolved and it is a better idea to calculate the dyad relative molar fractions from
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another region, in which the four PDL-HL dyads are clearly distinguishable. The signals
from the region enlarged in Figure 3 and centered at 64.40 and 70.25 ppm, can be
assigned to the w-PDL methylene bonded to the ester group (carbon 1) and the d-HL
methine (carbon 17), respectively. The HL-HL and HL-PDL dyads, along with the PDL-
HL and PDL-PDL dyads, appear from left to right at 70.31 and 70.07 ppm, and at the
peak at 64.40 ppm, at around 64.50 and 64.34 ppm.

Thermal properties

In this section the crystallization and melting behaviour of the copolymers in Table 1
were studied. First of all, several cooling treatments at different rates (5, 10 and 20 °C
min") were conducted in the DSC. The crystallization temperatures (T.) and the

enthalpy of crystallization (AH.) of each material are shown in Table 4.

Table 4. Crystallization enthalpies and temperatures obtained for the w-PDL-co-HL copolymers at

cooling rates in the 5 - 20 °C min™' range.

Sample 5°C min™ 10 °C min™! 20 °C min™
AHJg") | T (C) | AHJ g") | T.(°C) | AHU g") | T (°C)

PPDL 129.2 76.0 127.5 722 123.8 63.2
PDL-HL 82 100.3 64.6 95.5 61.1 86.3 55.7
PDL-HL 76 87.0 62.7 85.5 58.8 76.9 52.7
PDL-HL 72 81.0 56.4 77.9 53.6 71.4 49.1
PDL-HL 63 67.3 527 66.4 49.6 64.8 45.0
PDL-HL 42 55.0 47.0 53.6 43.3 51.1 38.3
PDL-HL 39 39.5 34.7 38.4 31.3 35.8 28.3

As can be seen in Table 4, the differences between the respective AH. from the same
polymer were small (particularly for those with higher contents of 6-HL), although it
was noted that at the slowest cooling rate, the AH, was slightly larger than those
corresponding to the other cooling treatments. Therefore, it can be stated that the ®-
PDL chains crystallized from the melt very fast and the AH, of the PPDL homopolymer
and their copolymers were almost independent of the cooling rate. Likewise, the

crystallization peaks of each polymer appeared at a higher temperature as the cooling
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rate decreased. This is due to the fact that at lower cooling rates the crystal nuclei have

more time to develop.
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Figure 4. DSC heating curves at 20 °C min" from -85 to 140 °C of the different ®-PDL-co-3-HL

copolymers.

Table 5. Calorimetric and X-ray Diffraction data of the w-PDL-co-3-HL copolymers.

To' | Xe | ¢s | AHn | Ta? T, AC,
Sample Ippr,
°C | (%) | nm | Jg?! °C °c | Jg'c!
PPDL - 1040 | 53.8 | 27 | 136.1 | 1043 | -35.6 0.16

PDL-HL 82 | 6.67 | 78.0 | 41.1 | 24 | 107.1 | 87.5 | -38.6 0.19

PDL-HL 76 | 491 | 76.0 | 44.1 | 19 | 101.2 | 85.0 | -374 0.21

PDL-HL 72 | 430 | 70.0 | 384 | 17 | 94.8 76.3 | -40.2 0.27

PDL-HL 63 | 3.58 | 65.0 | 35.7 | 17 84.5 74.1 | 425 0.28

PDL-HL 42 | 236 | 59.0 | 27.6 | 12 | 68.9 632 | 418 0.45

PDL-HL 39 | 2.22 | 50.0 | 21.1 | 17 | 51.2 53.1 | 425 0.48

! Obtained by WAXS. This is the crystalline phase-stable temperature..
? Obtained from a DSC at 20 °C min™' from -85 to 140 °C.
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The DSC heating curves obtained after the cooling treatments were virtually identical
for each polymer, all of them having practically the same melting temperatures and
enthalpies (T, and AH,,) after the cooling process. Figure 4 shows the DSC curves of
scans made from -85 to 140 °C at 20 °C min" while the data obtained from them (the
glass transition temperature (T,) with its associated heat capacity (AC,) and the melting
enthalpies and temperatures) are summarized in Table 5 along with the Ty, the crystal
fraction (y.) and the average crystal size (c.s.) from Wide Angle X-ray Scatttering
(WAXS).

As can be noted, the PPDL homopolymer and the w-PDL rich copolymers showed
broader melting peaks and higher crystallization capability in comparison to other
copolymers such as PDL-HL 39, the poly(w-PDL-co-6-HL) that presented the lowest
melting peak. The associated AH,,s values of these d-HL copolymers, with w-PDL
contents from 39 to 82 % and average sequence lengths of ®-PDL in the range of 2.22 -
6.67, were slightly larger than those of the crystallization peaks (from Table 4) and were
between ~ 51 to 107 J ¢! Their calculated crystalline fraction ranged from 21.1 to 44.1
%, values lower than those of PPDL (with a y. of 53.8 %, a AHy, of 136.1 J g and a Ty,
at 104 °C). On the other hand, the melting temperature values obtained by WAXS for
the poly (w-PDL-co-6-HL) (from 50 to 78 °C) were consistent with their corresponding
Tms obtained by DSC (from 53 to 88 °C), although they are somewhat lower. With
regard to their glass transition behaviour, the T,s shifted to lower values when the 3-HL
content was raised and were more easily distinguished (with higher AC, values) as the
amorphous phase increased. The measured values were between -37 and -43 °C,

temperatures higher than those of the m-pentadecalactone-co-g-decalactone copolymers.

To provide another framework for comparison, some of the melting results were
contrasted with those obtained for the o-pentadecalactone-co-e-decalactone
copolymers, in which &-DL, with an identical structure to e-caprolactone but with a
butyl pendant group, also lowered the crystallization capability of ®w-PDL. Figure 5
shows the melting enthalpies and temperatures of the copolymers in this work (in bold
squares) along with those of the poly(w-PDL-co-¢-DL) [50]. As can be seen the AH,,

values and the crystallinity degree (not shown) of both kinds of copolymers are related
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to the ®-PDL content. This is quite unexpected because the poly(w-PDL-co-e-DL) have
a blockier character (0.38 < R < 0.49), and consequently should exhibit an increased
crystalline fraction with the same composition. Nevertheless, the Ty,s of the 6-HL based
copolymers were certainly lower than those measured for the ®-PDL-co-¢-DL
copolymers. This makes more sense, because it has been reported that random
copolymers possess lower Tys than the blocky copolymers [21]. One possible
explanation for this fact may be that the butyl pendant chain of the &-DL, could, to a
certain extent, hinder the crystallization of ®-PDL. During the crystallization, few
crystal nuclei would be formed facilitating the growth of the crystals. Thus, the ®-PDL
crystals of the poly(w-PDL-co-¢-DL) would be more stable, more perfect and
consequently melt at higher temperatures. Indeed, the average crystal size
measurements, determined by WAXS, support this theory. While the crystal size of the
poly(w-PDL-co-6-HL) ranged from 12 to 19 nm (with the exception of PDL-HL 82), it
was in the 20 to 23 nm range for the e-DL based copolymers, so it can be stated that the

latter are bigger.
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Figure 5. Melting enthalpies and temperatures of poly(w-pentadecalactone-co-3-hexalactone) and

poly(w-pentadecalactone-co-g-decalactone) with different chain microstructures at different compositions.
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Figure 6 shows the diffraction profiles of some poly(w-PDL-co-6-HL) together with the
diffractogram of the reference homopolymer (PPDL). As can be seen, at higher contents
of 6-HL in the copolymers the reflection intensity decreases. However, the poly(w-PDL-
co-0-HL) presented exactly the same signals as PPDL at 26 of 21.7, 24.1, 30.1 and
36.3° (the peak at 27.3° may be due to the bismuth compounds because it also appeared
at high temperatures when the polymers were fully amorphous). Hence, it was
demonstrated that the w-PDL-co-0-HL copolymers and the PPDL present the same

crystal structure, confirming the fact that only the @-PDL units were able to crystallize.

Nm PDL-HL 39

PDL-HL 63

Intensity (arb.units)

PDL-HL 82

‘*_,,JLL PPOL

10 15 20 25 30 35

Figure 6. WAXS profiles of PPDL and the ®-PDL-co-3-HL copolymers in the 10 < 20 < 38 range.
Thermogravimetric analysis

Figure 7 shows the curves of percent weight loss and first derivative of weight loss
against temperature (TG and DTG curves) belonging to the PPDL homopolymer and
the ®w-PDL-co-6-HL copolymers. As can be seen, four well-defined peaks (especially
true in the case of PDL-HL 39) can be distinguished in the DTG curves, which were
generated because of the high residual catalyst content of these polymers (a
monomer/catalyst molar ratio of 100 was used in their synthesis). With increased metal

catalyst content there are more units bonded to the metal atoms so metal-accelerated
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depolymerization is a more significant phenomenon in the pyrolysis of the polyesters
[63]. As a result of this effect, the peaks of thermal degradation of 6-HL and w-PDL
split into two stages: the decomposition of the bismuth accelerated sequences and the

degradation of the catalyst free chains.
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Figure 7. Thermogravimetric (TG) and differential thermogravimetric (DTG) curves of PPDL and the -
PDL-co-6-HL copolymers.

The first two peaks of thermal degradation at around 275 °C and 350 °C were attributed
to the decomposition of 6-HL-rich sequences. These two peaks did not appear in the
curve of the PPDL and were more pronounced in the case of PDL-HL 39, the
copolymer with the highest 3-HL content. As the ®-PDL content rose, the intensity of

these peaks decreased and they eventually vanished in PPDL. Conversely, two stages of
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degradation of ®-PDL were also found in the DTG curve of PPDL that also appeared in
the poly(w-PDL-co-0-HL) curves. The first peak, the more intense, appeared at ~ 400 °C
whereas the thermal degradation of the w-PDL sequences that are less exposed to the
residual metal was delayed to around 440 °C. These two peaks of degradation of the -
PDL blocks were more stable under thermal degradation than PCL (which degrades in
the range of 350 to 400 °C), owing to the lower proportion of ester groups in the

macrolactone.

