Structural Changes and Biodegradation of PLLA, PCL,
and PLGA Sponges During In Vitro Incubation
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The structural changes and degradation behaviors of
poly(L-lactic acid) (PLLA) and poly(s-caprolactone)
(PCL) sponges were studied by incubation in phos-
phate buffer solution and compared with those of pre-
viously reported poly(lactic-co-glycolic acid) (PLGA)
sponge. The changes of pH, weight, molecular weight,
crystallinity, and thermal properties of glass transition
and melting were measured. The influence of incuba-
tion temperature on the structural change of each type
of sponge was investigated in details. During incuba-
tion, the PLLA sponge showed secondary crystalliza-
tion, the PCL sponge showed lamellar thickening, and
the PLGA sponge showed physical aging. Depending
on the type of biodegradable polymers, the incubation
temperature caused different structural changes during
the incubation and the structural changes influenced
several degradation behaviors. POLYM. ENG. SCI.,
50:1895-1903, 2010. © 2010 Society of Plastics Engineers

INTRODUCTION

In tissue engineering, artificial scaffolds play an impor-
tant role as templates to accommodate cells and guide the
formation of new tissue [1, 2]. In successful scaffold
design, the two main aspects that should be considered
are structure and material. With reference to the structural
aspect, it is generally required for the scaffolds to have a
three-dimensional (3D) and highly interconnected porous
structure with suitable mechanical properties, pore size,
and porosity. As for the material aspect, in addition to ac-
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ceptable biocompatibility, biodegradability is important.
An ideal degradation behavior of scaffolds is having a
degradation rate that matches the formation of new tissue
or organs to enable gradual replacement of the scaffold
with the proliferated cells and extracellular matrices
[1-3]. In this sense, the degradation behavior of each ma-
terial should be well understood in the process of material
selection. To date, many kinds of synthetic and natural
polymers have been extensively investigated as candidates
for scaffold materials [4]. Among them, biodegradable ali-
phatic polyesters such as poly(e-caprolactone) (PCL),
poly(L-lactic acid) (PLLA), poly(glycolic acid) (PGA),
and poly(lactic-co-glycolic acid) (PLGA) are the most de-
sirable and widely used because of their versatile biode-
gradability.

The in vivo degradation of biodegradable aliphatic pol-
yesters commonly undergoes a chemical hydrolysis reac-
tion of ester bonds in its backbone [5]. Their degradability
is affected by both the intrinsic properties of the polymer
and the external environment. The polymer properties
include monomer structure [6], molecular weight [7], co-
polymer ratio [8], crystallinity (X.) [5, 9], shape [10], and
glass transition temperature (T,) [11], whereas the exter-
nal environment includes pH [9, 12], temperature [13],
and enzymes [14]. It is important to elucidate the struc-
tural changes of the porous scaffolds of the biodegradable
polymers during in vitro incubation and their effect on
the degradation of the scaffolds. The structural change is
primarily dependent on the glass transition temperature of
the biodegradable polymers and the incubation tempera-
ture. If T, of the crystalline polymer is below the incuba-
tion temperature of 37°C, further crystallization can be
caused during the incubation period. If T, is near but
above 37°C, physical aging (namely, enthalpy relaxation)
of the amorphous part in either a crystalline or a noncrys-
talline polymer can occur during the incubation period.
Both the structural changes in crystallization and physical



aging during the incubation period can influence the deg-
radation behavior of the polymer. The biodegradable pol-
yesters, PLLA, PCL, and PLGA, have different crystallin-
ities: Ty. PLLA is crystalline and its T, is above 37°C;
PCL is crystalline and its T, is below 37°C; PLGA is
noncrystalline and its T, is above 37°C. Therefore, the
sponges of PLLA, PCL, and PLGA were used to investi-
gate the relationship between structural change and their
degradation. In this study, the structural changes and deg-
radation behaviors of PLLA and PCL porous sponges in
in vitro incubation were investigated and compared with
those of PLGA, which has been reported previously [11].

