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RESUMEN. Poli(L-ácido láctico) (PLAL) es un biodegradable y bioreabsorbible
polímero ampliamente estudiado para las aplicaciones biomédicas como una al-
ternativa para el tratamiento de lesiones y la pérdida de tejido. Como biomaterial
temporal, la degradación del PLAL ocurre por la hidrólisis. Los productos de de-
gradación (dióxido del carbono y agua) son metabolizados por el organismo. El
objetivo de este trabajo fue obtener, caracterizar y evaluar la degradación in vitro
de membranas de PLAL densas y porosas. Las membranas densas fueran prepa-
radas por la disolucion del polímero en cloroformo 10 % (m/v), a temperatura am-
biente. La disolución fue transferida a una placa de vidrio para secarla. Lás mem-
branas porosas se prepararon de forma similar a la previamente descrita. El citrato
de sodio fue incluido [50 %  (m/v)] con diámetro de grano < 45 µm, 180 a 250 µm y
250 a 350 µm . Después de secada, la membrana se sumergió en agua destilada.
Membranas de masas molares diferentes (Mw = 300 000 y 100 000) fueron estu-
diadas por Microscopia Electrónica (ME) y Calorimetría Diferencial de Barrido.
El efecto del medio de degradación [disolución reguladora de fosfato (PBS) y
alcalina (NaOH)] también fue estudiado. La cultura de los osteoblastos se evaluó
por ME. Los resultados permitirón concluir que el medio alcalino acelera signifi-
cativamente el proceso de degradación del PLAL, observando un efecto mayor
en las estructuras densas. La morfología del proceso de degradación confirma los
efectos auto-catalizadores de los poli(alfa-hidroxiácidos) en que la degradación se
acentúa más en las estructuras densas debido a la concentración de los productos
ácidos dentro del material. Los datos de cultura de los osteoblastos mostraron
una morfología semejante al control. Las membranas de PLAL pueden ser usa-
das en los casos donde la lesión exija un material con prolongado tiempo de de-
gradación, sirviendo como apoyo físico para las células y mecánico para el tejido.

ABSTRACT. Poly(L-lactic acid) (PLLA) is a biodegradable and bioresorbable poly-
mer widely studied for biomedical applications as an alternative for the treat-
ment of lesions and the loss of tissue. As a temporary biomaterial, the degrada-
tion of the PLLA occurs by hydrolysis, and the products of degradation (carbon
dioxide and water) are metabolized by the organism. The aim of this work was to
obtain, to characterize and to evaluate the in vitro degradation of dense and po-
rous PLLA membranes. Dense membranes were prepared dissolving the poly-
mer in chloroform in 10 % (w/v), at room temperature. The solution was trans-
ferred to glass plates and casting made the drying procedure. Porous membranes
were prepared in similar way described previously. After the dissolution, citrate
sodic was included, concentration of 50 % (w/v), with the salt diameter previously
sieved (grain diameter < 45 µm, 180-250 µm and 250-350 µm). After the casting,
the salt was removed by the immersion in water distilled. The samples were
vacuum dried and maintained in a dessicator to guarantee the total removal of
solvent. Using different molar mass (Mw = 300 000 and 100 000) and degradation
medium (phosphate buffer solution (PBS) and alkaline) the degradation process

was evaluated by differential scanning
calorimetry (DSC) and scanning elec-
tron microscopy (SEM). The cultured
osteoblastic cells was evaluated by the
morphology using SEM. Compared
with the PBS, alkaline medium offers
significant acceleration of the degrada-
tion process. The morphology of the
degradation process confirms the au-
tocatalytic effects of poly(alpha-hy-
droxy acids), in which the degradation
is more accentuated in the dense struc-
tures due to the concentration of the
acid products inside the material. Data
of osteoblasts culture showed similar
morphology compared with the control.
The selection of the materials for the
Tissue Engineering is dependent on
the application and the structures of
PLLA could be suitable in the cases
where the lesion demanded a material
to degrade in a long time serving as
physical support for the cells and me-
chanical support for the tissue.

