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a block copolymer of L-lactide and s-caprolactone
for potential use as an absorbable monofilament

surgical suture
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This paper describes the synthesis and characterization of a block copolymer of L-lactide
(LL) and s-caprolactone (CL) and its subsequent melt spinning into a monofilament fiber.
The synthesis reaction was a two-step process. In the first step, an approximately 50:50
mol% random copolymer, P(LL-co-CL), was synthesized via bulk copolymerization of LL and
CL. This first-step prepolymer then became the macroinitiator in the second-step reaction in
which more LL monomer was added to form a block copolymer, PLL-b-P(LL-co-CL)-b-PLL.
Both the prepolymer and block copolymer were characterized by a combination of
analytical techniques comprising dilute-solution viscometry, GPC, 'H and "*C NMR, DSC
and TG. The block copolymer was then processed into a monofilament fiber using a
small-scale melt spinning apparatus. The fiber was spun with a minimum amount of chain
orientation and crystallinity so that its semi-crystalline morphology could be constructed
under more controlled conditions in subsequent off-line hot-drawing and annealing steps.
In this way, the fiber’s tensile properties and dimensional stability were developed, as
indicated by the changes in its stress-strain curve. The final drawn and annealed fiber had a
tensile strength (=400 MPa) approaching that of a commercial PDS Il suture of similar size.
It is considered that this type of block copolymer has the potential to be developed further
as a lower-cost alternative to the current commercial monofilament surgical sutures.

© 2005 Springer Science + Business Media, Inc.

1. Introduction

During the past 3 decades, research interest in copoly-
mers of L-lactide (LL) and e-caprolactone (CL) has
increased steadily as their potential in a wide range of
biomedical applications has been realized. These appli-
cations have so far included biodegradable controlled-
release drug delivery systems [1, 2], monofilament sur-
gical sutures [3—6] and absorbable nerve guides [7].
By varying the copolymer composition, monomer se-
quencing and molecular weight, the copolymer prop-
erties can be tailored to meet the specific requirements
of each particular application.

These copolymers have been shown to be both bio-
compatible and biodegradable [3, 5, 7]. Biodegrada-
tion proceeds via simple hydrolysis (random chain scis-
sion) leading to progressively lower molecular weight
fragments. In the case of LL-rich fragments, hydrol-
ysis usually continues unabated until L-lactic acid is
formed. However, CL-rich fragments tend to be taken
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up in the final stage by macrophages and giant cells and
degraded within these cells by enzymes before eventu-
ally yielding e-hydroxycaproic acid. Both L-lactic acid
and e-hydroxycaproic acid are either metabolizable or
excretable from the human body without any adverse
toxicological effects.

Previous studies of the synthesis of poly(L-lactide-
co-g-caprolactone), P(LL-co-CL), random copolymers
revealed the sensitivity of copolymer microstructure
and molecular weight to the copolymerization con-
ditions used [8-11]. For example, Grijpma and co-
workers [8, 9] studied the effects of temperature and
time and demonstrated the increasing importance of
transesterification reactions as both temperature and
time increased. Microstructural characterization of
P(LL-co-CL) random copolymers, both in terms of
their monomer sequencing and average monomer block
lengths, has been described by several workers using
I3C NMR as the main analytical technique [10, 12, 13].
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Since the two monomer reactivity ratios are quite differ-
ent [9, 13], r; (LL) >r; (CL), tapered copolymers with
some blocky character tend to be formed. However,
transesterification, depending on the extent to which it
occurs, tends to randomize the monomer sequencing.

Most of this previous work has concentrated on ran-
dom copolymers since they can be synthesized in a
single-step reaction and their microstructural charac-
terization is well documented in the literature [8—13].
However, random P(LL-co-CL) copolymers tend to be
largely amorphous over a wide intermediate range of
composition. Whereas this may not be a serious prob-
lem in applications such as drug delivery systems and
nerve guides, where low crystallinity can be used to
advantage, surgical sutures require appreciable crys-
tallinity in order to give the fiber its necessary tensile
and knot-pull strengths. Consequently, it has proved
difficult to tailor random P(LL-co-CL) copolymers to
give the required balance of mechanical properties nec-
essary for monofilament suture applications.

