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ABSTRACT: The effect of in vitro hydrolytic degradation on the microstructure of unori-
ented semicrystalline poly(glycolic acid) (PGA) was examined using simultaneous
small- and wide-angle synchroton x-ray scattering (SAXS/WAXS) and ultraviolet (UV)
spectrophotometry. Samples were degraded in buffer solutions at 37°C and were exam-
ined wet to avoid the structural changes that occur on drying. During degradation, the
crystal density remained constant, and little change was seen in the lateral extent of the
crystal lamellae. The transition layer between the crystalline and amorphous phases
roughened slightly. More dramatic changes were seen in the amorphous phase, re-
sulting in sharp increases in the crystallinity, the amount of glycolic acid in the buffer
solution, and in the density difference between the crystal lamellae and the layers
separating them. These changes indicated a loss of amorphous material that leveled
off after 30 days. The lamellar repeat distance fell from around 95 to 80A in the first
20 days before slowly rising again towards its initial value, changes which are interpre-
ted as reflecting a two-stage loss of amorphous material, in which highly coiled loops
and tie chains are degraded faster than taut tie chains. Once the coiled material is
removed, the taut chains are able to adopt entropically favorable conformations, pulling
the crystals towards each other, lowering the lamellar repeat, and creating internal
stresses within the spherulite. As these newly coiled chains degrade, the crystals are
released and slowly separate. The changes in long period are also considered in the
light of chemical changes during degradation. Such change of chemical environment
could affect the affinity for water of the amorphous inter-lamellar regions and affect
the swelling. The observed changes in the long period may be a consequence of either
or both of these factors.

These findings give microstructural information of importance in the prediction
and control of mechanical properties during degradation and the diffusivity of other
molecules through degrading PGA. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci 66:
1681-1690, 1997
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INTRODUCTION

Poly (hydroxy acid)s are an important class of bio-
degradable polymers for biomedical applications
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due to their biocompatibility and their physiologi-
cally tolerable degradation products. Poly(gly-
colic acid ) (PGA) has been manufactured as a syn-
thetic absorbable suture material, and its success
has led to its development for other medical appli-
cations, such as implants, vascular grafts, artifi-
cial skin grafts, and drug release systems.’

PGA is the simplest linear aliphatic polyester.
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Because of the hydrophilic nature of the ester
bond, it is hydrolytically degraded by body fluids.
It is a semicrystalline thermoplastic with a high
melting point of 224-227°C? and a glass transi-
tion temperature of around 37°C.? It has a very
low solubility in most organic solvents,* which
limits suitable processing techniques. The unit
cell contains two molecular chains in planar zig-
zag conformation within an orthorhombic unit cell
of dimensions a = 5.22A, b = 6.19A, and ¢ = 7.02A.°
This article concerns the morphological changes
that occur on degradation. These are of impor-
tance in understanding the associated changes in
bulk properties, such as the ability of small mole-
cules to diffuse through the polymer and the be-
havior under stress.

Chu and Campbell® performed a scanning elec-
tron microscopic study of the hydrolytic degrada-
tion of Dexon, a commercial synthetic suture ma-
terial made up of colored braided PGA filaments.
The material was degraded, then fully dried, be-
fore observation. They reported that the degrada-
tion of Dexon proceeds through two main stages.
The amorphous region, being more accessible to
the water, is attacked first, leading to loss of ten-
sile strength within the fiber.” This is followed by
the attack of the crystalline phase of the fiber
microstructure. Ginde and Gupta® found signifi-
cant differences between oriented and nonori-
ented samples. They monitored the sample mass,
crystallinity, mechanical strength, and surface
features, reporting a faster rate of degradation in
PGA pellets than in fibers. In this study, pure
PGA pellets and fibers were used, which were
again studied fully dried. The crystallinity in-
creased for both pellets and fibers, although the
mass loss was greater in the pellets. They con-
cluded that crystallinity and polymer chain orien-
tation played an important role in the rate of deg-
radation of PGA.