EXPERIMENTAL

Fabrication of Porous Sponges

PLLA and PCL were purchased from Sigma-Aldrich
(St. Louis, MO). The weight-average (M,,), number-aver-
age molecular weights (M,), and polydispersity index
(PDI) of PLLA measured by gel permeation chromatogra-
phy (GPC) were 116,000 = 4700, 65,700 = 4100, and
1.77 = 0.04, respectively. Those of PCL were 261,000 *
2800, 165,000 = 5000, and 1.60 * 0.05, respectively. The
PLLA and PCL sponges were fabricated by the particulate
leaching technique using sieved sodium chloride (NaCl)
particulates with a diameter range of 355425 um. Briefly,
the NaCl particulates were added to each polymer solution
in chloroform at a weight ratio of polymer/NaCl of 1/9
and mixed well. Then, the polymer/chloroform/NaCl mix-
ture was poured immediately into a Teflon tube with an
inside diameter of 10 mm. The chloroform was allowed to
evaporate from both ends of the Teflon tube by air-drying
for 1 day, and then the mixture was removed from the Tef-
lon tube. The mixture was further dried in air for 1 day
and in a vacuum for another 3 days. To leach out the NaCl
particulates, the dried polymer/NaCl composite was
immersed in deionized water that was changed every hour.
The washing was continued until the weight of the dried
sponge did not change. Finally, the complete leaching out
of NaCl was confirmed by a simple qualitative analysis
with a silver nitrate (AgNOs3) aqueous solution by which
the change of transmittance caused by silver chloride pre-
cipitates of an ionic reaction product was detected by
measuring light transmission. After drying, the resultant
cylindrical sponges with diameters of 10 mm were cut into
cylindrical specimen pieces having a height of 10 mm.
NaCl, chloroform, and AgNOj; solution were purchased
from Wako Pure Chemical Industries (Osaka, Japan).
Deionized water was obtained with a Milli-Q water filter
system from Millipore Corporation (Bedford, MA).

Cross sections of the PLLA and PCL scaffolds were
observed by a scanning electron microscope (SEM) (JSM-
6400Fs, JEOL, Tokyo, Japan) operated at a voltage of 20
kV. The sponges were cut with a razor blade and then
coated with platinum using a sputter coater (Sanyu Den-
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shi, Tokyo, Japan). The pore size of each sponge was
measured by analyzing the pore size of 10 randomly cho-
sen SEM images of the cross sections.

In Vitro Degradation Test

In vitro degradation tests of the PLLA and PCL scaf-
folds were conducted in phosphate buffer solution (PBS)
under pH 7.4 at 37°C with mechanical shaking (60 shakes/
min). PBS was prepared by mixing 18.2% (v/v) of 1/15
mol/l KH,PO, aqueous solution and 81.8% (v/v) of 1/15
mol/l Na,HPO, aqueous solution; the mixture solution
was adjusted to pH 7.4. The PBS was autoclaved before
use. Before the degradation test, each of the sponges was
sterilized by 70% ethanol aqueous solution. This treatment
served another important role as a pre-wetting treatment,
which causes PBS to permeate into all of the pores of the
sponges. After complete washing with sterile PBS, the
sponges were immersed in 20 ml sterile PBS and 50 ml
sterile glass test tubes were used as test vessels. To sup-
press pH change during the degradation test to a mini-
mum, only the upper three-fourths of the PBS was
replaced with fresh PBS every week [11]. After 6, 12, 18,
and 26 weeks, the sponges were collected, washed with
deionized water, air-dried for 1 day, and then vacuum-
dried for another 3 days. The dried samples were used for
various evaluations. The pH of the removed PBS was
measured by a pH meter (Shimadzu, Kyoto, Japan).