This present paper now addresses this problem by re-
designing the copolymer structure to give a segmented
triblock copolymer combining hard crystallizable end
blocks with a soft flexibilizing center block, as in PLL-
b-P(LL-co-CL)-b-PLL. This triblock structure is sim-
ilar to that of the commercial suture ‘MONOCRYL’
(Ethicon, Johnson & Johnson) [14, 15] except that the
main monomer component is L-lactide (LL) instead
of the much more expensive glycolide upon which
most commercial sutures, including ‘MONOCRYL,
are based. While this has the attraction of offering a
substantial reduction in cost, ways need to be found
to compensate for the increase in chain stiffness, and
therefore suture modulus, in changing from glycolide
to L-lactide. If this can be achieved, it would open up
the possibility of producing lower-cost alternatives to
the current commercial monofilament sutures.

2. Experimental

2.1. Materials

L(—)-lactide monomer, hereafter referred to as simply
L-lactide, was synthesized by well established proce-
dures from L(+4)-lactic acid (Fluka) and purified by
repeated recrystallization from distilled ethyl acetate
until a mol% purity (DSC) of at least 99.9% was ob-
tained. e-Caprolactone (Fluka) monomer was purified
by fractional distillation over calcium hydride under
reduced pressure and stored over molecular sieves in
a refrigerator. The molecular structures of these two
comonomers are shown in Fig. 1.

CHj3
0 o]
0
0] o]
)
CH3
L(-)-lactide e-caprolactone
LL CL

Figure 1 Molecular structures of the two comonomers: L(—)-lactide and
g-caprolactone.
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Figure 2 Molecular structures of the stannous octoate initiator and di-
ethylene glycol coinitiator.

The stannous octoate (Sigma) initiator, Sn(Oct),,
systematic name: tin(Il) bis(2-ethylhexanoate), and the
diethylene glycol (Fluka) coinitiator, DEG, were also
purified by fractional distillation under reduced pres-
sure and stored over molecular sieves at room tem-
perature. Their molecular structures are shown in
Fig. 2.

Ethyl acetate and toluene solvents, used for re-
crystallizing L-lactide and dissolving Sn(Oct), re-
spectively, were each purified by fractional distilla-
tion at normal pressure and stored over molecular
sieves.

2.2. Copolymer synthesis

The synthesis of the block copolymer was a two-step
reaction, as shown in Scheme 1. Prior to copolymeriza-
tion, scrupulous attention was paid to the purities of the
reagents and the dryness of the apparatus. Even trace
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Scheme 1 Two-step preparation of the block copolymer.



amounts of moisture and/or other hydroxyl-containing
impurities (e.g., L-lactic acid and e-hydroxycaproic
acid impurities in the monomers) can influence the
molecular weight of the product. The chosen initiator-
coinitiator combination was Sn(Oct),-DEG which is
a common initiating system used in cyclic ester
polymerization.

In the first-step reaction, L-lactide (LL) and e-
caprolactone (CL), in a LL:CL = 50:50 mol% ratio,
were copolymerized in bulk at 140 °C for 48 h with stir-
ring under a dry nitrogen atmosphere. The Sn(Oct), and
DEG concentrations relative to the total comonomer
concentration were [Sn(Oct);] = 0.005 mol% and
[DEG] = 0.21 mol%. For convenience and accuracy in
weighing, Sn(Oct), was prepared as a 0.8 M solution
in dry toluene. At the end of the reaction, the random
copolymer product, P(LL-co-CL), was allowed to cool,
cut up into small pieces and dried to constant weight in
a vacuum oven at 55 °C.