Fredericks et al.® studied the small-angle
x-ray scattering (SAXS), wide-angle x-ray scat-
tering (WAXS), density, infrared (IR) spectros-
copy, and viscosity of the oriented suture mate-
rial, Vicryl, a random copolymer containing 92
mol % glycolide units and 8 mol % lactide units
during degradation. Again, the analysis was per-
formed on the dried material. They found that the
lamellar repeat and crystallite size parallel to the
fiber axis decreased on degradation, and the crys-
tallinity and density increased over the first 28
days. IR measurements gave evidence of the ini-
tial attack occurring in the amorphous area. They
hypothesized that the chains at the interface of

the crystallites and amorphous regions were pref-
erentially degraded to the less accessible crystal-
line regions. We present a study of the effect of
hydrolytic degradation on the microstructure of
unoriented plates of PGA. In contrast to the stud-
ies reported above, the structures were studied
wet, since significant changes are thought to occur
on the removal of water.” Studying the changes
occurring in the wet PGA microstructure thus
allows closer association of the in vitro degrada-
tion results and the in vivo situation. Simultane-
ous small- and wide-angle synchrotron x-ray scat-
tering, (SAXS/WAXS) analysis was used to deter-
mine the morphological changes, and ultraviolet
(UV) spectrophotometry was used to measure the
amount of glycolic acid, the degradation product
of PGA, that evolved as degradation advanced.

EXPERIMENTAL

Materials

Pellets of PGA, with an inherent viscosity of 1.33
dL g, were obtained from Medisorb Technologies
International, Cincinnati, Ohio. Plates 1 X 4 cm
were formed by melting 0.8 g PGA at 230°C in
a copper mold with a polytetrafluoroethylene
(PTFE)-coated aluminium base, then crystallis-
ing at either 100 or 160°C. Phosphate-buffered
saline solution, pH = 7.4, from (Sigma—Aldrich
Company, Dorset, England) was made up with
distilled water and with 1% penicillin—strepto-
mycin antibiotic solution, from (Sigma-—Aldrich
Company). All apparatus was autoclaved for 30
minutes prior to use.

For the UV experiment, analytical grade chro-
motropic acid disodium salt and 96% sulphuric
acid was obtained from (Fisher Scientific, Lough-
borough, England). 1.0 g of the acid disodium salt
was dissolved in 250 mL sulphuric acid to make
the chromotropic acid solution, used to produce a
quantitative reaction with glycolic acid. Glycolic
acid from Sigma-—Aldrich Company was used to
construct a calibration curve. Details of the prepa-
ration of the calibration curve are described by
Chu and Louie.™

Degradation of PGA and UV Analysis

Plates of PGA were immersed in 50 ml buffer solu-
tion at 37°C. After a predetermined period of time,
1 ml of each solution was withdrawn and immedi-
ately mixed with 3 ml of the chromotropic acid
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Figure 1 The ratio of the mass of glycolic acid in solu-
tion to the initial mass of poly(glycolic acid) placed in
the solution for samples crystallised at 160°C (open
circles) and 100°C (closed circles). The values were de-
termined by UV titration of the buffer solution used to
degrade the samples.

solution. The maximum absorbance was deter-
mined with a Shimadzu UV-visible spectropho-
tometer by scanning the solution from 200-900
nm. The calibration curve was used to determine
the mass of glycolic acid in each solution. The ratio
of the mass of glycolic acid to the mass of PGA
originally placed in the solution was calculated
for each degradation period.

Degradation of PGA and SAXS/WAXS

Plates of PGA were degraded as described above.
After the predetermined period of time, the plates
were removed from the buffer solution and imme-
diately analyzed by simultaneous SAXS/WAXS.
This was performed on beam line 8.2 at the SRS
Laboratory at Daresbury, UK. The SRS labora-
tory allows data to be obtained over short expo-
sure times due to the high intensity of the syn-
chrotron radiation. Ryan et al. have described the
experimental technique of SAXS/WAXS used to
determine polymer structure.™

The WAXS data was obtained using a curved
knife-edge detector, and the SAXS data was ob-
tained using a quadrant detector located 3.5 m
from the sample position. The SAXS detector was
calibrated using wet collagen and the WAXS us-
ing high density polyethylene (HDPE). The wet
samples were placed directly into the beam and
exposed for 30 s. The SAXS data were divided by
the detector response found by uniform illumina-
tion of the detector. Both WAXS and SAXS data
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were corrected for background scattering by sub-
tracting the scattering from the straight through
beam and for sample thickness and transmission
by dividing by the signal from an ionisation cham-
ber placed directly behind the sample.