On the other hand, it is also worth mentioning that these kind of copolymers show a
more random distribution of sequences than the poly(w-pentadecalactone-g-decalactone)
studied previously by our group (0.38 < R < 0.49) [50]. This is reflected in the DTG
curves of the ®-PDL-co-6-HL copolymers with a higher content of ®-PDL (from 72 to
82 %). Due to their random tendency (0.82 < R < 0.85) the peaks assigned to the
thermal degradation of d-HL blocks were difficult to distinguish and appear almost
overlapped with the peak at 400 °C.

Hydrolytic degradation study

Table 6. Melting enthalpies and temperatures of all the polymer films at the start and at the end of the
degradation study.

On day 98 of On day 182 of
21°C 37°C
degradation at 37 °C | degradation at 37 °C
Sample
AH@g") | Tw(°C) [ AHU gh) | Ta(*C) | AHUJ g") | Tu(’C) | AHJ ") | Tu(°C)
PPDL 133.3 102.2 133.8 102.8 149.2 102.9 147.4 106.1
PDL-HL 82 106.8 91.0 111.1 88.9 118.4 88.1 115.5 90.2
PDL-HL 76 102.1 88.2 105.9 84.9 109.6 87.5 111.9 87.9
PDL-HL 72 95.2 79.6 96.5 79.8 103.7 79.8 101.2 84.4
PDL-HL 63 77.1 74.4 80.7 76.2 84.3 79.1 90.4 80.2
PDL-HL 42 58.4 69.2 60.6 65.3 66.6 63.4 65.2 72.3
PDL-HL 39 48.3 55.4 44.0 59.0 49.7 58.7 52.7 61.4

DSC scans were made from 21 to 140 °C: at room temperature (before submerging the

samples in PBS), after storage for 24 hours at 37 °C and at different degradation times
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(after drying). The data relating to melting enthalpies and temperatures at the start, on
day 98 and at the end of the study for all the polymer films are gathered in Table 6.
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Figure 8. Evolution of the remaining weight and the water absorption of the poly(w-pentadecalactone-co-

d-hexalactone).

The thermal properties of the poly(w-PDL-co-6-HL) films at 21 °C and at 37 °C can be
considered as very similar (the small differences may be due to the precision of the
measurements). However, it can be observed that on days 98 and 182 of degradation,
the samples were slightly more crystalline with higher AH,, values. Moreover, the Tp,
values shifted to higher temperatures (2—7 °C higher), a tendency that is observed for

all the materials owing to rearrangements of the crystalline phase. This is particularly
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true in the case of the copolymers with lower contents of ®-PDL. However, as a
consequence of the highly crystalline domains of all the polymers (> 44 J g'), water
absorption was negligible and did not exceed a value of 2.5 % in any case.
Consequently, the polymers did not lose mass and the weight of the samples remained

almost constant during the entire study (see Figure 8).

Figure 9 shows the progress of In M, against degradation time of the PPDL
homopolymer and the o-HL copolymers. As the degradation evolves, the weight
average molecular weight (M,,) of the samples decreased while the dispersity rose,
indicating a broader distribution of polymer chain length. As can be seen, the ®-PDL-
co-0-HL copolymers curves displayed similar slight drops, while the M, of PPDL

homopolymer remained practically constant during the 182 days.
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Figure 9. In M,, against degradation time of PPDL and its -HL copolymers.

Table 7 presents the degradation rate values (Kyyw) and half degradation times (t;.)
calculated from the slope of the fitting curve. The My, experimental data adapts to the
fitting curve (R* > 0.98) very well over the 182 days and the Ky estimated for the
copolymers were in the 0.0013-0.0019 days™ range with corresponding t» of 365 to
533 days. All the values of degradation rate were above the obtained for PCL (0.0010
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days™) in a previous study by this group [34] and also higher than those of the poly(e-
PDL-co-¢-DL) [50], which are almost non-biodegradable polymers.

Table 7. Ky, calculated on the final day of the study (day 182), and t;,, of the poly(w-PDL-co-6-HL).

Half-molecular weight

Sample K iy (days ™) degradation time

tip

PPDL <0.0002 > 9.5 years
PDL-HL 82 0.0017 408 days
PDL-HL 76 0.0014 495 days
PDL-HL 72 0.0013 533 days
PDL-HL 63 0.0013 533 days
PDL-HL 42 0.0015 462 days
PDL-HL 39 0.0019 365 days

With the incorporation of 6-HL units, the crystal structure of w-PDL (54 % crystalline
fraction) was disrupted and the copolymers became significantly more amorphous (21-
44 % crystalline fraction). Likewise, the proportion of ester bonds increased, which
should help to promote the hydrolysis process. However, despite the fact that PDL-HL
39 (the copolymer with the highest 6-HL content) which showed the highest
degradation rate (0.0019 days'l), the differences between the respective Ky, of the
poly(w-PDL-co-6-HL) were small. This may be due to the more random chain
microstructure of the copolymers of increased w-PDL content. On the other hand, it is
important to mention that no morphological changes were appreciated on the PPDL and
poly(w-PDL-co-6-HL) samples, and the My, of PDL-HL 82, PDL-HL 76, PDL-HL 72,
PDL-HL 63, PDL-HL 42 and PDL-HL 39 decreased slightly to final values of 193, 145,
124, 82, 65 and 43 kg mol ™. In the latter case, the film of this material became brittle
after day 126 but it was studied on day 182 by polarized light optical microscopy and no

sign of deterioration was found with respect to the initial sample.
Mechanical properties

Table 8 summarizes the mechanical testing results at 21° and at 37 °C (at the start and
on day 182 of degradation) for the poly(w-PDL-co-6-HL) films, whose DSC data,

before performing the mechanical tests, are already shown in Table 6.
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Table 8. Mechanical properties of the PPDL and the o-PDL-co-8-HL copolymers.

Yield Strength
Secant (Yield Point) Tensile Ultimate Elongation Strain
Modulus at or Offset Yield Strengthsat Tensile ) at break Recovery .
. 2% 300 % Strength after break
Sample Testing Strength at
P Temperature' 10 %2
(MPa) (MPa) (MPa) (MPa) (%) (%)
o 79+0.4
21°C 179.0+13.5 (182 %) 8.8+0.2 202422 1145+ 100 433+6.0
6.9+0.2
PDL-HL 82 o - -
37°C 1543 +2.8 (28.4 %) 7.6+0.1 > 300
On day 182 75+0.5
37Zc 1853+9.2 6o 74+06 - > 300 -
(37°0) ( )
o 7.0+0.5
21°C 155.8+6.3 (18.6 %) 73+0.2 126+1.3 961 + 80 37.7+4.7
o 54402
PDL-HL 76 37°C 1183+44 221 % 62+03 - > 300 -
( )
On day 182 6.4+0.2
37Zc 1613+ 1.6 1o 6.8+02 . > 300 -
(37°0) ( )
o 63+04
21°C 115.8+2.3 36.8 % 72402 99+1.1 765 + 87 41.1+2.7
( )
o 51+0.2
PDL-HL 72 37°C 81.2+3.1 (46.5 %) 5.6+0.1 - > 300 -
On day 182 54+04
37Zc 1112+4.1 5570 - 48+04 102+ 13 -
(37°0) ( )
o 4.7+0.2
21°C 829+14 38.9 % - 44+03 82+10 80.0+5.9
( )
PDL-HL 63 37°C 589+1.3 3.1+0.1 - 33+0.1 25+7 -
On day 182
+ - - + -
(37°C) 80.0+4.8 3.7+0.2 13+2
21°C 50.9+4.7 3.1+0.1 - 4.0+0.1 64+8 922+1.9
PDL-HL 42 37°C 347+£23 21+0.1 - 24402 25+5 -
On day 182
(37°C) 38425 - - 1.9+0.1 83+0.7 -
21°C 257+1.1 1.8+0.1 - 20+0.2 28+6 95.1+1.3
PDL-HL 39 37°C 15.8+0.3 - - 0.81+0.06 87+0.5 -
On day 182
+ - - + -
(37°C) 144+19 0.31+0.08 23403

' At 37 °C, the tests were stopped at 300 % of strain due to the size limitations of the temperature chamber.
% Offset Yield Strength at 10 % was calculated for PDL-HL 42 and PDL-HL 39.

3Some specimens broke before 300 % of strain.
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4 The tensile strength was determined as ultimate stress value (c,).

5 Measured 24 hours after break.
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Figure 10. Tensile stress-strain curves of PPDL and the ©w-PDL-co-3-HL copolymers at 21 °C.

As can be seen in Figure 10, which displays typical stress-strain curves of the polymers
studied, the ®-PDL-co-3-HL copolymers showed a marked improvement in flexibility
(with lower secant modulus and increased strain recovery rates) compared to PPDL and
poly(e-Caprolactone) homopolymers (secant modulus from 300 to 400 MPa, ultimate
tensile strength of 28-32 MPa and deformation at break values > 750 %) [34,50].
Nevertheless, the tensile samples of the copolymers having a ®-PDL content below 63
% (with a crystalline fraction under 36 % and T,s < 74 °C) broke early at strains lower
than 100 % and their performance was greatly influenced by their crystalline phase.
Owing to their rather random distribution of sequences (0.74 < R < 0.85), the -PDL
average sequence lengths of PDL-HL 63, PDL HL 42 and PDL-HL 39 were only in the
range of 2.22-3.58 and that was not enough to induce a process of crystallization by

orientation during the tensile test, that could increase the ductility. Conversely, in the
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case of the poly(w-PDL-co-e-DL) with ®-PDL content of 59 and 46 %, the alignment of
the polymer chains allowed elongation at breaks of 968 and 193 % to be reached,
respectively. These two copolymers, with a more perfect crystalline structure (with
higher average crystal sizes and Ty,s), were blockier (R ~ 0.38) and had larger ®-PDL-

blocks, Ippr of 6.26 and 4.88, in their chain microstructure [50].

Despite the low strain at break of the three poly(w-PDL-co-6-HL) mentioned above,
which is even more remarkable at 37 °C, they all presented strain recoveries higher than
80 % with secant modulus values between 25.7 and 82.9 MPa and final strength values
in the range of 2.0 and 4.4 MPa. On the contrary, the rest of the copolymers with -
PDL contents over 72 % exhibited lower strain recoveries but elongation at break values
well-above 765 %. The secant modulus values obtained for PDL-HL 82 and PDL-HL
72 were 179 and 115.8 MPa and presented yield strengths of 7.9 and 6.3 MPa and
tensile strengths at break of 20.2 and 9.9 MPa.