In the second-step reaction, the P(LL-co-CL) prod-
uct from the first-step, hereafter referred to as the “pre-
polymer”, was mixed with more LL. monomer to give
an overall LL:CL = 80:20 mol% ratio. The mixture
was heated initially at 170 °C for 1.5 h to ensure com-
plete melting and homogeneous mixing before the tem-
perature was decreased to 160 °C for a further 12 h.
Acting as a macroinitiator, the prepolymer polymer-
ized the added LL monomer to give a triblock copoly-
mer, PLL-b-P(LL-co-CL)-b-PLL, hereafter referred to
as the “block copolymer”, as shown in Scheme 1. At
the end of the reaction, the final block copolymer prod-
uct was cut up into small pieces and dried to constant
weight in a vacuum oven at 100 °C.

2.3. Copolymer characterization

The intrinsic viscosity, [n], of each copolymer was de-
termined from flow-time measurements on a dilution
series of solutions in chloroform as solvent at 30 °C us-
ing a Schott-Gerite AVS300 Automatic Viscosity Mea-
suring System. The number-average molecular weight,
M, and polydispersity, PD, were determined by gel
permeation chromatography (GPC) using a Waters 717
GPC equipped with an autosampler and Ultrastyragel®
columns operating at 40 °C and employing universal
calibration. Tetrahydrofuran (THF) was used as the sol-
vent at a flow rate of 1 ml/min.

Control
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Copolymer composition and monomer sequencing
were characterized by a combination of high-resolution
300 MHz 'H and 75 MHz '3C nuclear magnetic res-
onance (NMR) spectrometry using a Bruker Avance
DPX 300 'H/'3C NMR Spectrometer. Spectra were ob-
tained from copolymer solutions in deuterated chloro-
form (CDCl3) at room temperature.

Thermal analysis was carried out by means of dif-
ferential scanning calorimetry (DSC), using a Met-
tler Toledo DSC822, and thermogravimetry (TG) us-
ing a Perkin-Elmer TGA7 Thermogravimetric Ana-
lyzer. For DSC, copolymer samples of 5-10 mg in
weight were heated at 10 °C/min under a nitrogen at-
mosphere over the temperature range —70 to 200°C
in order to observe their glass transition, Ty, crystal-
lization, 7; and crystalline melting, 7,,, temperatures.
For TG analysis, block copolymer samples of 5-10
mg in weight were heated at 20 °C/min under a ni-
trogen atmosphere over the temperature range 50 to
500 °C in order to assess their thermal stability for melt
processing.

2.4. Fiber processing and testing
The melt spinning apparatus used for the block copoly-
mer was a modular-design, small-scale fiber extruder
manufactured by Ventures & Consultancy Bradford
Ltd. (formerly Bradford University Research Ltd.),
Bradford, UK. Its schematic arrangement is shown in
Fig. 3 with a more detailed diagram of the compres-
sion, melting and metering zones, comprising the cylin-
der, heating block, filter mesh and spinnerette, shown
in Fig. 4. The minimal dead volume within the sys-
tem enabled sample sizes of as small as 10 g to be
processed satisfactorily. To minimize void formation
in the as-spun fibers, samples for melt spinning were
best prepared as pre-formed rods. The water cooling
bath was maintained at a temperature of 30 °C, while
the vertical distance (air gap) between the spinnerette
(single hole, I mm diameter) and the surface of the
bath liquid was kept constant at 2 cm. Subsequent hot-
drawing and annealing operations were performed off-
line using a separate hot-drawing unit and vacuum oven
respectively.

Following each stage of their production, the block
copolymer monofilament fibers were characterized in
terms of their uniformity of diameter and tested

Take-up Unit
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=

Figure 3 Schematic arrangement of the melt spinning apparatus.