Evaluation of Degraded Scaffolds

The weights of the PLLA and PCL sponges were
measured with an electrical balance, AG 135 (Mettler-
Toledo International, NY). Weight loss in % was calcu-
lated according to a simple equation:

(Wo — W) "
0

Weightloss(%) = 100 (1

where W is the initial weight and W, is the weight at a
given time. Both W, and W, were measured after vacuum
drying for 3 days. M, of the PCL sponges and the peak
top molecular weight of the PLLA sponges after a
designed degradation time were determined by GPC using
a high-performance liquid chromatography system, HLC-
8220GPC (Tosoh, Tokyo, Japan), with two TSK gel col-
umns (GMHuzg-M, Tosoh, Tokyo, Japan). Chloroform
was used as the elution solvent at a flow rate of 1.0 ml/
min at 40°C; TSK polystyrene standards (Tosoh, Tokyo,
Japan) were used for calibration.

The melting temperature (Ty,), T,, and enthalpy of melt-
ing (AH,,) of the PLLA and PCL sponges were deter-
mined by a differential scanning calorimeter (DSC),
DSC8240 (Rigaku, Tokyo, Japan). A 5.0 mg of sample
was analyzed from —30 to 250°C for PLLA sponge
and from —100 to 150°C for PCL sponge at a rate of

DOI 10.1002/pen



FIG. 1.
sponges.

SEM micrographs of cross sections of (a) PLLA and (b) PCL

10°C/min under a nitrogen gas flow at a rate of 50 ml/min.
The instrument was calibrated with indium, tin, and lead.
The X. of the sponges was evaluated according to the
following equation:

AH,
AH ()

X (%) = x 100 ®)

where AH,, ) is AH,, of a crystal having infinite crystal
thickness. In this study, the AH . values of 93 and 140
J/g were used for PLLA and PCL, respectively [15, 16].
Ten samples at each time point were used for the weight
and pH measurements. Three samples at each time point
were used for GPC and DSC. The data were used to calcu-
late the means and standard deviations.

RESULTS AND DISCUSSION
PLLA and PCL Sponges
The PLLA and PCL sponges were prepared by the

particulate-leaching method. The typical images of the
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cross sections of the PLLA and PCL sponges are shown
in Fig. la and b, respectively. Both the PLLA and PCL
sponges had a highly porous structure, and each had an
average pore size that was estimated to be 355.6 =
73.0 yum and 363.9 * 53.2 um, respectively, values that
are highly consistent with that of the NaCl particulates
used.

Change of Weight

Figure 2 shows the weight changes of the PLGA and
PCL sponges with incubation time. The PLLA sponges
showed a slight weight loss with incubation time, finally
reaching a loss of up to 15.94% =+ 2.88% after 26 weeks.
In contrast, the PCL sponges showed almost no apparent
weight loss (less than 1%) through the entire incubation
period.

Change of Molecular Weight

Figure 3a shows the GPC curves of the PLLA sponge
with incubation time. In the first 6 weeks, a remarkable
decrease in molecular weight and a characteristic peak de-
formation were observed simultaneously. In the peak de-
formation, three new specific peaks, which were num-
bered (1), (2), and (3) in turn from the low molecular
weight side, appeared in addition to the original peak.
The peak levels of peaks (1) and (2) both developed with
incubation time; the development of peak (2) was more
evident than that of peak (1). Peak (3) suddenly appeared
at Week 18 and then almost disappeared. The change of
the top molecular weight (M;—M3) of the peaks (1)—(3) is
shown in Fig. 3b. The change of M, and M, showed a
similar tendency in which the peak top molecular weight
decreased slightly between Weeks 6—12 and 18-24, but
changed only slightly during Weeks 12-18.

The GPC curves and change of M, of PCL with incu-
bation time are shown in Fig. 4a and b, respectively. In
contrast to the case of PLLA, no characteristic deforma-
tion of GPC curve was observed. M, remained unchanged
for the first 6 weeks and then gradually decreased.
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FIG. 2. Changes of weight loss (%) of PLLA and PCL sponges as a
function of incubation time.
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FIG. 3. (a) GPC curves in each incubation time of PLLA sponges and
(b) changes of peak top molecular weights M;, M,, and M3 for the spe-
cific peaks (1), (2), and (3) in (a) as a function of incubation time.