PDL-HL 82 —— PDL-HL 76
—— PDL-HL 72 -PDL-HL 63
—— PDL-HL 42 PDL-HL 39
04 T T T T T T T T T T T
0 25 50 75 100 125 1560

Strain (%)

Figure 11. Tensile stress-strain curves up to 150 % of strain of PPDL and the ®w-PDL-co-3-HL

copolymers at 37 °C. The curves of the non-degraded samples are in bold type.
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Figure 11 show the tensile stress-strain curves up to 150 % of strain of the tensile tests
conducted at 37 °C with non-degraded (curves in bold type) and degraded specimens.
As a result of the crystallization during the hydrolytic degradation process, the stress
related properties were found slightly higher than at the start of the study. As can be
noted, the elastic modulus of the samples submerged for 182 days in PBS (see also
Table 8) increased with respect to that of the non-degraded films, reaching secant
modulus values similar to those obtained at 21 °C. In addition, the stress also took
greater values at the same strain and the yield points were narrower (with higher yield
strengths), and shifted to lower values. However, owing to the changes in molecular
weight and the mechanical deterioration experienced in an aqueous medium, the
poly(w-PDL-co-6-HL) with ®-PDL contents lower than 76 % lost their deformation
capability. For example, PDL-HL 72 exhibited elongation at break values above 300 %
but at the end of the degradation study broke at only 102 %.

With the exception of PDL-HL 39, the w-PDL-co-6-HL copolymers displayed good
mechanical stability between 21 and 37 °C, although the poly(w-PDL-co-e-DL) (with
higher /ppp and melting temperatures) showed steadier mechanical properties [50].
Thus, at 37 °C the loss in secant modulus and strength of PDL-HL 82 was about 14 %
compared to its performance at room temperature, when the PCL homopolymer suffered
a drop of around 12 %. These changes were even more relevant (> 27 %) on the PCL

copolymers studied previously by this group [34].

5.4. Conclusions

In this work several statistical copolymers based on m-pentadecalactone and 6-
hexalactone were synthesized with triphenyl bismuth as catalyst. The poly(w-PDL-co-3-
HL)s showed a slightly deviated from random distribution of sequences (0.74 < R <
0.85) and were carefully characterized by NMR, GPC, DSC, WAXS and TGA
measurements. In addition, their mechanical properties were tested at room temperature
(21 °C) and at body temperature (37 °C), whereas an in vitro degradation study was also

carried out at 37 °C for 182 days in phosphate buffer solution. Owing to their lower
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stiffness and upgraded biodegradability in comparison to poly(e-caprolactone) there are
high hopes for these new thermoplastic elastomers, which also present high thermal
stability and rapid crystallization from melt. However, significant improvements are
necessary in the methodology of synthesis in order to shorten the reaction times and

make the process better adapted to industry.
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Abstract

In this work novel copolymers based on ethylene brassylate (EB) and d-hexalactone (8-
HL), two monomers obtained from renewable sources, were synthesized with triphenyl
bismuth (Ph3;Bi) by ring-opening polymerization and then thoroughly characterized. The
poly(EB-co-3-HL), with EB molar contents ranging from 49 to 90 %, presented a
slightly deviated from random distribution of sequences (R > 0.71) while WAXS
measurements proved that only the EB blocks were able to crystallize (with crystallinity
degrees of ~ 23-39 %). The low T,s (< -27 °C), their reduced crystallization capability
and melting temperatures from 50 to 65 °C (with the exception of the copolymer with an
EB of 49 %) make these thermoplastic elastomers (of good thermal stability) very easy
to process. Likewise, their thermal properties led to mechanical behaviour with
improved flexibility in comparison to poly(g-caprolactone) or poly(w-pentadecalactone)
(elastic modulus from 57 to 274 MPa with high elongation at break values) at both 21
°C and 37 °C. On the other hand, the incorporation of 8-HL in addition to increase the
amorphous character, brought a more disordered chain microstructure distribution,
resulting in higher degradation rates in the range of 0.0028 to 0.0041 days™. Finally,
metabolic activity and cell morphology studies using human dermal fibroblasts (HDFs)
demonstrated that these materials are not cytotoxic and provide a valid substrate for
cells to attach and proliferate, meaning that they are suitable for use in the biomedical

field.
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6.1. Introduction

For conformation of reliable medical devices absolute confidence in the material is
essential, its properties must include stability, durability and predictability and at the
same time, meet the requirements of a specific application. Since the 1980s, most
research work to obtain suitable materials for biomedical uses has been focused on
aliphatic polyesters. However, there are still a large number of cyclic esters that have
received hardly any attention. This paper presents the properties of statistical
copolymers based on ethylene brassylate macrolactone and d-hexalactone, which were

synthesized for the first time by our group.

Ethylene brassylate is a 17 member ring lactone with two ester groups, it is
commercially available in large quantities and is of particular interest owing to its lower
cost in comparison to other lactones and macrolactones, such as lactide, e-caprolactone
or ®-pentadecalactone. This compound can be obtained from tridecanoic acid which is
itself synthesized from 10-undecanoic acid [1], an unsaturated fatty acid derived from
castor oil, a renewable source. Ethylene brassylate is a colorless to very pale yellow
viscous liquid with a sweet musk-like odor [2], for this reason it is widely used in many
fragrances (cosmetics, fine perfumes, shampoos, toilet soaps and other toiletries), and
non-cosmetic products such as household cleaners and detergents [3]. The volume of
ethylene brassylate used worldwide in 2008 was over than 1000 metric tonnes

(International Fragrance Association).

The ring-opening polymerization of ethylene brassylate was first reported by Kobayashi
in 1999 [4] but low molecular weights were obtained using lipase enzymes. More
recently, Mecerreyes et al. [5] employed acidic and basic organic compounds as
catalysts. TBD-guanidine super base (1,5,7-triazabicyclo[4-4-0]dec-5-ene) was the most
efficient catalyst in the process of synthesis, producing the fastest polymerization rates.
The poly(ethylene brassylate) homopolymers, with molecular weights ranging between
2 and 14 kg mol’, presented similar properties to poly(e-caprolactone) [6-8] but with a
slightly higher melting temperature (T, = 69 °C), a glass transition temperature at -33
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°C and good thermal stability [5]. In more recent works, ethylene brassylate has been
also copolymerized with other monomers such as ethylene glycol [9] or e-caprolactone
[10]. The poly(ethylene brassylate-co-e-caprolactone)s synthesized by the Mecerreyes”
group were highly crystalline and showed a range of melting temperatures between 39
and 69 °C, depending on the comonomer content,. However, the large melting enthalpy
values (~ 85 J g™') and the close similarity of unit-cell lateral dimensions of ethylene
brassylate and e-caprolactone suggest a cocrystalization of both units, similar to other

isomorphic copolymers containing e-caprolactone [11-16].

With the aim of preventing the isomorphic cocrystalization phenomenon, ethylene
brassylate was copolymerized in this study with 3-hexalactone (4-caprolactone) [17-19],
a six-membered lactone with identical structure to o6-valerolactone but possessing a
methyl pendant group. This little known lactone, found in heated milk fat [20], was
successfully copolymerized in a previous work by our group with w-pentadecalactone
[21]. The incorporation of d-HL allowed the reduction of the crystalline fraction of the
poly(w-pentadecalactone) homopolymer owing to the racemic stereochemistry of the
methyl side chain of the d-HL unit. As a result, copolymers with a lower level of

stiffness and upgraded biodegradability were achieved.

The poly(ethylene brassylate-co-6-hexalactone)s in this paper were synthesized using
triphenyl bismuth (Ph;Bi) [22] as a catalyst and characterized using proton and carbon
nuclear magnetic resonance spectroscopy (‘H and “C NMR), gel permeation
chromatography (GPC) measurements and thermogravimetric analysis (TGA). Their
crystallization and melting behaviour was studied by means of differential scanning
calorimetry (DSC) and Wide Angle X-ray diffraction (WAXRD). In addition, films of
EB-co-0-HL copolymers with EB molar contents ranging from 49 to 90 % were
prepared for mechanical testing at room temperature (21 °C) and at human body
temperature (37 °C), the typical working temperatures of biomaterials. Finally, an in
vitro hydrolytic degradation study was also carried out at 37 °C for a period up to 26
weeks in phosphate buffer solution (PBS). Thus, any changes in water absorption,
weight loss, macroscopic morphology, crystallinity, phase structure, molecular weight

and mechanical properties of the copolymers were monitored.
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Of the metal catalysts available, bismuth salts or complexes, such as Ph;Bi, are notable
for their low toxicity [23]. In this context, several studies [24-27] have demonstrated
that bismuth compounds belong to the group of least toxic heavy metal compounds,
while Bi*" performed even better than Zn**, although small amounts of zinc are needed
by the human metabolism. However, cell viability studies with some of the materials of
this work were deemed necessary in order to rule out the possible cytotoxicity of these
Bi-containing polymers and confirm their safe use in medical and tissue engineering
applications. Therefore, human dermal fibroblasts (HDFs) were cultured on samples
obtained from films of the poly(EB-co-6-HL) and the metabolic activity and
morphology were investigated by means of AlamarBlue® assay and using an inverted

fluorescent microscope.

6.2. Materials and methods

Materials

d-hexalactone monomer (assay > 98 %) was provided by Sigma Aldrich (W316709).
Ethylene brassylate monomer (assay > 95 %) was also supplied by Sigma Aldrich
(W354309). The triphenyl bismuth (Ph;Bi) catalyst was obtained from Gelest.
Phosphate buffer solution (PBS) (pH 7.2) was obtained from Fluka Analytical (Sigma
Aldrich). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS),
Hank's balanced salt solution (HBSS) and penicillin-streptomycin (PS) solution were
purchased from Sigma-Aldrich (Ireland). AlamarBlue® and rhodamine phalloidin were
obtained from ThermoFisher Scientific (Ireland); Hoechst staining solution was from
Sigma-Aldrich (Ireland). Human dermal fibroblasts (HDFs) were obtained from Sigma-
Aldrich (Ireland).