=
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Figure 4 Schematic diagram of the compression, melting and metering
zones showing the (a) ram, (b) cylinder, (c) band heater, (d) heating
block, (e) stainless steel filter mesh, (f) thermocouple, (g) spinnerette,
and (h) extruded monofilament fiber.

according to their solid-state morphology (DSC) and
mechanical properties. Mechanical (tensile) testing was
performed using a Lloyds LRX4 Universal Testing
Machine equipped with bollard-type grips and a 100 N
load cell.

3. Results and discussion

3.1. Copolymer synthesis

Both the prepolymer and the block copolymer were ob-
tained in near-quantitative yield. This was concluded
from the fact that, in each case, the weight loss due
to residual monomer and/or low molecular weight
oligomers on vacuum drying to constant weight was
less than 5%.

Although this was not a mechanistic study, it is rel-
evant to note here that ring-opening polymerization
of cyclic esters using a Sn(Oct);-alcohol (ROH) com-
bination as the initiating system is now widely ac-
cepted as occurring via a coordination-insertion type
mechanism. However, the exact nature of the true ini-
tiating species has been the subject of much debate
in the literature in recent years. Only recently, as re-
ported for example by Kowalski and co-workers [16—
18], hasitbeen established that the true initiator is in fact
the monoalkoxide, (Oct)Sn(OR), and/or the dialkoxide,
Sn(OR),, generated in situ via the reaction between the
Sn(Oct); and the ROH. This debate and its conclusions
have recently been reviewed by Albertsson and Varma
[19].
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TABLE 1 Molecular weight characteristics of the prepolymer and
block copolymer

Polymer [n]? (dl/g) M PD°®
Prepolymer 1.00 5.4 % 10* 1.74
Block Copolymer 1.26 7.4 x 10* 1.88

Intrinsic viscosity, as measured in chloroform as solvent at 30 °C.
Y M, = number-average molecular weight from GPC.
°PD = polydispersity from GPC = My, /M,.

3.2. Copolymer characterization

3.2.1. Molecular weight

Molecular weight characterization was carried out by
means of a combination of dilute-solution viscome-
try and gel permeation chromatography (GPC). As
confirmed in Table I, both the intrinsic viscosity, [1],
and number-average molecular weight, M,,, values in-
creased in going from the prepolymer to the block
copolymer, consistent with chain extension. It is also
significant to note that both copolymers gave unimodal
molecular weight distributions, as shown by their GPC
curves in Fig. 5, with the block copolymer exhibiting a
slightly wider distribution and, hence, a slightly higher
polydispersity (PD) value in Table I. The unimodal dis-
tribution of the block copolymer is particularly signif-
icant since it lends further support to the view that the
final product is indeed a block copolymer rather than a
polymer blend.

3.2.2. Composition and microstructure
Copolymer compositions were determined from the 'H
NMR spectra in Fig. 6 by ratioing the peak areas cor-
responding to the LL. methine protons at § = 5.0 — 5.3
ppm and the CL e-methylene protons at § = 4.0 — 4.2
ppm. The calculated compositions (LL:CL mol%) in
Table II are seen to be within 2% of the correspond-
ing comonomer ratios, as would be expected since
the copolymerizations proceeded to near-quantitative
conversion.

Monomer sequencing in the copolymers was char-
acterized from the '>C NMR spectra, specifically from
the expanded carbonyl carbon (C=0) region from § =
169-174 ppm, as shown in Fig. 7. The various peaks
can be assigned to the C=0 carbons of the middle units
of various triad sequences, as labelled in Fig. 7. For
example, the LCL peak appearing at about 172.8 ppm
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Figure 5 GPC curves of the prepolymer (A) and block copolymer (B).



TABLE II Chemical compositions and average monomer sequence
lengths (L) of the prepolymer and block copolymer

Comonomer Copolymer

composition ? composition
Polymer LL:CL (mol%) LL:CL (mol%) Lf, L&
Prepolymer 50:50 52:48 3.1 23
Block copolymer  80:20 79:21 8.2 2.3

“Based on ratio of added monomers.