RESULTS

UV Spectrophotometry

On combining the glycolic acid and buffer solution
with the chromotropic acid solution, colors rang-
ing from pale pink to deep purple developed, de-
pending on the extent of degradation. The maxi-
mum wavelength absorbance was detected at 575
nm. The ratios of glycolic acid to PGA during deg-
radation are shown in Figure 1. The concentration
of glycolic acid increases on degradation.

SAXS Results

Figure 2 shows the SAXS data obtained for sam-
ples crystallised at 160°C. Similar results were
obtained for the 100°C crystallised samples.

An attempt was made to model the data ac-
cording to the two-phase model of Hoseman and
Bagchi,'®'® using modelling techniques described
elsewhere.’* However, it was not possible to obtain
a satisfactory fit to the data with this model be-
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Figure 2 The SAXS intensity profiles for samples
crystallised at 160°C and degraded for chosen times.
The samples are observed without removal of buffer
solution. Curves have been offset for clarity. The peak
position shifts as degradation proceeds.
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Figure 3 The lamellar repeat plotted against degra-
dation time for samples crystallised at 160°C (open cir-
cles) and 100°C (closed circles). The values are ob-
tained by applying the Bragg equation to the peak posi-
tions of the Lorentz corrected SAXS intensity profiles.
In general, the repeat distance is higher for samples
crystallised at 160°C.

cause the peaks in the data were too broad for any
combination of parameters. A rough estimate of
the repeat distance within the lamellar stack may
be obtained by applying the Bragg equation to the
Lorentz corrected peak positions. The Lorentz cor-
rection is applied by multiplying the intensity by
the square of the scattering vector, thereby con-
verting the data from randomly oriented lamellar
stacks to that from a single lamellar stack. These
repeat distance values are shown in Figure 3. Ini-
tially, the PGA has a lamellar repeat of approxi-
mately 95A. Over the first 14 to 21 days of degrada-
tion, this distance falls to approximately 80A, then
slowly rises. The values for the samples crys-
tallised at 160°C are consistently higher than those
for the samples crystallised at 100°C.

The invariant of a SAXS profile,’”” @, can be
calculated using eq. (1).

0

Q q*1(q)dq (1)

27‘(’2 0

The invariant is unaffected by the shape of the scat-
tering entities but dependant on the change in elec-
tron density differences within the structure.'
Equation (2) gives the definition of @ for the pseudo
two-phase structure illustrated in Figure 4.

Q = (pc - pa)2 |:xc(1 - xc) - %] (2)
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Figure 4 The electron density profile assumed in the
interpretation of the invariant and the Porod analysis.
The repeat distance d, the transition layer width E,
the crystalline density p., and the amorphous density
pa are marked.

Where p, is the density of the crystalline material,
Pq 1s the density of the amorphous material, x, is
the crystallinity of the stack, E is the width of
the transition layer between the amorphous and
crystalline domains, and S/V is the phase bound-
ary surface area per unit volume of polymer.
The invariant, calculated according to eq. (1),
is shown against degradation time in Figure 5.
The integration was performed between the limits
of data collection. Since the intensities collected
are in arbitrary units, the values obtained will differ
from the true invariant by a constant factor, %.
Porod analysis'® was performed by finding the
gradient and intercept of Iq? versus g 2 in the high
g region of the SAXS curve. From eq. (3), the values
of the transition layer width, £ and the Porod con-
stant, Kp, can be determined. Equation (4) gives
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Figure 5 The invariant @ from the SAXS intensity
profile, plotted against degradation time for samples
crystallised at 160°C (open circles) and 100°C (closed
circles). Since the intensity is given in arbitrary units,
the invariant is also obtained in arbitrary units, related
to standard units by an unknown constant %.
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Figure 6 The width of the transition layer E plotted
against degradation time for samples crystallised at
160°C (open circles) and 100°C (closed circles). These
values are obtained from the Porod analysis described
in the text.

the definition of the Porod constant in terms of pa-
rameters defined in eq. (2) and in Figure 4.