Synthesis procedure

Statistical copolymers from ethylene brassylate and d&-hexalactone (see Figure 1 for
structure) at differing compositions were synthesized in bulk by one pot-one-step ring-

opening polymerizations (ROP). For the correct evaluation of the EB-co-6-HL
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copolymer behaviour, a poly(ethylene brassylate) (PEB) homopolymer was also
synthesized. The reactions were conducted in a flask immersed in a controlled
temperature oil bath. In each polymerization, predetermined amounts of the different
comonomers at the chosen mass feed ratio were simultaneously added and melted into
the flask. The flask was purged for 30 minutes with a nitrogen stream under the surface
of the melt. Then the catalyst (Ph3;B1) was added (at 100:1 comonomers/catalyst molar
ratio) and the magnetic stirrer maintained at 100 rpm. No initiator compound was added
to the reaction mix so the catalyst was activated by the ROH provided by the monomers
(H,O and impurities), with the exception of the PEB homopolymer and the copolymers
with higher contents of EB. In those cases 1-hexanol was added in order to control the
molecular weight. The ethylene brassylate-co-6-hexalactone polymerizations were

carried out at 130 °C over 3 or 6 days.

o )

2 4 6 8 10 12 15

Figure 1. Scheme of the units of ethylene brassylate (above) and 3-hexalactone (below).

After the corresponding period of reaction time the product was dissolved in chloroform
and precipitated, pouring the polymer solution into an excess of methanol in order to
remove the catalyst impurities and those monomers that had not reacted. Finally the
product was dried at room temperature and then subjected to a heat treatment at 140 °C
for 1 hour to ensure the complete elimination of any remaining solvent. Then, the

polymer sample was weighed obtaining the yield of the synthesis process.
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Methods

Proton and carbon nuclear magnetic resonance ('H and *C NMR) spectra were
recorded in a Bruker Avance DPX 300 at 300.16 MHz and at 75.5 MHz of resonance
frequency respectively, using 5 mm O.D. sample tubes. All spectra were obtained at
room temperature from solutions of 0.7 mL of deuterated chloroform (CDCIs).
Experimental conditions were as follows: a) for 'H NMR: 10 mg sample; 3 s acquisition
time; 1 s delay time; 8.5 ps pulse; spectral width 5000 Hz and 32 scans; b) for °C
NMR: 40 mg, inverse gated decoupled sequence; 3 s acquisition time; 4 s delay time;

5.5 ps pulse; spectral width 18800 Hz and more than 10000 scans.

The assignment of the different signals was made employing the tables of structural
determination from Prestch et al. [28]. The copolymer composition data, average
sequence lengths and randomness character from Table 1 were calculated by averaging
the values of molar contents and the EB-HL dyad relative molar fractions that were
obtained by means of 'H and '*C NMR spectroscopy. Equations 1-3 [29] were
employed to obtain the number-average sequence lengths (/;), the Bernoullian random

number-average sequence lengths (/i) and the randomness character (R):

(EB —EB)+%(EB -HL)

1 2(EB)
BT 1, ~ (EB-HL) ~
, (EB-HL) 0
1
1 =(HL-HL)+5(EB-HL) _ 2(HL)
HL % (EB -HL) (EB - HL)
1 1
- . = 2
(lHL )random (EB) s (lEB )random (HL) ( )
R = (ZHL )random — (ZEB )random (3)
ZHL ZEB

where (HL) and (EB) are the d-hexalactone and ethylene brassylate molar fractions and (EB-HL) is the

EB-HL average dyad relative molar fraction.
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200-300 um films were prepared by pressure melting at 175 °C followed by water
quenching. The films were then stored for 24 hours in a fridge (at 0-5 °C), the typical
storage temperature for biopolymers. From these films repetitive square samples for the
in vitro degradation study (Ix1 cm?®) and repetitive samples for mechanical
characterization (10x1 cm?) were obtained. The specimens for mechanical testing at 37
°C were stored for another 24 hours at 37 °C before tests were conducted at the same
temperature. In addition, DSC scans were made at 20 °C min™ for each polymer sample
before the mechanical testing, in order to monitor the thermal properties of the

specimens.

The mechanical properties were determined by tensile tests with an Instron 5565 testing
machine at a crosshead displacement rate of 10 mm min™. These tests were performed
at room temperature (21 + 2 °C) and at human body temperature (37 °C) following ISO
527-3/1995. The specimens had the following dimensions: overall length = 100 mm,
distance between marks = 50 mm, width =10 mm; and were cut from 200-300 um thick
films. The mechanical properties reported (secant modulus at 2 %, yield strength,
ultimate tensile strength and elongation at break) correspond to average values of at
least 5 determinations. Mechanical testing at 37 °C was conducted in an Instron
controlled temperature chamber. The tests were stopped at 300 % of strain due to the

size limitations of the temperature chamber.

For the in vitro degradation study, square samples (25-35 mg (W) (n = 3)) of the
different copolymers were placed in Falcon tubes containing phosphate buffer solution
(PBS) (pH = 7.2) maintaining a surface area to volume ratio equal to 0.1 cm™. The
samples were stored in an oven at 37 °C. Three samples of each polymer were removed
at different times from the PBS and weighed wet (W) immediately after wiping the
surface with filter paper to absorb any surface water. These samples were air-dried
overnight at 37 °C and then weighed again to obtain the dry weight (W4). Water
absorption (% WA) and remaining weight (% RW) were calculated according to Egs.
(4) and (5). On day 70 and at the end of the degradation study (182 days) the
mechanical properties of the poly(ethylene brassylate-co-3-hexalactone) were also

measured at 37 °C.
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sowa = v ~Wa g9 4)
d
%RW = Wd 100
0 (5)

In order to compare the degradation rate of the studied copolymers, the exponential
relationship between molecular weight and degradation time for biodegradable

polyesters degrading under bulk degradation was used [30-33]:
In MW =In MW() — KMW't (6)
tip=1/Kuw *1In 2 (7)

where My, is the weight-averaged molecular weight, My, is the initial weight-averaged molecular weight,
Ky 18 the apparent degradation rate and t,,, is the half degradation time (the amount of time required to

fall to half the initial value of molecular weight).

The molecular weights of the polymers were determined by GPC using a Waters 1515
GPC device equipped with two Styragel columns (10*- 10* A). Chloroform was used as
eluent at a flow rate of 1 mL min™' and polystyrene standards (Shodex Standards, SM-
105) were used to obtain a primary calibration curve. The samples were prepared at a
concentration of 10 mg in 2 mL. The reported values are likely to be higher than the
actual molecular weights owing to the differences in the hydrodynamic volume of the

copolymers and the polystyrene.

The thermal properties of the polymers were studied on a DSC 2920 (TA Instruments).
Samples of 6-9 mg were melted at 130 °C and then quenched to 5 °C at different cooling
rates (5, 10, 20 and 30 °C min™) to study the crystallization process during the cooling.
Finally, a scan was also made at 20 °C min™ from -85 to 130 °C to determine the glass
transition temperature (T,), the melting temperature (T,,) and the heat of fusion or
melting enthalpy per gram (AH,,) of the samples. During the in vitro degradation study,
the DSC samples were heated from 21 °C to 130 °C at 20 °C min™, immediately after

the drying at 37 °C of the polymer samples removed from the degradation medium.
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After this first scan, the samples were quenched in the DSC and a second scan was

made from -85 °C to 130 °C at 20 °C min™".

Wide angle X-ray diffraction (WAXRD) data were collected on a Bruker D8 Advance
diffractometer operating at 30 kV and 20 mA. This device is equipped with a Cu tube (A
= 1.5418 A), a Vantec-1 PSD detector and an Anton Parr HTK2000 high-temperature
furnace. The powder patterns were recorded in 20 steps of 0.033° in the 10 <20 < 38
range, counting for 0.2 s per step, from 30 to 120 °C every 2 °C using a heating rate of
0.16 °C s™". The degree of crystallinity (y.) was determined as the ratio of the crystalline
peak areas to the total area under the scattering curve, while the average crystal size was
obtained employing the Scherrer equation [34] with a shape factor “k”’of 0.90. The latter
data were calculated from the two most intense peaks in the diffraction pattern: at 20 =
21.7° and at 20 = 24.1°. On the other hand, the estimated melting temperatures (Ty,s) are

the temperatures until the crystalline phase became stable.

Thermal degradation was studied under nitrogen by means of thermogravimetric
analysis (TGA) into a TGA model Q50-0545 (TA Instruments). Samples of 10-15 mg
were heated from room temperature to 500 °C at a heating rate (B) of 5 °C min™, with
the heat flow, sample temperature, residual sample weight and its time derivative being

continuously recorded. In this temperature range, the polymers degraded completely.
Cell culture studies
Human Dermal Fibroblasts (HDFs)

Human Dermal Fibroblasts (HDFs) were grown in T75 flasks using DMEM with 10 %
FBS and 1 % PS. The cells were incubated at 37 °C in a 5 % CO; atmosphere. The
culture medium was changed every 3 days. The cells were then harvested and sub-

cultured when > 90 % confluence was observed.
Cell Seeding

For the metabolic activity study, HDFs were seeded on sterilized samples (circles 9 mm

in diameter) at a density of 25000 cells/cm® on a 48 well tissue culture plate and
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incubated in 0.5 mL of DMEM with 10 % FBS and 1 % PS (37 °C, 5 % CO,). As a
control, the cells were also seeded on a tissue culture plastic. The culture medium was
replaced on the third day after seeding. With regard to the staining, HDFs were seeded
on sterilized samples (circles 9 mm in diameter) at a density of 11000 cells/cm” on a 24
well tissue culture plate and incubated in 1 mL of DMEM with 10 % FBS and 1 % PS
(37 °C, 5 % CO,). As a control, the cells were also seeded on 13 mm sterile glass
coverslips onto cell culture well. The culture medium was replaced on the third day

after seeding.
Cell Viability Studies

AlamarBlue® assay was performed to quantify the metabolic activity of the HDFs
seeded on two poly(ethyelene brassylate-co-6-hexalactone) (EB-HL 90 and EB-HL 63).
After 1, 3 and 7 days, the cells were washed with HBSS and replaced with 0.5 ml of
fresh culture media with AlamarBlue® (10 % v/v). After 4 hours of incubation at 37 °C
in 5 % CO, (sheltered from the light), 100 pl of assay media was transferred to a 96
well plate, the absorbance at 550 and 595 nm was read on a microplate reader

(VarioskanFlash) and the percentage reduction of the dye was calculated.