Y As determined from the 'H NMR spectrum.

¢As determined from the expanded C=0 region of the '*C NMR spec-
trum.

a a
C|;H3 ?H3 c d e f 9
—O—C—C"3—O—(f— ——O—CH§CH§CH§CH§CH§%}—
|_|| O H O
b b
CL unit
LL unit
b c
B
6 5 ! 3 2 i 0
& (ppm)

Figure 6 300 MHz '"H NMR spectra of the prepolymer (A) and block
copolymer (B) recorded in CDCl3 as solvent at room temperature. (Peak-
proton assignments as shown).

corresponds to the triad

CH, CH,

_O—CH—E—O—CHZCHZCHZCHZCHZ@—O— H-C—

L unit C unit L unit

(NOTE: It should be explained here that, whereas LL
and CL are the common abbreviations for the L-lactide
and e-caprolactone monomer units in the copolymer’s
structural formula, the abbreviations commonly used
for designating triad sequences are simply L and C. In
these designations, L refers to only a half-lactide unit,
—O—CH(CHj3)—CO—, in order to take account of their
occurrence due to the cleavage of monomeric lactide
units by transesterification.)

A more quantitative approach is possible through the
use of Equations 1 and 2 which allow for calculation
of the average monomer block lengths, Ly and Lc,
of the respective monomer units from the triad peak

LLL
ceer A
LCC
LLC/CLL
LLL
CCC/
LcC
CcCcL/
LCL LLC/CLL
1735 1730 1725 1720 1715 1710 1705 1700 169.5
8 (ppm)

Figure 7 Expanded carbonyl regions of the 75 MHz '3C NMR spectra
of the prepolymer (A) and block copolymer (B) recorded in CDCl3 as
solvent at room temperature. (Peak-triad assignments as shown).

intensities (/) [13]. The various triad peaks which are
referred to in these two equations are labelled in Fig. 7.

1] (D

+1 ()

[ |:ILLL + (Iuic + Iewn)/2
LL = 5
(Iuie + Iew)/2 + Ieie

2
- Iccc + Iicc
Le=——scT e
IccL + IicL

The L1y and Lc values for the copolymers are given
in Table II. For the prepolymer, of 52:48 mol% com-
position, values of 3.1 and 2.3 respectively are consis-
tent with a slightly tapered rather than a purely random
monomer sequencing. This is a consequence of the dif-
fering LL. and CL monomer reactivity ratios. It should
also be borne in mind that these Ly, and L¢ values are
underestimates of the “initial” values since they will
have been decreased to some extent during the course
of the copolymerization by the randomizing effect of
transesterification. For the block copolymer, the Lc
value of 2.3 reflects that of the prepolymer, as would be
expected since the prepolymer forms the center block.
The Ly value, on the other hand, increases markedly
up to 8.2 with the addition of the PLL end-blocks.

3.2.3. Temperature transitions

Thermal analysis of the copolymers was carried out by
means of differential scanning calorimetry (DSC). Two
successive heating scans were performed from —70 to
200 °C: the first on the copolymers as prepared (after
storage) and the second immediately afterwards follow-
ing cooling back to —70 °C. As shown in Fig. 8(A), the
first scan of the prepolymer exhibits a clear, well defined
glass transition over the range of —40to —10°C, witha
mid-point 7, = —21 °C, but a very broad melting tran-
sition from 40—110 °C. The fact that the prepolymer can
crystallize at all, despite its near equimolar composi-
tion, is a further indication that its monomer sequencing
is tapered rather than random. However, after cooling
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Figure 8 DSC thermograms (heating rate = 10 °C/min): first and second heating scans for the prepolymer (A, B) and block copolymer (C, D).

from the melt, the second scan in Fig. 8(B) shows only
the glass transition with a T, = —10°C. Clearly, the
prepolymer is unable to crystallize within the short
timescale of the second scan. In order to crystallize, it
requires prolonged storage at room temperature, which
is effectively an annealing condition. The crystalliz-
ability on storage at room temperature of P(LL-co-CL)
50:50 random copolymers has also been reported by
Tsuji and co-workers [20].