16Kpr* _ 4KpE*r*

Ig) = =5 37 (3)
g(pc - pa)2
Kp = T (4)
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Figure 7 The surface to volume ratio multiplied by
the density difference between crystalline and amor-
phous material squared plotted against degradation
time for samples crystallised at 160°C (open circles)
and 100°C (closed circles). These values are obtained
by multiplying the Porod constant Kp by 8732. Since
the intensity is obtained in arbitrary units, the Porod
constant is also in arbitrary units, related to standard
units by an unknown constant %.
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Figure 8 The density difference between crystalline
and amorphous material divided by the value for sam-
ples degraded for one hour plotted against degradation
time for samples crystallised at 160°C (open circles)
and 100°C (closed circles). These values are derived
from the repeat distance d and the Porod constant Kp,
as described in the text.

On degradation, the width of the transition layer
increases (Fig. 6), and the Porod constant in-
creases. The Porod constant multiplied by 87° is
shown in Figure 7. This, by eq. (4), is equivalent
to the amount of surface area per unit volume
of polymer combined with the change in density
between the crystalline and amorphous phases,
(S/V)(p. — pa)?. Since the intensities collected are
in arbitrary units, the values obtained will differ
from the true value by the same constant factor,
k, which multiplies the invariant.

An estimate of S/V may also be obtained from
the repeat distance, d. By assuming that no new
surface forms during the degradation, S/V can be
approximated by eq. (5):

S 2
V- d (5)
The change in density difference on degradation
compared with the density difference after one-
hour-degraded PGA was obtained by dividing (S/
V) (p. — pa)? by 2/d, as shown in eq. (6), where
the subscript 1 denotes the value for the sample
degraded for 1 hour.

|:<S\( ‘ a)z > / ]
(pc pa)

(pc - pa)l Bl E _ 2
[(V(Pc Pa) k>1d1/2}

(6)
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Figure 9 The WAXS intensity profiles for samples
crystallised at 160°C and degraded for one hour
(straight line) and degraded for 63 days (dashed line).
The samples are observed without removal of buffer
solution. Indices are given according to the orthorhom-
bic unit cell proposed by Chantani et al.®

The constant %, which arises from arbitrary units
of the intensity, thus cancels in this expression.
An increase in this ratio was obtained up to 50
days degradation, then the value levelled (Fig. 8).

WAXS Results

Figure 9 shows the WAXS data obtained for sam-
ples crystallised at 160°C degraded for 1 hr and
for 63 days. Similar results were obtained for the
100°C crystallised samples.

WAXS profiles were analyzed using the peak
fitting program, “Fit,” developed at the SRS, which
fits curves to the crystal peaks and the amorphous
halo. A Gaussian function fitted the peaks, and a
third-order polynomial fit was found to be satisfac-
tory for the amorphous halo. The positions of the
110, 020, and 121 peaks were used to calculate the
dimensions of the unit cell. No major differences
are seen on degradation, although the unit cell di-
mension along the b axis may decrease slightly,
while ¢ and ¢ may show a slight increase (Fig.
10). No change in the overall crystal density was
obtained (Fig. 11). The widths of the 110 and 020
peaks decreased slightly (Fig. 12).

The degree of crystallinity at the various stages
of degradation was determined by finding the ra-
tio of the area under the crystalline peaks to the
total area under the WAXS pattern. An increase
in crystallinity was observed levelling off after 30
days (Fig. 13).
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Figure 10 The unit cell parameters plotted against deg-
radation time for samples crystallised at 160°C (open sym-
bols) and 100°C (closed symbols). Parameters in the a
direction are denoted by circles; in the b direction, by
squares; and in the ¢ direction, by diamonds.