INTRODUCTION

Poly(L-lactic acid) (PLLA) is a
biodegradable and bioresorbable
polymer widely studied for biomedi-
cal applications. As a temporary bio-
material, the degradation in vitro or
in vivo of the PLLA occurs by hy-
drolysis of the ester backbone to
non-harmful and non-toxic com-
pounds. The degradation products
are excreted by the kidneys or finally
eliminated as carbon dioxide and
water via well-know biochemical
pathways.1,2

 Several investigation forms
have been proposed in the evalua-
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tion of the morphologic and thermal
properties of these materials. The
rate of degradation (associated to the
hydrolysis rate) is fundamental for
the biocompatibility success and
biofuncionality of the scaffold/im-
plant. In case the material degrades
in a higher rate than the necessary,
the mechanical properties are com-
mitted; in the case the time of deg-
radation it is excessively long, can
happen inflammatory reactions. In
this sense, the degradation studies
are addressed for the group of the
variables that influence the degra-
dation process: porosity, mass mo-
lar and crystallinity of the mate-
rial.3-5

Porous membranes have been
describe as preferential morphology
for tissue engineering. High poros-
ity provides adequate space for cell
seeding, growth and extra cellular
matrix. The porosity have been cre-
ates by different techniques, such as
solution casting with addition of salt
particles, phase inversion, addition
of plasticizer and incorporation of
CO2.

6,7 The time required for com-
plete degradation and reabsorption
depends also on the molar mass and
the crystallinity. Amophous and
crystalline fragments generated dur-
ing the degradation process provoke
inflammatory reactions and must be
controlled by the manufactured pro-
cess of these devices.5

The in vitro degradation assay
requests a high time for determina-
tion of alterations in the thermal,
morphology and crytallinity charac-
teristics. The alteration of the me-
dium of degradation can, for author
evaluation, to allow a faster study in
those alterations. The present article
investigates the degradation of
dense and porous membranes of
poly(L-lactic acid) in function of the
porosity, molar mass and crystallin-
ity in phosphate buffer solution
(PBS) and alkaline medium.

MATERIALS AND METHODS

Membrane preparation
Membranes were prepared using

poly(L-lactic acid) with different
molecular weight: Mw = 300 000 Da,
supplied by Medisorb (Du Pont,
USA) (PLLA300) and Mw = 100 000 Da,
supplied by Purac (Groningen,
Netherlands) (PLLA100). Dense mem-
branes were prepared by dissolving
the polymer in chloroform (Merck,
Germany) in 10 % (w/v), at room tem-
perature. The solution was trans-
ferred to glass plates and the drying
procedure was made by casting in a
closed chamber, connected by com-

pressed air flow (dry and filtrate), for
approximately 24 h . Porous mem-
branes were prepared in similar way
described previously using PLLA300.
After the dissolution of the polymer,
citrate sodic (Fluka Chemicals,
Netherlands) was included, in the
concentration of 50 % (w/v), with the
salt diameter previously sieved
(grain diameter < 45 µm, 180-250 µm
and 250-350 µm) to achieve a mem-
brane having a pore volume of ap-
proximately 90 %. After the casting,
the salt was removed by the immer-
sion in water distilled for 24 h and
subsequently washed for 4 h in etha-
nol. The samples were vacuum dried
and maintained in a dessicator for 5 d
to guarantee the total removal of sol-
vent.

In vitro PLLA membrane degradation

Dense and porous membranes of
PLLA300 were submitted to the deg-
radation in PBS, pH 7.4, at 37°C ±
0.5 °C . In periods of 0, 45, 90, 150 d
the samples were removed, washed
with distilled water, ethanol and
vacuum dried before use. Using
NaOH (Merck) 0.01 mol/L solution,
dense samples of PLLA300 and
PLLA100 were submitted to degrada-
tion, at 37 °C ± 0.5 °C, and were ana-
lyzed in periods of 0, 30, 60, 90 and
120 d, after washed and dried in the
same way describe previously. The
analysis of the morphology was
made observing the upper, down and
facture surfaces using JEOL JXA
840 scanning electron microscopy
(SEM), with 40 mA and 10 kV . The
samples were fractured in liquid ni-
trogen and coated with gold using a
Sputer Coater BAL-TEC SCD 050.
Thermal analysis was made by dif-
ferential scanning calorimetry (DSC)
(STA 409C-NETZSCH, 25-200 °C at
10 °C · min-1, under He atmosphere).
For the degree of crystallinity (%χ)
was considered the relationship:8