Change of Thermal Properties

All the thermal properties for PLLA and PCL are dis-
cussed here without considering the influence of enthalpy
relaxation because, in the preliminary experiments, it was
confirmed that in both types the excess enthalpies of
relaxation were negligibly small and always less than 1.0
J/g through the entire incubation period. Furthermore, no
exothermal peak, which is related with the crystallization
during heating process of DSC, was observed in this
study for either sample of the PLLA and PCL sponges.
The changes of X., Ty, and T, of the PLLA and PCL
sponges with incubation time are shown in Fig. Sa—c,
respectively. The initial X. of both the PLLA and PCL
sponges were 59.6% and 56.5%, respectively.

For the first 12 weeks of incubation, X, of the PLLA
sponges increased dramatically from 59.6 to 77.1%, and
then showed no significant change. In contrast to X, T,
of the PLLA sponges decreased for the first 12 weeks,
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and then showed no significant change. T, of the PLLA
sponges increased for the first 12 weeks, especially during
the first 6 weeks when it increased dramatically from 47
to 57.6°C. It decreased from 59.2 to 54.9°C during the
next 6 weeks, and then showed no significant changes
during the final 8 weeks.

X, of the PCL sponges increased for the first 12 weeks
from 56.5 to 65.7%, and then showed no significant
change. T, of the PCL sponges increased for the first 6
weeks, and then showed no significant change. T, of the
PCL sponges remained almost unchanged throughout the
incubation period.

pH Change of PBS

In the hydrolysis reaction of biodegradable polyesters,
acidic degradation products, which act as a catalysis of
the following hydrolysis reaction, are generated. There-
fore, if the reaction system is not changed during the
course of the hydrolysis reaction, the pH of the system
becomes acidic as the reaction proceeds, especially under
neutral conditions. In an in vivo environment, the influ-
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FIG. 4. (a) GPC curves in each incubation time of PCL sponges and
(b) change of number-averaged molecular weight (M,,).
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FIG. 5. Changes of (a) crystallinity (X.), (b) melting temperature (7',),

and (c) glass transition temperature (7,) as a function of incubation time
of PLLA and PCL sponges.

ence of acidic products on pH should be suppressed by
the native buffer and circulation systems. In contrast, nor-
mally in in vitro studies, the influence of acidic products
is partially or completely suppressed by using the follow-
ing methods in part or completely: (1) by using a buffer
solution, (2) by regularly changing the buffer solution
completely, (3) by mildly agitating the incubation system.
In our previous report, a new protocol was proposed to
suppress the extreme pH change in which the incubation
test was done under a mild shaking condition and three-
fourths of the PBS was regularly changed [11]. In this
study, we used the same protocol to suppress extreme pH
change. The resultant pH change of PBS in the case of
both the PLLA and PCL sponges was suppressed within
7.33-7.37 and 7.33-7.38, respectively, throughout the
entire incubation period.

Degradation Behavior of PLLA Sponges

For convenience, the changes in pH, M,,, weight, X,
Ty, and T, of the PLLA sponges with incubation time are
schematically depicted in Fig. 6. In the graph, each
change is depicted with a simplified and characterized
line and is not quantitative.

As a characteristic change, X, increased, however, M,,,
weight, and T,, decreased for the first 12 weeks. The
decrease of M, and weight for the first 12 weeks could be
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FIG. 6. Schematic graph of changes in pH, M,, weight (W), X., T,
and T, for PLLA sponges. Each change is depicted with a simplified and
characterized line and is not quantitative.

attributed partly to the preferential degradation and release
of the amorphous part of the PLLA sponge because it is
well known that water molecules can diffuse more easily
into the amorphous part than they do into the crystalline
part. A supporting image is shown in Fig. 7. Figure 7 is an
SEM image of a pore wall of a fractured PLLA sponge
that was treated with a 0.5 N sodium hydroxide aqueous
solution (NaOHaq) at 37°C for 1 h. By the alkaline treat-
ment, closely filled crystalline spherulites composed of
radially grown ribbon-like crystalline lamellae were
revealed, demonstrating the preferential removal of the
amorphous part by the NaOHaq treatment. Many “o”-like
shaped twin halls in the image, some of which are sur-
rounded with white lines, seem to correspond to the spher-
ulite centers that are composed of less organized structures

FIG. 7. SEM micrograph of a pore surface of an alkaline-etched PLLA
sponge with 0.5 N NaOH aq at 37°C for 1 h. Some of the typical pairs
of twin halls with a “«”-like shape, which are thought to be spherulite
centers, are surrounded with white dashed lines.