It is interesting to compare these prepolymer T, val-
ues with that which can be calculated from the Fox
Equation 3 for a random copolymer of known compo-
sition:

WLl ~ WCL 1
JIL WL _ 3
T + T T (3)

8LL 8cL 8LL-CL

where wy, and w¢ are the respective weight fractions
of the LL and CL monomer units in the copolymer
while Ty, and T, are the respective 7, (K) values
of the PLL and PCL homopolymers. For a 52:48 mol%
LL:CL prepolymer composition (Table II), wy, = 0.58
and wer = 0.42. Substituting these and the refer-
ence Ty values [21] of Ty, = 65°C (338 K) and
T,, = —60°C (213 K) into Equation 3 yields a pre-
dicted random copolymer Ty, , = —2°C. Compar-
ing this with the experimental values in Table III, the

TABLE III Thermal characteristics of the prepolymer and block
copolymer

S TP AHS TS AHS
Polymer CO O dly (O g
Prepolymer
First heating scan —21 - - 59, 85 1.9,5.8
Second heating scan  —10  — - - -
Block copolymer
First heating scan - - - 169 353

Second heating scan 29 105 29.9 168 353

2Glass transition temperature (mid-point).
bCrystallization temperature (peak).

“Heat of crystallization (o< % crystallization).
dCrystalline melting temperature (peak).
®Heat of melting (o< % crystallinity).
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prepolymer 7, = —10°C in the amorphous state is
in reasonably close agreement. However, in its semi-
crystalline state, the prepolymer 7, = —21 °C s nearly
20°C lower than the predicted value, considerably
closer to the T, of PCL than PLL. This suggests that,
when the prepolymer crystallizes, the amorphous re-
gions are proportionately richer in CL units than the
crystalline domains.

In marked contrast to that of the prepolymer, the
first DSC scan of the block copolymer in Fig. 8(C)
shows a single sharp melting peak at 150-170°C due
to the PLL end-blocks. After cooling and re-heating,
the block copolymer’s second scan in Fig. 8(D) shows
a glass transition, a crystallization exotherm and a melt-
ing peak. The appearance of a single Ty is particularly
interesting. Usually, block copolymers exhibit more
than one T, one for each type of block. In the case of
the PLL-b-P(LL-co-CL)-b-PLL block copolymer syn-
thesized here, the 7, of P(LL-co-CL) has already been
seen for the prepolymer to be below 0 °C, while the T,
of PLL is about 65 °C. Thus, for the block copolymer
to have only a single 7, of 29 °C, intermediate between
these two values, is indicative of an amorphous phase in
which there is no appreciable microdomain separation
between the hard PLL end-blocks and the soft P(LL-
co-CL) center blocks. Such separation would lead to
separate T,s. The values of the various transition tem-
peratures and corresponding heats of transition for both
the prepolymer and the block copolymer are compared
in Table III.

3.2.4. Thermal stability

Thermal stability is an important consideration where
the melt processing of aliphatic polyesters is con-
cerned. Where their melting and thermal decompo-
sition ranges are in close proximity, as is often the
case, the polyester will have only a narrow “pro-
cessing window”, i.e. a narrow temperature range
within which it can be processed without accompany-
ing thermal decomposition. Higher temperatures and
longer times favour transesterification reactions which
both lower and broaden the molecular weight distri-
bution. More importantly, the low molecular weight
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Figure 9 TG thermogram (heating rate = 20 °C/min) of the block copolymer.

thermal decomposition products which may be formed
may be toxic to the human body in biomedical
applications.