The morphology of HDFs seeded on the copolymers was analyzed via rhodamine
phalloidin and Hoechst staining. After 1, 3 and 7 days, cells were washed with HBSS
and subsequently fixed with 4 % paraformaldehyde for 15 minutes at room temperature.
Then, the cells were washed twice with HBSS and permeabilized with 0.5 % Triton X-
100 in PBS for 10 minutes. After washing twice with PBS, cells were incubated with 1
% Bovine Serum Albumin solution in PBS for 30 minutes. Afterwards, the cells were
stained with Rhodamine Phalloidin solution for 15 minutes and thoroughly washed with
PBS-T (0.1 % Tween 20). Finally, the nuclei of HDFs were stained with Hoechst
staining solution for 3 minutes and subsequently washed three times with PBS. Samples

were observed with an inverted fluorescent microscope (Olympus IX81).
Statistics

Statistical differences were analyzed using one-way analysis of variance (ANOVA)

with p-values of < 0.05 being considered significant. Experiments for metabolic activity
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were performed in triplicate and each assay was repeated three times. For nuclei

quantification 10 micrographs per replica were acquired resulting in the acquisition of

30 micrographs per sample.

6.3. Results and discussion

Synthesis characterization

Table 1. Characterization data of the EB-co-6-HL copolymers of differing compositions synthesized at

130 °C with a monomers/catalyst molar ratio of 100.

Feed Mf)l.ar Composition' Yield Conversion M, D Microst.ructurzal
Sample Composition (% molar) (%) Magnitudes
%EB %HL %EB %HL (%) EB HL kg mol! lgp I
PEB 100 0 100 0 75.0 75.0 - 270.9 2.16 - -
EB-HL 90 79.2 20.8 89.8 10.2 86.9 92.1 39.8 182.4 1.86 11.69 1.32 0.84
EB-HL 83 70.5 29.5 82.6 17.4 85.2 92.0 @ 464 289.8 2.29 7.50 1.58 0.77
- *3days of;eactzon _ 70.5 29.5 87.5 12.5 79.3 88.0 i 30.1 285.3 2.07 10.61 1.52 0.75
EB-HL 79 62.8 27.2 78.8 21.2 78.9 88.6 | 40.2 228.2 1.96 6.58 1.77 0.72
EB-HL 70 55.9 44.1 70.3 29.7 80.0 90.5 | 48.4 228.4 221 4.70 1.99 0.72
- *3days of;eactzon _ 55.9 44.1 77.2 28.2 74.6 86.2 | 39.9 152.6 1.86 6.99 2.07 0.63
EB-HL 63 473 52.7 63.3 36.7 76.6 90.5 © 47.1 156.4 1.89 3.82 221 0.71
EB-HL 49 34.0 66.0 49.0 51.0 71.3 90.1 48.4 148.1 2.00 2.57 2.68 0.76

! Calculated averaging the copolymer molar compositions obtained by 'H and *C NMR

?Igpand Iy are the EB and HL number average sequence lengths of the EB-co-5-HL copolymers obtained from the average

dyad relative molar fraction (EB-HL) in *C NMR. These values are compared to the Bernoullian random number-average

sequence lengths obtaining the randomness character value (R) of the different copolymers.

Table 1 summarizes the characterization data of several poly(EB-co-6-HL) of differing

compositions synthesized at 130 °C with a monomers/catalyst molar ratio (M/C) of

100. As can be seen, the yields of reaction of the PEB homopolymer (polymerized for 3

days) along with those of the two copolymers also synthesized for 3 days were under 80

%. In order to ensure a higher yield and a final composition closer to the feed

composition, the remaining reactions were conducted over 6 days. Regarding the

molecular weights of the copolymers, these are within the 148 to 290 kg mol™ range,

while their dispersity values vary between 1.86 to 2.29. The weight average molecular
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weights (My) increase proportionally with the EB molar content, with the exception of
PEB and the copolymer with 90 % of EB. In these two cases, 0.05 to 0.1 g of 1-hexanol
was added to limit the molecular weight because polymers with My (measured by GPC)

above 400 kg mol™ were obtained when 1-hexanol was not added.

The EB molar content in this set of copolymers ranges from 49 % (EB-HL 49) to ~ 90
% (EB-HL 90) with average sequence lengths of EB (/gg) between 2.57 to 11.69 and /iy
from 1.32 to 2.68. . As can be seen in Table 1, higher reaction yields and molecular
weights were obtained when the feed was richer in EB. Since the conversion of EB was
higher than that of 6-HL in all the precipitated products, this suggests that the reactivity
of EB is higher than that of 6-HL. Hence, under these conditions of synthesis, the
consumption of EB was faster than 8-HL owing to the lower reactivity of the latter. As a
result of the different reactivity of the comonomers, the synthesis reactions lead to
gradient copolymers with a slightly deviated from random distribution of sequences (R
— 1). The randomness character (R) value was, in all cases, higher than 0.71 with the

exception of one of the copolymers synthesized for 3 days.
NMR Characterization

The calculus of the molar composition of the ethylene brassylate-co-6-hexalactone
copolymers in this study was made by averaging the results obtained from 'H and °C
NMR spectroscopy. On the contrary, the data of average sequence lengths and
randomness character were estimated on the basis of the EB-HL dyad relative molar
fractions that were acquired only from the B3C NMR spectra. Figure 2 and Figure 3
present the 'H and °C NMR spectrum of the EB-co-3-HL copolymer with 49 % of
ethylene brassylate (EB-HL 49).

In the "H NMR spectrum, the analysis of the molar composition was conducted in two
ways. By comparing the signals of the 3-HL methine at around 4.92 ppm (carbon 5")
with regard to the EB methylenes bonded to the ester group (carbons 14 and 15), which
appear centered at 4.28 ppm, or using the signal of the 6-HL methylene (carbon 27),
which is overlapped with the hydrogens of the methylenes 2 and 12 of the ethylene

brassylate at approximately 2.33 ppm. The rest of the peaks (see scheme in Figure 1) are
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assigned to the other hydrogens of the copolymer in Table 2, although some signals

appear overlapped.

e
——=

30
& i)

Figure 2. '"H NMR spectrum of EB-HL 49.

Table 2. Assignment of the different signals to the hydrogens of the EB-co-3-HL.

H H
Number of C EB o-HL
6 (ppm) | & (ppm)
1 B -
2 233 2.28,2.36
3 1.63 1.60
4 1.60
5 4.92
6 1.22
7
1.30
8
9
10
11 1.63
12 233
13 -
14 428
15 428

377



Section 2. Copolymers of low glass transition temperature Chapter 6

The different signals appearing in the *C NMR spectrum between 19 and 175 ppm of
chemical shift (d) are assigned in Table 3 to the different carbons numbered in Figure 1.
Hence, the molar composition of these copolymers can be easily determined by
comparison of the areas under the peaks due to the 3-HL and EB carbons. In the case of
the d-hexalactone, the signals employed were those of the carbonyl carbon at 172.85
ppm (carbon 17), the methine centered at 70.15 ppm (carbon 5”), the methylene 3 at
20.70 ppm and the methyl side chain (carbon 6°). Regarding the ethylene brassylate, an
average relative value was calculated using the signals of the methylenes bonded to the
ester group (carbons 14 and 15) which appear at 61.95 ppm, and those from the
methylenes 2 and 12 at 34.04 ppm, 3 and 11 at 24.90 ppm and the seven methylenes
from carbons 4 to 10, which peaks are overlapped at 29.04-29.16 ppm.

Table 3. Assignment of the different signals to the carbons of the EB-co-6-HL.

C C
Number of C EB o-HL
o (ppm) o (ppm)
173.37 EB-HL | 172.80 HL-HL
! 173.47 EB-EB | 172.92 HL-EB
2 34.04 34.58, 34.59
24.80 EB-EB 20.64 HL-EB
3 2497 EB-HL | 20.78 HL-HL
4 35.15
69.96 EB-HL-EB
70.05 HL-HL-EB
3 70.21 EB-HL-HL
70.29 HL-HL-HL
29.04-29.16
6 19.6
7
8
9
10
11 Equal to C3
12 Equal to C2
13 Equal to C1
61.91 EB-EB
14 62.07 EB-HL
15 Equal to C14
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Figure 3. °C NMR spectrum of EB-HL 49 with some regions of interest enlarged.

As can be observed in the enlargement of Figure 3, some of the carbons show sequence
sensitivity. The different dyads and triads found in the >C NMR spectrum are also
marked in Table 3 (underlining is used to emphasize that the analysed nuclei belong to
that unit). For the estimation of the chain microstructure parameters the average dyad
relative molar fraction (EB-HL) was determined. This variable is the sum of the (EB-
HL) and (EB-HL) average dyad relative molar fractions. The first value was obtained
from the EB-HL dyads at 173.37, 62.07 and 24.97 ppm while the (EB-HL) molar
fraction was estimated based on the EB-HL dyads at 172.97 and 20.78 ppm and the
value provided by the triads. From the peaks of the EB-HL-EB, HL-HL-EB, EB-HL-HL
and HL-HL-HL triads, which appear from left to right at around 70.15 ppm, (EB-HL)
average dyad relative molar fractions can also be obtained using the equation (8) in

which (HL) is the previously calculated 6-hexalactone average molar fraction.
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1

IEB-HL-EB + 5 (IHL-HL-EB +1

EB-HL-HL )

(EB-HL) = *(HL) (8)

+1 +1 +1

EB-HL-EB HL-HL-EB EB-HL-HL HL-HL-HL

Thermal properties

In this section the crystallization and melting behaviour of the copolymers from Table 1
were studied. Firstly, several cooling treatments at different rates (5, 10, 20 and 30 °C
min") were conducted in the DSC. The crystallization temperatures (T.) and the
enthalpy of crystallization (AH,) of each material are shown in Table 4. As can be seen,
the differences between the respective AH; from the same polymer were small (the
slight exception being EB-HL 49) and the EB chains crystallized from the melt very
fast. A cooling rate of 30 °C min™ was sufficient for crystallization of the polymers
from the melt while slower cooling rates only result in small increases in AH..
Likewise, the crystallization peaks of each polymer appeared at a higher temperature as
the cooling rate decreased. This is due to the fact that at lower cooling rates the crystal

nuclei have more time to develop.