POLYMER ENGINEERING AND SCIENCE—2010 1899



145 150 155 160 165 170 175 180 185
T T T T —T T T
£
5}
= |peak separated components
°
= 150 /160 L 10180
l N
fitted curve o W
B 26W e 12w
original curve e 18W
— 26W
Temperature (°C)
FIG. 8. DSC curves for melting of PLLA sponges during each incuba-

tion time. The inset shows an example of the peak separation process.
The broken straight lines show the peak top positions of each lower side
peak component.

and, therefore, susceptible to alkaline etching [17-19].
Considering that the incubation condition in this study was
milder than that of the NaOHaq treatment, the preferential
degradation and release of the amorphous part of the
PLLA sponges should occur during incubation in PBS.
Except for the preferential degradation of the amorphous
part, however, there should also be other factors affecting
X. because the X, calculated from weight loss was lower
than the experimentally obtained X.. Assuming that the
weight loss is attributed to only the amorphous part, the
resultant X, in each incubation time can be calculated by
100 X X./[100—weight loss (%)] (namely = X.W,/W,)
because the X. obtained from the DSC is given as a mass
fraction crystallinity. The calculated X. of the PLLA
sponge, for example, after Weeks 12 and 26 of incubation
was 62.9% and 70.9%, respectively. However, the meas-
ured X, after Weeks 12 and 26 incubation was 77.1% and
76.5%, respectively. The results indicate that formation of
new crystals (namely, secondary crystallization) might
occur during incubation. Secondary crystallization during
incubation is also demonstrated from the change of the
shape of the melting peak. The DSC curves for melting of
the PLLA sponges during each incubation time are shown
in Fig. 8. A specific change of peak type from single to
double peak occurred after incubation. All the melting
peaks after incubation can be well divided by a peak sepa-
ration technique into two different peaks of a higher tem-
perature side with a narrower half-width at half-maximum
(HWHM) and of a lower temperature side with a broader
HWHM. In principle, the shape of the melting peak on
DSC curves is not symmetrical [20] and, therefore, the
asymmetric Gaussian distribution function in the free soft-
ware “Fityk ver. 0.8.6” was used in this study according
to the DSC peak separation technique by Netzsch Corp
[21]. An example of peak separation for Week 26 is
shown as an inset in Fig. 8. The straight broken lines in
Fig. 8 show the peak top positions of each lower side peak
component. Because the peak area of the broader curves at
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low temperature side was always larger than that at high
temperature side, it is reasonable, but not unquestionable,
to consider that the lower temperature side are attributed
to the melting of the original lamellae, and that the nar-
rower curves of the higher temperature side are the new
lamellae. The Thompson-Gibbs equation (Eg. 3 and also
expressed as Eq. 4) shows that L. of the new crystals (L)
is slightly thicker than that of the original crystals (L),
where 7(;1, g, Aho, and p. in Eq. 3 are the equilibrium T},
specific fold surface free energy, heat of fusion (per unit
mass), and crystal density, respectively. This tendency is
the opposite to that of a report by Zong et al. on the sec-
ondary crystallization of PGA and PLGA during incuba-
tion [22]. Tsuji and Ikada investigated the relationship
between T, and L. in PLLA film, and determined the val-
ues of 79 and 20/Ah°p. as 198°C and 1.59°C, respectively
[15]. Using their values and experimentally obtained T,
the L. values [L¢rm)] during each incubation time were
estimated from Eq. 4 and listed in Table 1. Here, the val-
ues estimated from the lower temperature side components
in each peak of the separated curves were used as Tp,.