%χ = (∆Hm − ∆Hc) · 100 %/∆H100 %

∆Hm  melting entalphy (J · g-1).
∆Hc  crystallization entalphy (J · g-1).
∆H100 %  93.7 J · g-1 (considering a 100 %

crystalline PLLA).9

Cell culture

In this work we used OFCOLII
cells, a finite non-transformed
mouse osteoblastic lineage, obtained
from Banco de Células do Rio de
Janeiro from Federal University of
Rio de Janeiro (UFRJ). For cell mor-
phology analysis, 1.0 · 105 cell/mL
were inoculated on the dense PLLA100
in Ham F-10 medium (Sigma) supple-
mented with 10  % fetal calf serum

(FCS) (Nutricell) at 37 °C . All cell cul-
ture assays used in this study were
made in agreement to international
standard protocols.10,11As control, we
used cells cultured on a glass cover
slip in the same culture conditions.
After 24 h of incubation, the samples
were fixed in 3 % glutaraldehyde
(Sigma) in phosphate buffer 0.1 mol/
L at pH 7.2 for 45 min at 4 °C, and
post fixed with 1 % OsO4 (Sigma) for
2 h at 4 °C . The specimens were then
dehydrated with an ethanol series,
critical point dried (Balzers CDT 030)
and coated with gold in a sputter
coater (Balzers CDT 050). The coated
specimens were observed with a
JEOL 300 scanning electron micro-
scope. All experiments were made in
triplicate.

RESULTS AND DISCUSSION
Thermal analysis (DSC)

The in vitro degradation of PLLA
was studied in view of biomedical
applications and the first evaluation
was made by the degradation of
dense and porous membrane of
PLLA300 in PBS pH 7.4, simulating
that of body fluid. The thermal re-
sults (Table 1) indicate similar data
them mentioned by the literature of
glass transition temperature (Tg)
and the melting temperature (Tm) to
prior degradation.12,13 During the
degradation process, the Tg and Tm
presented little changes, not shows
significant difference for dense and
porous samples (Table 1). The crys-
tallinity degree, calculated from the
melting enthapy, shows an increase
of the percentage value (Fig. 1). The
increase is frequently discussed in
literature with most authors sug-
gesting that it is because of a rear-
rangement of the shorter chains gen-
erated by the degradation process
itself, along with the consequent for-
mation of new crystals. Others, at-
tributed that increase a prior degra-
dation of the amorphous regions of
the material, which are more suscep-
tible to the penetration of water and
consequently hydrolysis.5,14 Compar-
ing the material�s morphology, the
increase of degree of crystallinity
was verify, but in general doesn�t
have significant influence in the
thermal properties. It was expected
an accentuated of the dense one, due
the autocatalytic effect, meanwhile,
possibly the time of degradation it�s
not sufficient long to promote these
alterations.

Considering the in vitro degrada-
tion in alkaline medium, the thermal
property shows accentuated alter-
ation for samples of PLLA300 and
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PLLA100 (Table 2).  After 90 d Tg de-
creased due to the plasticizing effect
of absorbed water.15 The melting

temperature decreased slightly for
both PLLA300 and PLLA100 samples,
probably because the degradation of

the material led to formation of crys-
tals, wich are resistant to further
degradation.5 Prior and after to deg-
radation, the different values of Tg
and Tm could be explained by the
Fox-Flory relationship, however data
of gel permeation chromatography
would be necessary to the confirma-
tion.16 The increase in the degree of
crystallinity  (Fig. 2) demonstrates to
be larger in samples of PLLA100 and
it can be justified for the smallest
size of the polymeric chains and con-
sequently a larger probability of a
rearrange of the chains in crystalline
domains. The rate of degradation of
PLLA is governed by the diffusion
rate of water and also by the concen-
tration of OH− and H3O

+ wich cataly-
ses the hydrolysis of the ester
bond. The alkaline environment is
more aggressive than an acid me-
dium, because there is a stronger
nucleofily, the OH−. The reaction
is irreversible by the stabilization

Fig. 1. Change in crystallinity degree of porous and dense membranes of PLLA300
with in vitro degradation time in PBS.