DISCUSSION

The Effect of Starting Morphology

The samples crystallised at 160°C have a lamellar
repeat 4 to 5A higher than those crystallised at
100°C (Fig. 3). In general terms, this trend is to
be expected since crystallisation at higher temper-
atures tends to result in a structure with fewer
high-energy surfaces. For true isothermal crys-
tallisation, however, the difference in lamellar re-
peat would be expected to be rather higher.'” This
suggests that significant crystallisation occurred
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Figure 11 The crystal density plotted against degra-
dation time for samples crystallised at 160°C (open cir-
cles) and 100°C (closed circles). These values were cal-
culated from the orthorhombic unit cell parameters
shown in Figure 10.
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Figure 12 The widths of the wide-angle peaks plotted
against degradation time for samples crystallised at
160°C (open symbols) and 100°C (closed symbols).
Widths of the 110 peak are given by circles, and widths
of the 020 peak are given by squares.

during the sample preparation as the polymer
was cooled from the melt to the nominal crystalli-
sation temperature, resulting in rather similar
structures. The small differences in starting mor-
phology do not appear to have affected the prog-
ress of degradation to within the uncertainties of
measurement of the experiments reported here.

Minor changes in the crystalline phase

The unit cell parameters found from the WAXS
peak positions (Fig. 10) are in reasonable agree-
ment with values found by Chatani et al’® (a
=5.22A, b = 6.19A, and ¢ = 7.02A). The effect of
degradation on the unit cell dimensions is small,
although a slight decrease in size in the b direc-
tion (towards the value reported by Chatani et
al.’) and a smaller opposing rise in the a and ¢
directions are possible. Such changes could be an
effect of changing constraints on the crystals as
amorphous material is removed. The crystal den-
sity is unchanged by the degradation (Fig. 11).
The possible slight decrease in the widths of
the WAXS peaks 110 and 020 (Fig. 12) may be
interpreted via the Debye Scherrer equation'® as
an increased average lateral crystal size, perhaps
because smaller crystals are fully lost more
readily due to their large surface area, thereby
increasing the average crystal size. This result
may alternatively be interpreted as an increase
in crystal perfection achieved as constraints are
removed by the degradation of amorphous mate-
rial, although no associated change is seen in the

crystal density (Fig. 11). Whatever its cause, the
effect is very small.

In conclusion, the changes to the unit cell and
to the lateral extent of the crystals appear very
small during the degradation performed.

Roughening of the Transition Layer

The width of the transition layer between crystal-
line and amorphous material increases slightly
during the degradation (Fig. 6). This indicates a
slight roughening of the crystal surfaces as the
material degrades. This may be due to an uneven
attack of fold surfaces of the crystal.

Preferential Degradation of Amorphous Material

The amount of glycolic acid released into the
buffer solution increases with progressive degra-
dation (Fig. 1). The scatter in these results is
high, although it appears that the rate of increase
slows after about 30 days, with the initial release
presumably being a consequence of the relative
easy degradation of the more accessible amor-
phous phase. Once this accessible material is re-
moved, degradation continues more slowly as only
more ordered and crystalline material remains.
The crystallinity as measured by WAXS in-
creases with degradation from around 30 to about
50% (Fig. 13). Since the UV experiments suggest
that a large amount of the polymer has been re-
moved during this time, it must be assumed that
the bulk of this is from the amorphous phase. As
amorphous material is removed, the fraction of
crystalline material in the remaining polymer in-
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Figure 13 The crystallinity of the samples as calcu-
lated from the WAXS intensity profiles for samples
crystallised at 160°C (open circles) and 100°C (closed
circles).
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creases. Again, the major change is seen over the
first 30 days of degradation.

The loss of amorphous material and its replace-
ment by buffer solution is also reflected in the
increase in the density difference between amor-
phous and crystalline region (Fig. 8). The con-
trast, normalized to the contrast after one hour,
increases steadily, levelling after about 30 to 50
days. As amorphous material is lost, the density
of the layers between the crystals, p,, falls. Since
the crystal density is unchanged by the degrada-
tion (Fig. 11), the fall in p, increases the density
difference (p. — p.). The levelling off occurs pre-
sumably when all the polymer in the layers be-
tween the crystal has been replaced by buffer so-
lution. The ratio at this point is

pe—p» _ 1.74 — 0.98
(pe = pa)1 174 — (pa)

(7)

where p; is the density of the buffer solution (0.98
g cm ?), and all values are given in g cm ™ ®. The
density of the layers between crystals after 1 hour
of degradation, (p,);, may thus be calculated,
yielding a value of 1.6 g cm ®. This value appears
very reasonable when compared with the relative
values of crystalline and amorphous densities in
other polymers.*?