The choice of e-caprolactone (CL) as the comonomer
with L-lactide (LL) is partly related to this question
of melt stability. Not only are CL units more flexi-
ble than LL units, they are also more thermally stable.
Thus, copolymerization of CL with LL not only flexibi-
lizes the copolymer, it also improves its melt stability.
This is particularly relevant for producing surgical su-
tures where melt spinning is the preferred method of
processing.

In this work, the thermal stability of the block copoly-
mer was determined by thermogravimetry (TG). Its TG
curve in Fig. 9 shows an initial decomposition (weight
loss) temperature (73) of between 200-250 °C. When
compared with the previous DSC curves in Figs. 8(C)
and (D), which show that melting of the block copoly-
mer is only complete at 180°C, it tells us that the
“processing window” is narrow but is at least posi-
tive. Based on this combined TG-DSC data, a melt
spinning temperature of 190 °C was subsequently cho-
sen, slightly above the melting range to lower the melt
viscosity (improve the melt rheology) but still below
Ty.

3.2.5. Fiber processing and testing

The block copolymer was melt spun into a monofila-
ment fiber at a temperature of 190 °C through a single-
hole spinnerette of diameter 1.0 mm. Employing just
the minimum amount of on-line drawing necessary to
maintain filament line stability, as-spun fibers of diam-
eter 0.60 &= 0.02 mm were obtained. As confirmed by
their DSC curve in Fig. 10(A) and stress-strain curve
in Fig. 11, the as-spun fibers were largely amorphous
and highly extensible due to their low degrees of chain
orientation and crystallinity.

In order to transform these weak as-spun fibers into
fibers with the necessary mechanical strength for suture
applications, the required semi-crystalline morphology
was built in under controlled conditions via separate
off-line hot-drawing and annealing steps. After storing
the as-spun fibers at room temperature for 5 days, they
were hot-drawn in two separate stages at temperatures
in between their glass transition and melting ranges.
The conditions used were:

Stage 1 : hot-drawing at 60 °C to an off-line draw ratio
of 4

Stage 2 : hot-drawing at 110 °C to an off-line draw ratio
of 3

~
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Figure 10 DSC thermograms (heating rate = 10 °C/min) of the as-spun (A), hot-drawn (B), and hot-drawn + annealed (C) block copolymer fibers.

705



600

Hot-drawn

Hot-drawn + Annealed

400 - Mﬂ

Stress (MPa)

g
1

As-spun

T T T T T
0 50 100 150 200 1700 1750 1800

Strain (%)

Figure 11 Stress-strain curves of the as-spun, hot-drawn and hot-drawn
+ annealed fibers of the block copolymer.

allowing equilibration back to room temperature in be-
tween. Thus, the total off-line draw ratio was 4 x 3 =
12. The hot-drawn fibers were then annealed at 80 °C
for 5 h in a vacuum oven in order to allow molecular
relaxation to take place within the fiber matrix. This
improved the dimensional stability of the final fiber
against shrinkage.

The final hot-drawn and annealed fibers had diam-
eters of 0.16 £ 0.01 mm, similar in size to ‘size 4-0’
(0.15-0.20 mm) commercial sutures. The DSC curves
in Figs. 10(B) and (C) and stress-strain curves in Fig. 11
clearly show how the hot-drawing operation introduces
crystallinity and, hence, imparts mechanical strength
to the fiber through orienting the copolymer chains
along the fiber axis. Annealing, as previously men-
tioned, then serves mainly to facilitate molecular re-
laxation following the drastic changes in morphology
brought about by hot-drawing. While this relaxation
is thought to have relatively little effect on the crys-
talline orientation, it can bring about much more sig-
nificant changes in the amorphous regions [22]. As seen
in Fig. 11 and Table IV, the effect of annealing on the
hot-drawn block copolymer fiber is to slightly decrease
its stress at break (tensile strength) and initial modulus
but slightly increase its elongation at break. The numer-
ical values of these various properties are compared in
Table I'V.