Table 1. In vitro degradation of porous and dense PLLA300 in PBS (pH 7.4).

Table 2. In vitro degradation of dense PLLA100 and PLLA300  in NaOH (0.01 mol/L) medium.
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served through the central area of
the globules on the surface of the
membrane.

The results obtained by SEM for
porous membranes of PLLA300 with
salt particle sizes in the range of 250-
350 µm, 180-250 µm and particles
smaller than 45 µm, presented simi-
lar morphologic aspect regardless of
salt particle size (Micrographs 1C, 1D
and 1E). The upper surface is rough
and porous. The size of pores, and
the distribution of the size of pores
on the upper surface is differenti-
ated for each type of membrane,
however they are homogeneous in
relation to their distribution. The
surface of fracture reaffirm the pres-
ence of pores in all the thickness of
the material, indicating that they are
interconnected, and that there are
no residues of salt crystals in the ma-
terial. It can be verified that the dis-
tribution of the pores is homoge-
neous, but heterogeneous in relation
to their format. During the degrada-
tion process, no significant change
in the pore morphology was ob-
served. All of the samples main-
tained their macroscopic aspect of
porosity compared to membranes
before degradation process, however
it is possible to verify the presence
of erosion points on the surface of
the material (Micrographs 2C, 2D,
2E, 3C, 3D, 3E, 4C, 4D and 4E). It is
not possible to observe significant
changes in the structure of the ma-
terial, such as alterations in the size
and in the distribution of the size of
pores. The analysis of the surface of
fracture confirms the maintenance
of the porosity throughout the thick-
ness of the membranes. Analyzing
the size of the pores during degra-
dation process it is possible to verify
that it does not significantly influ-
ence the morphologic alterations of
the material. In studies of samples
of PLLA prepared by casting of sol-
vent submitted to a larger period of
degradation showed a similar behav-
ior for porous membranes.17

Morphology of osteoblasts culture

The analysis of the cellular mor-
phology was done by SEM of osteo-
blast culture on dense membranes
of PLLA100. It could be observed the
cells presented quite dispersed mor-
phology and emission of cell prolon-
gations connected a cell the other
(Fig. 4, micrograph B). Similar mor-
phology was observed in the control
(Fig. 4, micrograph A).  The interac-
tion between cells and their sub-
strates depends fundamentally of
the characteristics of the surface of

Fig. 2. Change in crystallinity degree of dense membranes of PLLA300 and PLLA100
with in vitro degradation time in NaOH medium.
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by resonation of the ion carboxy-
late.8

In the stages of development and
selection of materials for the tissue
engineering the in vitro degradation
is very important methodology for
polymeric biomaterials research be-
cause it permits a fast evaluation
with low cost. Comparatively, the
study in alkaline medium can be
used for fast evaluations of the ther-
mal and morphologic properties of
these materials.

Materials and degradation mor-
phology

Observing dense membranes of
PLLA300 before degradation (Micro-
graph 1A) is possible to verify that
the upper surface is irregular, with
globular portions of the material,
with concavities (Fig. 3). The analy-
sis of the surface fracture of the
samples confirms a dense and com-
pact material internally, without any
indication of pores in its interior
(Micrograph 1B). During the degra-
dation process the upper surface
presents two degradation stages: the
first is related to the evidence of the
globular areas of the material, ob-
served after 60 d of immersion in al-
kaline medium (Micrograph 2A) and
after 45 d in PBS (Micrograph 2B).
This process is more advanced after
90 and 120 d (Micrograph 3A and 4A)
in alkaline medium than in PBS af-
ter 90 and 150 d (Micrograph 3B and
4B). The second stage is related to
the degradation of the globules
themselves on the surface of the
material. With 90 d of degradation in
alkaline medium, this area presents
a larger and clearer mass loss in the
central portion (Micrograph 3A). The
surface of fracture of the samples of