The invariant also increases on degradation (Fig.
5). This change is more difficult to interpret since
the invariant is dependent on several changing pa-
rameters [eq. (2)]. The increase is likely to be domi-
nated by the increase in the density difference be-
tween the crystals and the layers between them, (o,
— p.) via eq. (2). However, the invariant is also
dependent on the crystallinity of the stack, the sur-
face to volume ratio, and the interface thickness E,
all of which are changing. The combined uncertainty
of these measurements makes detailed interpreta-
tion of the invariant unproductive.

Thus, measurement of the release of glycolic
acid, of the crystallinity, of the density difference,
and of the invariant all indicate that amorphous
material is degraded more quickly than the crys-
talline phase. The major loss seems to occur
within the first 30 days of degradation.

Two-Stage Degradation of the Amorphous Phase

The changes in the lamellar repeat (Fig. 3) sug-
gest that the loss of amorphous material may it-
self be a two-stage process. The lamellar repeat
changes significantly during degradation. The

greatest change is seen within the first 20 to 30
days of degradation when it falls by about 15A.
This is followed by a slow rise. By the end of the
experiment, the initial value is almost regained.

The amorphous layers in PGA contain both
loops and ties of amorphous PGA. Loops are
formed by chains exiting a crystal surface and re-
entering the same crystal at a chosen point. Tie
chains connect two adjacent crystalline lamellae.
Most tie chains will be highly coiled, maximizing
entropy. However, a minority will be pulled
tightly by the entropic forces of the other amor-
phous chains [Fig. 14(a)].?° The conformation of
a chain is likely to affect its reactivity. Such ef-
fects on reactivity have been observed in the oxi-
dation of polyolefins, although with contradictory
conclusions. Some authors report?-?? that the
highly coiled amorphous material is more reactive
than the conformationally strained extended tie
chains and will degrade first. Others® suggest
that strained chains are more susceptible to oxi-
dation, implying the taut chains will be attacked
before the coiled amorphous material.

If the coiled amorphous material is removed
first,??? an explanation may be offered for the
effects seen in the lamellar repeat on degradation
(Fig. 3). The taut tie chains are able to relax into
more entropically favorable conformations, pull-
ing the crystals closer together and lowering the
lamellar repeat [ Fig. 14(b)]. This proposed mech-
anism would explain the drop in the lamellar re-
peat observed in PGA. The crystals will have
gained mobility following the loss of the majority
of the amorphous material.

The wet samples do not appear to decrease in
size with degradation, despite the removal of
amorphous material and the collapse of the lamel-
lae. The entropic driving force for the drop in la-
mellar repeat will be opposed by the spherulitic
crystal architecture, despite an enhanced mobility
of the crystal layers, since a narrowing of the gap
between crystals in some areas will necessarily
create stresses and perhaps voids in other areas.
[In these wet samples, there is little evidence for
voiding in the SAXS intensity profile (Fig. 2)],
although partially degraded samples show a
strong tendency to void if dried.® Voids too large
to be visible in the SAXS profile may of course be
present (the PGA becomes brittle with signs of
surface cracks on degradation ). The remaining tie
chains are thus unlikely to reach their state of
maximum entropy; and the lamellar repeat with
arise from a balance between the entropic forces
in the tie chain, encouraging contraction, and
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Figure 14 Schematic diagram of the changes that occur to the lamellar morphology
of poly(glycolic acid) on degradation. (a) During days 0 to 20, highly coiled tie chains
and loops are removed, leaving taut tie chains undegraded. (b) From day 20, taut tie
chains are now able to coil under entropy drawing the crystals closer together. The
crystals are mobile following the removal of the bulk of the amorphous material. How-
ever, the movement is likely to cause stresses elsewhere in the spherulite. Since the
remaining tie chains are now coiled, they are reactive and will be able to degrade. (c)
From day 20, the removal of the remaining tie chains leaves the crystals free to separate
under the influence of the stresses elsewhere in the spherulite.

stresses in the spherulitic architecture, encourag-
ing expansion.