Table 4. Crystallization enthalpies and temperatures obtained for the EB-co-6-HL copolymers at cooling

rates in the 5 - 30 °C min™' range.

Sample 5 °C min™ 10 °C min™ 20 °C min™ 30 °C min™
AH@g") | T(C) | AHJ g") | T.(°C) | AHUJ g") | T.("C) | AHJ g") | T (°C)
PEB 91.1 52.1 86.5 492 84.8 44.7 83.5 40.9
EB-HL 90 89.3 479 86.0 472 85.0 40.2 84.9 35.4
EB-HL 83 76.0 412 75.2 36.8 71.6 29.0 69.1 21.5
EB-HL 79 74.3 36.4 67.4 34.6 68.7 24.7 64.9 20.4
EB-HL 70 63.4 28.3 62.1 25.0 60.0 19.9 60.0 16.0
EB-HL 63 58.8 255 58.0 22.8 55.6 18.6 545 14.2
EB-HL 49 40.6 16.4 35.6 13.8 35.1 9.3 33.3 6.1

The DSC heating curves obtained after the cooling treatments were virtually identical
for each polymer, all of them having practically the same melting temperatures and
enthalpies (T, and AH,,) after the cooling process. Figure 4 shows the DSC curves of
scans made from -85 to 130 °C at 20 °C min™ while the data obtained from them (the

glass transition temperature (T,) with its associated heat capacity (AC,) and the melting
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enthalpies and temperatures) are summarized in Table 5 along with the Ty, the crystal

fraction () and the average crystal size (c.s.) from Wide Angle X-ray Scatttering.

Table 5. Calorimetric and X-ray Diffraction data of the EB-co-3-HL copolymers.

Tw' | Xe | &8s | AHm | T2 | T, AC,
Sample Igs

°C | (%) | nm | Jg' | °C °c | Jg'C!

PEB - 67.0 | 470 | 19 | 964 | 70.6 | -27.0 0.34

EB-HL90 | 11.69 | 64.0 | 346 | 30 | 924 | 62.7 | -31.1 0.31

EB-HL 83 | 7.70 58.0 | 389 | 20 | 744 | 65.0 | -28.3 0.31

EB-HL 79 | 6.58 56.0 | 28.1 | 32 | 647 | 61.4 | -31.9 0.36

EB-HL 70 | 4.70 490 | 295 | 24 | 59.6 | 57.5 | 334 0.34

EB-HL 63 | 3.82 47.0 | 22.6 | 41 55.5 | 49.6 | -36.7 0.35

EB-HL 49 | 2.57 350 | 257 | 10 | 40.8 | 31.0 | -41.2 0.36

! Obtained by WAXS. This is the crystalline phase-stable temperature.
% Obtained from a DSC at 20 °C min' from -85 to 130 °C. The melting point of the peak that appears at the highest

temperature was chosen because this is related to the most perfect crystals.
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Figure 4. DSC heating curves at 20°C min™' from -85 to 130 °C of the different EB-co-5-HL copolymers.
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Figure 5. WAXS profiles of PEB and the EB-co-6-HL copolymers in the 10 < 26 < 38 range.

Figure 5 shows the diffraction profiles of some poly(EB-co-6-HL) together with the
diffractogram of the reference homopolymer (PEB). As can be seen, at higher contents
of 6-HL in the copolymers the reflection intensity decreases. However, the poly(EB-co-
0-HL) presented exactly the same signals as PEB at 20 of 21.7, 24.1, 30.2 and 36.4°
(the small peak at 27.3° may be due to the bismuth compounds because it also appeared
at high temperatures when the polymers were fully amorphous). Hence, it was
demonstrated that the EB-co-6-HL copolymers and the PEB present the same crystal

structure and confirms that only the EB units were able to crystallize.

As can be observed in Figure 4, the PEB homopolymer and the EB rich copolymers
showed narrower melting peaks and a higher crystallization capability in comparison to
other copolymers such as EB-HL 49, the poly(EB-co-3-HL) that presented the lowest
melting peak. As the d-hexalactone content increased, the melting peak split into two or
more peaks while in the case of EB-HL 83 and EB-HL 79, a recrystallization peak also
appeared between two of the melting peaks. During the heating, some imperfect crystals
melt, then others form and finally the new crystallites and the more perfect crystal

population melt. With regard to their glass transition behaviour, the Tgs shifted to lower
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values when the 6-HL content increased and the AC, values stayed almost constant as
the amorphous phase increased. The measured values were between -31 and -41 °C,

temperatures lower than those of the PEB homopolymer (T, at -27 °C).

The EB-co-6-HL copolymers, with EB content between 49 to 90 % and average
sequence lengths of EB in the range of 2.57 - 11.69, presented AH,,s values between ~
41 t0 92 J g and Tps in the range of 31 to 62 °C (the melting point of the peak that
appears at the highest temperature was chosen because this is associated with the most
perfect crystals), values consistent with the Ty,s obtained by WAXS (from 35 to 64 °C).
As expected at higher 6-HL contents, the degree of crystallinity of the copolymers fell,
down to between 22.6 to 38.9 %. On the other hand, PEB homopolymer showed a
melting peak of 96.4 J g at ~ 71 °C with an associated crystalline fraction of 47.0 %, a
higher value than that of poly(e-caprolactone) but lower than that of poly(w-
pentadecalactone) (with a . of 53.8 %, a AH,, of 136.1J g'1 and a T, at 104 °C) [35-37].
The calculated average crystal sizes of the copolymers were in the 20 to 41 nm range,
all values higher than the estimate for the homopolymer which had an average crystal
size of 19 nm. The crystal size distribution is very wide and this is why the DSC
melting peaks were found to be so broad. It might be possible that there are large
differences between the thickest and the thinnest crystallites and for this reason

discordant values were obtained (such as the c.s. of EB-HL 49).
Thermogravimetric analysis

Figure 6 shows the curves of percent weight loss and first derivative of weight loss
against temperature (TG and DTG curves) of the PEB homopolymer and the EB-co-9o-
HL copolymers. As can be seen, the copolymers began thermal degradation at around
225 °C and were completely decomposed at 475 °C. Three well-defined peaks can be
distinguished in the DTG curves. The first stage of depolymerization at around 250 °C
was attributed to the decomposition of 0-HL-rich sequences, which is accelerated by the
residual metal compounds from the catalyst [38]. This peak did not appear in the curve
of the PEB and were more pronounced in the case of EB-HL 49, the copolymer with the
highest 8-HL content. The second peak, more intense than the first, appeared at 350 °C

and covers the degradation of the bismuth free blocks of 6-HL and the decomposition of

383



Section 2. Copolymers of low glass transition temperature Chapter 6

some metal accelerated sequences of EB. As the EB content rose, the intensity of this
peak decreased, and at the same time it shifted to slightly higher temperatures. These
first two peaks of thermal degradation, in which all the 0-HL decomposed, were also
reported in the pyrolysis of poly(w-pentadecalactone-co-d-hexalactone) at the same
temperatures [21] but were not found in the curve of the PEB homopolymer. On the
other hand, the thermal degradation of most of the ethylene brassylate was delayed to ~
425 °C, the most significant stage of depolymerization. In the case of the PEB
homopolymer, a single peak appeared in the DTG curve at a temperature similar to that
of the poly(w-pentadecalactone), this only has one ester group in each structural unit

instead of the two of the ethylene brassylate.

100
80 |
— 604 PEB
5 EB-HL 90
z ——EB-HL 83
2 ——EB-HL 79
2 404 ——EB-HL 70
—— EB-HL 63
—EB-HL 49
20 |

T J T T 5 T T ! T ¥ T
100 150 200 250 300 350 400 450 500

DTG

EB-HL 49

T T T v T T
100 150 200 250 300 350 400 450 500
Temperature (°C)

Figure 6. Thermogravimetric (TG) and differential thermogravimetric (DTG) curves of PEB and the EB-
co-6-HL copolymers.
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Hydrolytic degradation study

A hydrolytic degradation study was conducted over 182 days with films of the ethylene
brassylate-co-0-hexalactone copolymers. DSC scans were made from 21 to 130 °C: at
room temperature (before submerging the samples in PBS), after storage for 24 hours at
37 °C and at different degradation times (after drying). The data relating to melting
enthalpies and temperatures at the start, on day 70 (when mechanical tests were

performed) and at the end of the study are gathered in Table 6.

Table 6. Melting enthalpies and temperatures of all the polymer films at the start and at the end

of the degradation study.
On day 70 of On day 182 of
21°C 37°C
degradation at 37 °C | degradation at 37 °C
Sample
AH@g") [ Tu(°C) | AHJg") | Tu (°C) | AHJ g") | Tu(°C) | AH(J g") | Tw (°C)
EB-HL 90 86.4 70.5 97.6 65.5 99.4 75.7 100.1 75.5
EB-HL 83 72.8 66.4 83.7 66.5 86.0 67.4 93.9 71.4
EB-HL 79 65.1 61.7 82.7 61.3 85.8 67.4 90.7 68.3
EB-HL 70 50.5 56.3 64.5 57.9 74.2 61.8 74.6 63.0
EB-HL 63 48.7 55.4 50.5 55.9 60.1 58.2 61.4 61.2
EB-HL 49 9.9 36.3 10.6 49.3 20.0 52.0 18.9 50.3

It can be noted from the DSC results that there are some differences between the
melting behaviours of the poly(EB-co-6-HL) films at 21 °C and after storage at 37 °C
for 24 hours. The copolymers presented higher melting peaks after being stored for 24
hours at 37 °C while their T,, values shifted to higher temperatures, especially in the
case of EB-HL 49 (from 36.3 °C to 49.3 °C). These rearrangements in the crystalline
phase occurring at 37 °C were the result of the appearance of new crystallites that melt
at higher temperatures, and also the disappearance of other crystalline structures with
melting points between 21 °C to 37 °C or below room temperature. Hence, it was also
found that the AH,, of EB-HL 49, which had a value of 40 J g after conducting a scan
from -85 to 130 °C (see Table 5), crystallized only ~ 10 J g in the heating scans from

21 °C. The crystallization temperature of this copolymer was the lowest and, as has be
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seen earlier, when it was cooled from 130 °C at a rate of 5 °C min™! it showed a T, of

approximately 16 °C.