20
T,=T°|1—-——1"— 3
‘“[ Ahochc] @

(AR - @
Ahopc(Tr% - Tm)

Three specific low molecular weight peaks were
observed in the GPC curves (Fig. 3a). Similar results in
PLLA films were reported by Fischer et al. [17] and by
Tsuji and Ikada [15]. Such specific peaks were ascribed to
the generation of some specific molecular weight fractions
due to the degradation of folding chain parts in the lamel-
lar crystals. It is known that PLLA crystallizes with o-
modification under static conditions. The crystal structure
was determined by Hoogsteen et al. to be a pseudo-ortho-
rhombic structure (¢ = 1.07, b = 0.595, and ¢ (chain axis)
= 2.78 nm) composed of two chains having a left-handed
10/3 helix conformation [23]. Assuming that M, is attrib-
uted to L. in each incubation time, the L. values [L¢as1)]
expected from M, can be estimated by the equation:

0278 x M
Legwy) (nm) = === 8

where 0.278 and 72.1 are the length occupied by one lac-
tide monomer unit in the c-axis direction in the crystal

TABLE 1. Estimated values of PLLA lamellar thickness from the T,
[Le(rmy] and the peak top My [Lea)l-

Incubation time/weeks 0 6 12 18 26
Lermy/mm 13.1 11.1 10.5 10.4 9.7
Leg1y/nm — 16.2 13.1 13.9 10.9
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FIG. 9. Change of onset temperature of glass transition in PLLA
sponges as a function of incubation time.

and the lactide monomer mass per mole, respectively. Ta-
ble 1 lists the estimated L.y, values in each incubation
time. The good similarity of the values between L.y
and Lcqm) clearly supports the initial assumption,
although the difference in Week 6 is somewhat large
compared with the other incubation times. Probably, such
a difference in the beginning of incubation arises from
the inevitable contribution of the noncrystalline chain
ends to Lcpy1), which was based on the chain folding part.
The values of M,/M; in each incubation time were calcu-
lated to be 2.11, 2.26, 2.14, and 2.52 for Weeks 6, 12,
18, and 24, respectively. These values of ~2 agree well
with the idea that peak (2) is ascribed to the one-folded
chains (namely, to the 2L, + one-folding chain part). The
reason the values are always slightly over 2 could be
attributed partly to the extra folding chain part in the one-
folded chains. The value of M;/M; at Week 18 was calcu-
lated to be 5.83. This shows that peak (3) is not ascribed
to the two-folded chains but to the four-folded chains
(namely, the 5L. + four-folding chain parts). In Fig. 3a,
the additional independent peaks corresponding to L, are
not seen. This is probably because the thicknesses of L,
and L,. are too close. On the other hand, the Thompson-
Gibbs equation suggests that L. had started to decrease
during the first 6 weeks. It is not easy to accept this, how-
ever, because the GPC results demonstrated that many
folding chain parts still remained in Week 26. Thus, it is
speculated that the decrease of T, during the beginning
of incubation was not primarily caused by the decrease of
L. but probably by the increase of ¢ due to the scission
of the folding chain part.

Here, it should be contemplated as to why the PLLA,
having its T, of 47°C, was able to crystallize during incu-
bation at 37°C. It is well known that polymer has a rather
broad glass transition range and that T, is influenced by
various parameters such as free volume, conformational
entropy, and molecular weight of amorphous chains.
Figure 9 shows the onset temperatures of glass transition
in the DSC results for each incubation time. The figure
indicates that the amorphous molecules, which can crystal-
lize during incubation at 37°C, existed in the intact PLLA
sponges, and the increases of T, and the onset temperature
of glass transition for the first 6 weeks are caused by the
crystallization of such amorphous chains. Tsuji and Ikada
have proposed that the amorphous region between the
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stacked lamellae should include many molecular level
voids due to the existence of tie chains and folding chain
parts [15]. On the other hand, it is well known that during
the formation of polymer spherulites, low molecular
weight species are rejected from the crystallization and the
chains tend to be segregated primarily between the stacked
lamellae [24, 25]. From these points, it is believed that the
amorphous chains, existing between the stacked lamellae,
are energetically less stable than the others existing
between the adjacent lamellae or the spherulite boundaries.
Thus, the thermal motion of these unstable chains should
be initiated at a lower temperature compared with the
others. In addition, Hu et al. proposed that a pre-aligned
single chain, having low conformational entropy, could
behave as a nucleus of the subsequent epitaxial crystalliza-
tion process [26]. Therefore, it is speculated that the sec-
ondary crystallization during incubation mostly occurs
between the stacked lamellae, and the thermodynamic
driving force was the low conformational entropy of the
nearly extended tie chains between stacked lamellae. This
speculation suitably explains why the secondary crystalli-
zation occurred at only the beginning of incubation during
which a large amount of tie chains still remains. In addi-
tion, this speculation also acceptably explains the experi-
mental results of Zong et al. on the secondary crystalliza-
tion of PGA and PLGA during incubation, i.e., that the
new crystals formed in parallel with the original stacked
lamellae [22]. In Week 18, the onset temperature of glass
transition again decreased to around 30°C. This might be
due to the progress of degradation of the remaining amor-
phous chains. However, such newly generated unstable
amorphous chains were no longer able to crystallize
because of the lack of tie chains.