Finally, the stress-strain curve of the block copolymer
fiber is compared with those of the commercial sutures
‘PDS II’ and ‘MONOCRYL’ of similar size (‘size 4-
0’) in Fig. 12, tested under identical conditions. The
block copolymer is seen to have properties approaching
those of ‘PDS II’, the main difference being its higher
initial modulus. It is this property which determines

TABLE IV Diameters and mechanical properties of the as-spun, hot-
drawn and hot-drawn + annealed block copolymer fibers

Stress Elongation Young’s
Diameter at break  at break modulus
Fiber (mm) (MPa) (%) (initial) (MPa)
As-spun 0.60 £0.02 -* -2 38
Hot-drawn 0.17 £0.01 529 135 1450
Hot-drawn 0.16 = 0.01 432 162 1224
+ Annealed

Fiber did not reach breaking point at limit of elongation (1750%).
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Figure 12 Comparison of the stress-strain curves of the block copoly-
mer fiber (hot-drawn + annealed) with commercial ‘PDS II' and
‘MONOCRYL size 4-0 monofilament sutures.

the compliance and therefore the ease of handling of
the fiber as a suture material.

4. Conclusions

The molecular architecture of the block copolymer,
PLL-b-P(LL-co-CL)-b-PLL, described here was de-
signed in such a way as to provide a balance between
mechanical properties on the one hand and biodegrad-
ability on the other. In surgical terms, as far as a su-
ture material is concerned, this translates as a balance
between handling and healing properties. Although
this paper has focussed its attention more on the me-
chanical than the biological side, it can be said that
LL-CL copolymers have already been used success-
fully in biomedical applications (drug delivery sys-
tems and nerve guides) and been shown to be both
biodegradable and biocompatible. What needs to be
established for the block copolymer described here is
the timescale for its biodegradation, both in vitro and
in vivo, and its property loss-time profiles as a potential
suture material. This will form the subject of a future
paper.

One of the key elements in producing a new biomed-
ical polymer, especially one that needs to biodegrade
in the human body, is to be able to control its molecular
architecture. In this work, this started with controlling
the copolymer’s chemical microstructure (composition,
monomer sequencing) in the synthesis steps and fin-
ished with controlling the fiber’s physical microstruc-
ture (matrix morphology, orientation) in the processing
steps. Only by achieving this control can we expect to
be able to produce a polymer which can meet the strin-
gent property requirements of the application for which
it is intended.

The combined analytical evidence presented here is
consistent with the copolymer’s purpose-designed seg-
mented triblock structure. This, in turn, serves to sup-
port the synthesis methodology. Even so, more detailed
studies of the synthesis conditions, including the choice
of initiating system, could further enhance both molec-
ular weight and microstructural homogeneity. These
studies are currently in progress.



Following on from synthesis and characterization,
fiber processing is a technology all of its own. Melt spin-
ning is a complex multivariate process, as indeed are
the temperature and time-dependent drawing and an-
nealing steps. These various operations were purposely
separated in order that (a) greater process control could
be achieved and (b) the changes in matrix morphology
with each step could be observed. In this way, it was
possible to adjust and modify the fiber’s oriented semi-
crystalline morphology and, at the same time, observe
the effects on mechanical properties. X-ray diffraction
(XRD) studies are also currently being carried out to
confirm these changes.

In conclusion, the results presented here show that
the block copolymer has the potential to be developed
further as an absorbable monofilament suture. How-
ever, more “fine tuning” is still required in both syn-
thesis and processing in order to increase the tensile
strength and decrease the initial modulus (stiffness) of
the final fiber. If this can be achieved, the block copoly-
mer could provide a viable lower-cost alternative to
the current commercial monofilament absorbable su-
tures. It is towards this end that work in the Biomed-
ical Polymers Technology Unit in Chiang Mai is
continuing.
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