In addition, it can be observed that on days 70 and 182 of degradation (there are no
large differences in the melting behaviour within this timeframe), the samples were
slightly more crystalline with higher AH,, values than at the start of the study. The more
important changes occurred in the first week submerged in PBS and then the melting
peak became almost stable. However, the Ty, values shifted progressively to higher
temperatures (2—7 °C higher), a tendency that is observed for all the materials owing to
rearrangements of the crystalline phase. These changes in the thermal properties are
more obvious in the case of the copolymers with lower EB contents. Therefore, the final
AH,, for EB-HL 49 reached a value of around 20 J g'l, twice the value recorded at the
start of the study.

Figure 7 shows the remaining weight (RW) and water absorption (WA) curves obtained
from the in vitro degradation study of the poly(ethylene brassylate-co-6-hexalactone).
As can be observed in the plot, the weight of the samples remained almost constant
during the entire study. The molecular weight has to be reduced substantially (M, < 25
kg mol™) to permit mass loss through solubilization of the oligomers and in this work
no copolymer reached a low enough molecular weight. Moreover, water uptake was
negligible and did not exceed a value of 3 % in any case. Only EB-HL 49 might be less

resistant to water absorption owing to its more amorphous structure.

Figure 8 shows the progress of In M,, against degradation time of the poly(ethylene
brassylate-co-6-hexalactone). As the degradation progressed, the weight average
molecular weight (My,) of the samples fell while the associated dispersity rose slightly.
Therefore, the M,, of EB-HL 90, EB-HL 83, EB-HL 79, EB-HL 70, EB-HL 63 and EB-
HL 49 decreased to final values of 108, 134, 126, 112, 87 and 77 kg mol™". In the latter
case, this material displayed a macroscopic morphological deterioration after day 126

but as a result of the crystallization process became easier to handle from day 7 onward.
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Figure 7. Evolution of the remaining weight and the water absorption of the poly(ethylene brassylate-co-

d-hexalactone).

Table 7 presents the values recorded for the degradation rate (Kyyy) and half degradation
times (t;) calculated from the slope of the fitting curve. The M,, experimental data
adapts well to the fitting curve (R* > 0.95) over the 182 days. However, it seems that the
drop in In My, is more pronounced in the first 70 days of the study, it then falls more
slowly. Due to this fact, the regression line did not fit the data more perfectly. EB-HL
90, with the largest average sequence length of ethylene brassylate, exhibited the lowest
degradation rate (0.0028 days™), 3 times higher than that of the PCL homopolymer
(0.0010 days™) [8], while the rest of poly(EB-8-HL) presented Ky in the range of
0.0032-0.0041 days™ with corresponding t;,, of 169 to 217 days. The incorporation of 8-
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HL had little effect on the degradation rate and these minor variations in Ky, may be

due to the differences in initial molecular weight and chain microstructure.
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Figure 8. In M,, against degradation time of the EB-3-HL copolymers.

Table 7. Ky, calculated on the final day of the study (day 182), and t;,, of the poly(EB-co-6-HL).

Half-molecular weight
degradation time
Sample | Ky (days™) t'2 (days)
EB-HL 90 0.0028 248
EB-HL 83 0.0041 169
EB-HL 79 0.0033 210
EB-HL 70 0.0038 182
EB-HL 63 0.0032 217
EB-HL 49 0.0035 198

Mechanical Properties

Table 8 summarizes the mechanical testing results at 21° and at 37 °C (at the start and
on day 182 of degradation) for the poly(w-PDL-co-6-HL) films, whose DSC data,
before performing the mechanical tests, can be seen in Table 6. As can be seen in the

table and in Figure 9, which displays the typical stress-strain curves of the polymers
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studied at 21 °C, the EB-co-6-HL copolymers showed a marked improvement in
flexibility (with lower secant modulus and increased strain recovery rates) compared to
PEB homopolymer, without losing any ductility (deformation at break values > 918 %).
Neverthelesss, it proved impossible to measure the mechanical properties of EB-HL 49
because its film was too soft and sticky due to its low melting temperature (T, at 30-35
°C). The PEB presented a secant modulus value of 308 MPa, ultimate strength of ~ 26
MPa and an elongation at break of around 937 %, results that are in accordance with
those of other homopolyesters such as poly(w-pentadecalactone) and poly(e-
caprolactone) (with secant modulus from 300 to 400 MPa, ultimate tensile strength of
28-32 MPa and deformation at break values > 750 %) [8,37]. On the other hand, the
ethylene brassylate-co-6-hexalactone copolymers, with EB molar content from 63 to 90
%, exhibited secant modulus in the range of 57.4-273.5 MPa at 21 °C, tensile strengths
at break of 7.5-16.5 MPa and strain recoveries from 37.9 to 52.8 %. All the polymers

presented yield points which were broader and less defined as the o-HL content

increased.
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Figure 9. Tensile stress-strain curves of PEB and the EB-co-6-HL copolymers at 21 °C.
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Table 8. Mechanical properties of the PEB and the EB-co-3-HL copolymers.
Secant Tensile Ultimate Strain
Yield Strength Elongation
Testing Modulus (Yield Point) Strength at Tensile preak Recovery
ield Point at brea
Sample Temperature' at2 % 300 % * Strength® after break *
(MPa) (MPa) (MPa) (MPa) (%) (%)
11.1+£0.5
21°C 307.6 +14.3 (8.0%) 10.5+0.3 259+7.0 937 34.1+£2.6
. 0
PEB
73+0.5
37°C 250.8+8.5 8.4+0.8 - >300
(4.4 %)
8.9+0.6
21°C 273.5+11.4 8.5+0.5 16.5+24 954 379+1.6
(6.4 %)
7.8+0.5
EB-HL 90 37°C 262.3+9.6 7.7+03 - >300
(5.1 %)
On day 182 88+1.1
303.8+10.4 - 6.0+1.0 98
37°C) (4.1 %)
5.6+09
21°C 187.3 +13.8 7.2+0.1 163+1.7 924 38.8+3.0
(5.3 %)
63+0.2
EB-HL 83 37°C 1948 +4.4 6.4+0.3 - >300
(7.2 %)
On day 182 6.5+0.7
230.5+1.8 68+1.2 - >300
37°C) (4.4 %)
53+03
21°C 137.7+7.9 6.3+0.1 162+2.7 1018 39.0+1.6
(17.3 %)
4.6+0.5
EB-HL 79 37°C 155.0+6.1 5.8+04 - >300
(5.3 %)
On day 182 59+04
199.6 +3.4 - 55+0.1 233
(37°0C) (5.1 %)
3.9+03
21°C 92.0+7.8 5.0+0.1 11.6+1.5 1020 45612
(18.9 %)
32+05
- 9+7. 10, - >
EB-HL 70 37°C 949 +7.1 4.1+0.1 300
(7.8 %)
On day 182 44+0.2
140.8 £ 16.1 - 3.6+0.5 144
37°C) (5.4 %)
29+04
45, 0+0. S+1. 83,
21°C 574+55 4.0+0.1 75+1.3 918 52.8+3.1
(27.7 %)
1.9+0.2
EB-HL 63 37°C 483+5.0 2.8+0.2 - >300
(11.4 %)
On day 182 2.6+0.2
88.1+42 - 1.8+0.1 6.3
37°C) (5.1 %)

! At 37 °C, the tests were stopped at 300 % of strain due to the size limitations of the temperature chamber.

2Some specimens broke before 300 % of strain.
* The tensile strength was determined as ultimate stress value (c,).

4 Measured 24 hours after break.
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Figure 10. Tensile stress-strain curves until 25 % of strain of the EB-co-8-HL copolymers tested at 37 °C.
The curves of the non-degraded samples are in bold and those on day 182 of degradation are dotted. The

curves on day 70 of degradation are also shown.

Figure 10 shows the tensile stress-strain curves up to 25 % of strain of the tensile tests
conducted at 37 °C with non-degraded (curves in bold type) and degraded specimens
(on days 70 and 182). The mechanical behaviour of these polymers at 37 °C were, in
general, more elastomeric than at 21 °C and presented yield strengths and tensile
strengths at 300 % which were in all cases lower than the values measured at room
temperature. The best example is EB-HL 63, whose secant modulus shifted from 57.4
MPa to 48.3 MPa, its tensile strength at 300 % suffered a drop from 4.0 MPa to 2.8
MPa and its yield point became narrower with a yield strength that decreased from 2.9
MPa to 1.9 MPa. Nevertheless, it should be also stated that, as a result of the different
melting behaviours at both temperatures, the secant modulus of these copolymers did
not fall in all cases. Thus, the corresponding secant modulus of EB-HL 83, EB-HL 79
and EB-HL 70 was higher at 37 °C than at 21 °C. Mechanical performance is greatly
influenced by the crystalline phase and these were the three copolymers that showed the
most significant increase in melting enthalpy at 37 °C (see Table 6). However, despite
the changes in their properties mentioned above, it can be said that all the EB-co-6-HL
copolymers displayed a good mechanical stability between 21 and 37 °C and their

mechanical behaviour is adequate at both temperatures.
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As a consequence of the hydrolytic degradation process, the stress related properties
were found to be higher than at the start of the study. As can be seen in Figure 10, the
yield strength of the samples submerged for 70 or 182 days rose compared to non-
degraded films at 37 °C. Likewise, the elastic modulus at the end of the study reached
values around 40-50 MPa higher than when measured at 37 °C on day 0. However,
owing to the changes in molecular weight and the mechanical deterioration experienced
in an aqueous medium, the EB-co-6-HL copolymers (with the exception of EB-HL 83
which had on day 182 the highest M,,) lost deformation capability and their specimens
broke earlier, before reaching 300 % of strain. EB-HL 90 and EB-HL 63 were the most
severely affected copolymers and exhibited elongation at break values of only 98 % and

6.3 %.
Cell culture studies

In vitro compatibility studies were performed to determine the possible toxicity of the
ethylene brassylate-co-d-hexalactone copolymers, as they contain a large amount of
bismuth. To achieve this, circular samples of 9 mm in diameter, obtained from 150-200
um films, were employed. Figure 11 shows the metabolic activity of cells seeded in EB-
HL 90 and EB-HL 63 samples compared to cells seeded in tissue culture plastic
(control). No significant differences were observed in the metabolic activity of HDFs
with respect to the control, indicating normal metabolic activity of cells seeded on the

synthesized polymers.