Degradation Behavior of PCL Sponges

The changes in pH, M,, weight, X, T\,, and T, of the
PCL sponges with incubation time are schematically
depicted in Fig. 10. It is well known that the degradation
rate of PCL sponges under pH 7.4 at 37°C is considerably
slower than that of PLLA sponges [4]. In addition, in this
study, during the incubation period of 26 weeks, weight
loss was not recognized and only a gradual decrease in
M, was recognized after 6 weeks. In contrast, as a charac-
teristic change, X, and T,, increased for the first 6 weeks
without any changes of M, and weight. Because T, of
intact sponge is —56.3°C, at the incubation temperature
of 37°C the amorphous chains are in a rubber-like state
and, therefore, able to crystallize. Simultaneously, the
incubation temperature should act as an annealing temper-
ature for the original crystals. Thus, the following three
cases must be considered as explanations of the increases
of X, and T, for the first 6 weeks: (1) new lamellar crys-
tals having thicker L, than L. formed, (2) lamellar thick-
ening of the original crystals occurred, or (3) both cases
(1 and 2) occurred simultaneously. However, taking into
account that the additional melting peak in the DSC curve
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FIG. 10. Schematic graphs of changes in pH, M,, weight (W), X., T,,,
and T, for PCL sponges. Each change is depicted with a simplified and
characterized line and is not quantitative.

did not appear during every incubation period, possibil-
ities (1) and (3) are not acceptable. Using Eq. 4, based on
values in the literature of Tg] = 70.5°C [27, 28], 0 = 90
mJ/m? [27, 28], Ah® = 135 J/g [28], and p. = 1.20 g/cm’
[29], the L. values at Weeks O and 6 are estimated to be
29 and 157 nm, respectively. The lamellar thickness
increased for the first 6 weeks by about five times. The
lamellar thickening of PCL was well investigated by Phil-
lips and Rensch [30]. They proposed a similar lamellar
thickening model with one for polyethylene where crystal
thickening occurred by combining several original folded-
chain crystals stacked up and down through chain sliding
diffusion [31, 32]. The resultant new folded-chain crystal
has a thickness of integral multiples of L., ultimately
leading to formation of an extended-chain crystal. When
the lamellar thickening occurs by combining several origi-
nal crystals through chain sliding diffusion, the amor-
phous regions between each original crystal are converted
into crystalline regions. Therefore, it is reasonable to
increase the X. accompanied by the lamellar thickening
for the first 6 weeks. However, this cannot explain the
further increase of X, from Weeks 6 to 12. This increase
of X, without the accompanying T, change indicates that
new crystallization occurred. As mentioned above,
because the new melting peak in the DSC curve was not
observed throughout, it can be assumed that new crystalli-
zation occurred epitaxially on the side of the thickened la-
mellar crystals with the same lamellar thickness. The deg-
radation of the amorphous chains might promote the epi-
taxial overgrowth.