As the tie chains relax, they become more reac-
tive and degrade. The forces pulling the crystals
together are thereby released, and the lamellar
repeat slowly rises again [Fig. 14(c)].

Thus, the loss of amorphous material may oc-
cur via two stages. Reactive highly coiled chains
are degraded over the first 20 days. This allows
tight tie chains to relax to more entropically fa-
vourable conformations, pulling the crystals
closer together and creating stresses elsewhere in
the structure. Such stresses lead to voids if the
structure if dried out. The newly coiled tie chains
are now progressively degraded, partially releas-
ing the crystals and allowing lamellar repeat to
expand towards its initial value. Once all the ac-
cessible amorphous material is removed, degrada-
tion proceeds more slowly as only the more or-
dered and crystalline material remains.

Changes in affinity for water

As the polymer degrades, the chemical environ-
ment in the inter-lamellar regions changes. This
may well affect the affinity for the water in these
regions, altering the ability of the material to
swell. The changes in the long period could there-
fore be a consequence of a changing affinity of the
amorphous layers for water during degradation.

The concepts of a two stage removal of amor-
phous material and of changes in affinity for wa-

ter are not mutually exclusive. It is possible that
either or both control the total lamellar repeat.

The Consequences for Bulk Properties and
for Applications of the Polymer

The loss of the amorphous material, the changing
character of the connecting tie chains, and spher-
ulitic stresses will have significant effects on the
mechanical properties of PGA. A rapid loss of ten-
sile strength and an increase in crystallinity in
dry degraded PGA is reported.” These greatly af-
fect the potential employment of PGA for further
surgical applications where the controlled me-
chanical performance is essential.

As degradation proceeds, the ability of other
molecules to diffuse into and out of the polymer
will be significantly affected. The layers between
the crystals, which provide natural channels for
diffusion, change in character as material is re-
moved; and the remaining chains change confor-
mation and in size. This will affect the ability of
biological molecules to diffuse from the body into
a PGA implant. Similarly, the diffusion of an em-
bedded drug out of a continuous PGA matrix con-
trolled release system would be strongly affected
by the changes described. Prediction and control
of drug release is likely to depend on a knowledge
of these changes.

The microstructural changes reported are inti-
mately connected to the semi-crystalline morphol-
ogy of the polymer. Although the processing
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routes used here did not produce significantly dif-
ferent starting structures, careful control of crys-
tallisation temperature or quenching, followed by
post-annealing at chosen temperatures, could re-
sult in large variation in the starting morphology.
Structures are possible that differ widely in their
lamellar repeat. This would result in differences
in the nature and proportion of tie chains***® and
in the size and separation of crystals. Such
changes may well affect the balance of forces in
the morphology during degradation, affecting the
structure’s response to degradation and perhaps
affecting the structure’s tendency to void. Signifi-
cant effects on the size and nature of channels
available for diffusion, as well as mechanical
properties, would result.

CONCLUSIONS

Although the results presented here are broadly
in agreement with the previously reported model
of microstructural change in PGA fibers, in that
the amorphous material is seen to degrade faster
than the crystalline material, they allow a more
detailed description of morphological changes on
degradation to be proposed.

During degradation, the crystal density re-
mains constant, and little change is seen in the
lateral extent of the crystal lamellae. The transi-
tion layer between the crystalline and amorphous
phases roughens slightly. A sharp increase is seen
in the crystallinity, the amount of glycolic acid in
the buffer solution, and in the density difference
between the crystal lamellae and the layers sepa-
rating them. These changes indicate major loss of
amorphous material within the first 30 days of
degradation. Changes in the lamellar repeat dis-
tance are interpreted as reflecting a two-stage loss
of amorphous material, in which highly coiled
loops and tie chains are degraded faster than taut
tie chains. Once the coiled material is removed,
the taut chains are able to adopt entropically fa-
vorable conformations, lowering the lamellar re-
peat and creating internal stresses within the
spherulite. As these newly coiled chains degrade,
the crystals are released and slowly separate.

These findings give microstructural information
of importance in the prediction and control of me-
chanical properties during degradation and the diffu-
sivity of other molecules through degrading polymer.
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