[____lContro}
EB-HL 90

1004~ -

80+

60

40 4

204

Normalized Metabolic Activity (%)

Day 1 Day 3 Day 7

Figure 11. Metabolic activity of HDFs seeded on EB-HL 90 and EB-HL 63 with respect to the control on
days 1, 3 and 7.
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Figure 12. Fluorescent microscopy images of HDFs seeded on glass coverslips (control), EB-HL 90 and
EB-HL 63 films on days 1, 3 and 7. F-actin was stained with rhodamine phalloidin (red) and nuclei with
Hoechst (blue).
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To observe the cytoskeleton organization and analyze the spreading and proliferation of
HDFs seeded on EB-HL 90 and EB-HL 63, cells were stained with rhodamine
phalloidin (red) and Hoechst (blue), see Figure 12. On day 1, individual HDFs were
observed in all the samples. From these micrographs it can be observed that HDFs were
able to maintain their typical fibroblastic morphology [38-39] when they were seeded
on EB-HL 90 and EB-HL 63 and no differences were observed with respect to those
cells seeded on glass coverslips (control). A higher number of cells were observed in all
the samples on day 3, proving that there was adequate cell spreading and proliferation.
This was also confirmed by nuclei quantification from these images. The symbols “*”
and “#”from the graph in Figure 12 indicate significant differences (p < 0.05) with
respect to day 1 and day 3, respectively. Therefore, it can be stated that significant
differences were observed between the number of nuclei on day 3 and on day 1 in all
cases. On day 7, the surface of the samples was completely covered by cells forming a

monolayer of cells. The number of nuclei also increased with respect to day 3, a good

sign of the proliferation of the seeded cells on the studied materials.

6.4. Conclusions

In this work several statistical copolymers based on ethylene brassylate macrolactone
and d-hexalactone were synthesized with triphenyl bismuth as catalyst. The ring-
opening polymerizations were carried out for 6 days at 130 °C although after 3 days of
reaction copolymers of high molecular weight were already obtained. Owing to the
racemic stereochemistry of the methyl side chain of the 6-HL unit, only the ethylene
brassylate sequences were able to crystallize and as a result the crystallinity fraction
decreased from 47 % (PEB homopolymer) to ~ 23-39 % (when 10 to 51 % of 6-HL
units were incorporated). The poly(EB-co-6-HL)s showed a slightly deviated from
random distribution of sequences (0.71 < R < 0.84) and were carefully characterized by
NMR, GPC, DSC, WAXS and TGA measurements. In addition, their mechanical
properties were tested at room temperature (21 °C) and at body temperature (37 °C), at
the same time an in vitro degradation study was also carried out at 37 °C for 182 days in

phosphate buffer solution. Moreover, cell culture studies were conducted with human
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dermal fibroblasts (HDFs) seeded on samples obtained from films of some poly(EB-co-
o-HL).

These novel copolymers displayed upgraded thermal stability (they were completely
degraded at high temperatures, around 475 °C), showed rapid crystallization from melt,
good processing using thermoplastic techniques, very attractive mechanical properties at
21 and 37 °C (with improved flexibility and elongation at break values > 900 %) and
enhanced biodegradability (with hydrolytic degradation rates almost 4 times higher than
that of Poly(e-caprolactone)). In addition, the cell culture studies of metabolic activity
and cell morphology demonstrated that the materials employed in this work are not
cytotoxic and provide a valid substrate for cells to attach to and proliferate. This set of
properties makes them very interesting potential materials for use in medical
applications when an elastomeric character is desirable, particularly, for the
regeneration of soft tissues and for various clinical implants and devices. However, tests
on animals and clinical trials should be carried out prior to their application in the

biomedical field.
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General Conclusions

In the current PhD thesis an exhaustive study on several novel copolyesters has been
carried out. Through the different chapters, many copolymers systems has been
introduced, which include materials based on lactide (L-lactide and rac-lactide) and &-
caprolactone or d-valerolactone, copolymers of w-pentadecalactone with e-decalactone
or o-hexalactone and ethylene-brassylate-co-6-hexalactone copolymers. These
biomaterials improve the performance of polylactides, poly(e-caprolactone) and other
polymers employed nowadays and meet most of the requirements specified in our
“Scope and Objectives” section. However, although the respective conclusions are

displayed at the end of each chapter, some general statements are highlighted below:

1. Inregard to the copolymers of high glass transition:

» Show glass transition temperatures in the range of 20 to 45 °C.

» Are fully amorphous or present reduced capability of crystallization
owing to their random chain microstructure and the addition of D-lactide

to disrupt the arrangement of the L-lactide blocks.

> Exhibit high degradation rates (Kyyw > 0.030 days™ and in some cases
values higher or similar to that of poly(D,L-lactide-co-glycolide).

» Do not generate brittle and resistant remnants during the degradation
process. The residues are pasty or soft crystalline remmants with a Ty, <

100 °C.

» Display improved mechanical properties (flexibility and ductibility) in
comparison to polylactides and polyglicolides: Elastic Modulus from 5 to

1000 MPa and high elongation at break values.

» Their mechanical properties are not stable at 21 and at 37 °C. At body
temperature they are more elastomeric and present lower stress-related
properties (elastic modulus and tensile strength) than at room

temperature.
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2. In regard to the copolymers of low glass transition:

» Show glass transition temperatures in the range of -65 to -25 °C with

melting temperatures below 100 °C.

» Crystallize very quickly from the melt. Do not undergo physical aging.

» Exhibit proper processing with thermoplastic techniques and upgraded

thermal stability (> 300 °C).

» Present improved hydrolytic degradation rates with respect to poly(e-

caprolactone) as a result of their increased amorphous character. While
PCL degrades at a rate of 0.0010 days™ at 37 °C, the random and semi-
alternating copolymers of e-caprolactone with &-valerolactone and L-
lactide shows Ky between 0.0033 to 0.0105 days’, poly(e-
pentadecalactone-co-0-hexalactone) degrade at a rate of 0.0013 to 0.0019
days' and the Ky, of the ethylene brassylate-co-5-hexalactone
copolymers is in the range of 0.0028 to 0.0041 days”. The poly(c-
pentadecalatone-co-e-decalactone) were very resistant to hydrolytic

degradation and can virtually be considered as non-biodegradable

polymers.

Have appealing mechanical properties. Improvement in flexibility in
comparison to poly((e-caprolactone), poly(w-pentadecalactone) or
poly(ethylene brassylate) homopolymers: Elastic Modulus from 25 to
300 MPa with high elongation at break values. Moreover, these materials
mantains their properties at body temperature 37 °C, in contrast to other

polyesters.
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Al. Symbols and Abbreviations

B heating rate

AC, change in heat capacity

AHy, melting enthalpy

AH’,, melting enthalpy (infinite crystal
thickness)

AH, crystallization enthalpy

AT supercooling

) chemical shift / enthalpy relaxation

€ elongation

& strain recovery

€4 ultimate elongation

c tensile strength

Cmax tensile strength

Ou ultimate tensile strength

Oy yield stress

D dispersity index

E elastic modulus

E’ storage modulus

Eyoung young’s modulus
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H enthalpy

Knmw apparent degradation rate

l; number-average sequence length of “1”

I; random Bernouillian number-average sequence
length of unit “i”

M, number average molecular weight

\Y weight average molecular weight

Mo initial weigth average molecular weight

20 diffraction angle

p statistical significance value

R randomness character

Ry R obtained by '"H NMR

Re R obtained by °C NMR

tin half-molecular weight degradation time

Tn second mode transesterification

T, crystallization temperature

T, glass transition temperature

Tm melting temperature

tan o tangent of the phase angle

wt. % weight percent
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ADSC
AFM
B-BL
v-BL
Bi
BiSS
CDCl;
CL
e-CL

o-DL

DSC
DTG
EB

FDA

crystallinity degree

adipose derived mesenchymal stem cells
atomic force microscopy

beta butyrolactone

gamma butyrolactone

bismuth

bismuth subsalicylate

deuterated chloroform
g-caprolactone

epsilon caprolactone

delta decalactone

epsilon decalactone

gamma decalactone

dynamic mechanical analysis
dimethyl sulfoxide

differential scanning calorimetry
differential thermogravimetric
ethylene brassylate

food and drug administration
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FTIR
GPC
HL
o-HL

ICP-AES

M/C

MTT

NMR
'H NMR
BC NMR
LA
D-LA

D,L-LA orrac-LA

L-LA
PBS
PCL

PDL

fourier transform infrared spectroscopy

gel permeation chromatography
delta hexalactone

delta hexalactone

inductively coupled plasma with
atomic emission spectroscopy
monomers/catalyst molar ratio
3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide
nuclear magnetic resonance
proton NMR

carbon NMR

lactide

D-lactide

rac-lactide, 50:50 mix of L-lactide and

D-lactide

L-lactide

phosphate buffered saline
poly(e-caprolactone)

w-pentadecalactone
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o-PDL

PDLLA

PE

PEB

P3HB or PHB

Ph;Bi

PGA

PLA

PLCL

PLGA

PLLA

PLVL

PLOM

PPDL

B-PL

RI

ROP

ROH

RW

SEM

omega pentadecalactone
poly(D,L-lactide)

polyethylene

poly(ethylene brassylate)
polyhydroxybutyrate

triphenyl bismuth

polyglycolide

polylactide
poly(lactide-co-g-caprolactone)
poly(lactide-co-glycolide)
poly(L-lactide)
poly(lactide-co-d-valerolactone)
polarized light optical microscopy
poly(w-pentadecalactone)

beta propiolactone

refractive index

ring-opening polymerization
alcohol radicals

remaining weight

scanning electron microscope
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Sn tin, stannous

SnOct, tin (II) octoate

TGA thermogravimetric analysis
TG thermogravimetric

TPE thermoplastic elastomer
VL delta valerolactone

o-VL delta valerolactone

vy-VL gamma valerolactone

WA water absorption

Wo initial weight

Wy wet weight

Wy dry weight

WAXD wide angle X-ray diffraction
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