Comparison of Degradation Behaviors of PLLA, PCL,
and PLGA Sponges

In addition to the PLLA and PCL sponges, we have al-
ready investigated and reported the degradation behavior
of noncrystalline PLGA sponges using the same protocol
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used in this report, except for sponge shape. The PLGA
sponges degraded more rapidly than did the PLLA and
PCL sponges, and the weight loss of the PLGA sponges
reached about 80% for incubation of 24 weeks. Generally,
in hydrolytic degradation of aliphatic biodegradable poly-
esters under neutral or basic conditions, the higher elec-
trophilicity of carbonyl carbon atoms leads to greater sus-
ceptibility to attack by hydroxide ions [6]. Following this,
the order of degradability can be expected as PLGA >
PLLA > PCL. This order has also been widely confirmed
in the sponge forms. However, it is also well known that
the degradability and especially the degradation behavior
are not determined by only the chemical structure but also
by the primary, secondary, and tertiary structures of the
materials. In the previous study on noncrystalline PLGA,
we clarified that the degradation mechanism during the
first 12 weeks is mostly based on autocatalyzed bulk deg-
radation and, after Week 12, the dominant degradation
mechanism changes into surface degradation. In other
words, the degradation behavior of the first 12 weeks was
explained very well with a well known equation for auto-
catalyzed bulk degradation, In M,(#) = In M,(0) — k.
This equation is derived from the basic kinetics of the hy-
drolysis reaction based on chemical structure [33]. On the
other hand, in this study, the changes of M, with the incu-
bation time of the crystalline PLLA sponges showed a
more complex behavior, which was strongly influenced
by crystal thickness, which corresponds to the secondary
structure. In addition, formation of new crystals during
incubation was confirmed. It is no doubt that the newly
formed crystalline entities also influence the degradation
behavior.

In the evaluation of the degradation behavior of these
three kinds of sponges, the importance of the relationship
between T, and incubation temperature is clear. In the
case of noncrystalline PLGA sponges, whose T, is above
but near the incubation temperature, it was confirmed that
physical aging occurred during incubation and that the
heterogeneous structure caused by the physical aging
might be one of the driving forces to induce autocatalyzed
bulk degradation. In contrast, in the case of the crystalline
PLLA and PCL sponges, the incubation temperature acted
on each crystalline morphology with completely different
effects and, as a result, secondary crystallization and la-
mellar thickening were observed in the PLLA and PCL
sponges, respectively. The most important information
resulting from this study is that in each of the PLLA,
PCL, and PLGA materials structural changes caused by
incubation temperature occurred and completed during the
beginning of incubation, which is considered the most im-
portant period for cell adhesion, proliferation, and differ-
entiation.

CONCLUSIONS

The structural changes and degradation behaviors of
PLLA and PCL sponges were investigated by incubating
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both sponges in PBS at pH 7.4 and 37.0°C under mild
shaking with three-fourths of the PBS being changed ev-
ery week. The PLLA sponges showed molecular weight
fractionation for the first 12 weeks, and the dominant
fractions were the non- and one-folded chains. At the
same time, secondary crystallization also occurred. Mo-
lecular weight fractionation proceeded from Weeks 12 to
26, and the four times folded chains appeared as the dom-
inant fractions in addition to the non- and one-folded
chains. Secondary crystallization was no longer observed.
The PCL sponges showed lamellar thickening of the orig-
inal crystals during the first 6 weeks by combining several
original lamellar crystals stacked up and down through
the chain sliding diffusion. Epitaxial overgrowth of new
crystalline domain occurred in the thickened lamellar
crystals from Weeks 6 to 12, and degradation of the
amorphous chains started. Degradation of the amorphous
chains proceeded gradually from Weeks 12 to 26. These
attributes of PLLA and PCL were compared with those of
PLGA sponge, which has been reported previously. It was
shown that the incubation temperature caused different
types of structural changes during incubation and that the
structural changes influenced several degradation behav-
iors. Structural changes such as secondary crystallization
in PLLA sponge, lamellar thickening in PCL sponge, and
physical aging in PLGA sponge occurred and completed
during the beginning of incubation.
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