PLLA300 during degradation shows
fragility in the internals regions of
the membranes. Comparing the ma-
terial after 45 d (Micrograph 2B) with
the material before degradation (Mi-
crograph 1B), it is possible to verify
that it is continues compact, without
any porosity. After 90 d (Micrograph
3A), fragility through its cracks can
be noted. After 150 d of degradation
in PBS (Micrograph 4B), the mate-
rial presents voids spaces and ag-
glomerates visualized by the spheri-
cal areas. It is not possible to observe
significant changes in the morphol-
ogy between PLLA300 and PLLA100,
during the degradation process in
alkaline medium.

The differentiated degradation of
the areas of dense membranes of
PLLA is discussed in literature.5 The
hydrolysis process starts in amor-
phous regions because there is
larger susceptibility to diffusion of
water. In a second stage, the crystal-
line areas begin degradation pro-
cess. At the beginning of the process,
the degradation occurs principally
on the surface because of the ab-
sorption gradient of water, but as
the concentration of carbonyl
groups increases in the center, these
serve as catalysts for the process.
The process depends on the chemi-
cal structure and configuration of
the polymeric chains, as well as the
morphology of the device involved.
Li et al. confirmed such self-cataly-
sis when they showed that non-po-
rous membranes undergo degrada-
tion more rapidly than porous ones,
because the alter facilitate dissolv-
ing the degradation products
throughout the aqueous medium,
thus discouraging self-catalysis.13

The autocatalysis effect can be ob-
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 1A 1E 1D 1C 1B 

2A 

3B 3A 

2B  

4B 

3C 

2C 2D 2E 

3D 3E 

4A 4C 4D 
 

4E 

Fig. 3. Scanning Electron Microscopy (SEM) of dense and porous membranes of PLLA prior and after degradation. (1A) Dense �
t = 0 d, superior surface (1B) Dense � t = 0, surface of fracture (1C) Porous < 45 µm - t = 0 (1D) Porous 180-250 µm - t = 0 (1E)
Porous 250-350 µm - t = 0 (2A) Dense - t = 60 d, alkaline medium (2B) Dense � t = 45, PBS (2C) Porous < 45 µm - t = 45, PBS (2D)
Porous 180-250 µm - t = 45, PBS (2E) Porous 250-350 µm - t = 45, PBS (3A) Dense - t = 90, alkaline medium (3B) Dense � t = 90, PBS
(3C) Porous < 45 µm - t = 90, PBS (3D) Porous 180-250 µm - t = 90, PBS (3E) Porous 250-350 µm - t = 90, PBS (4A) Dense - t = 120,
alkaline medium (4B) Dense � t = 150, PBS (4C) Porous < 45 µm - t = 150, PBS (4D) Porous 180-250 µm - t = 150, PBS (4E)
Porous 250-350 µm - t = 150, PBS � Scale bar (1E) = 500 µm (1C), (1D), (2C), (2D), (2E), (3C), (3D), (4C), (4D) = 100 µm (1A), (1B),
(2A), (2B), (3B), (3E), (4A), (4B) = 10 µm (3A), (4E) = 5 µm .

the material. The topography, chemi-
cal properties and surface energy
determine as the biological mol-
ecules they will be adsorbed, influ-
encing on the subsequent stages of
spreading, proliferation and cellular
differentiation.18 Usually, flat sur-
faces facilitate the adhesion com-

pared to the roughness ones, how-
ever, the porosity in the scaffold is
considered as preferential morphol-
ogy in applications in the tissue en-
gineering.19 Our research group
evaluated the relationship among
the porosity in membranes of PLLA
prepared in the same way described

in this work, with the adhesion of
Vero cells. The results indicated
there was not influence in the pore
size and cellular adhesion, but the
adhesion can be influenced sensibly
by other factors like hydrophilic
materials and/or the disposition of
electric charges.20, 21 The relationship
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suggests low adhesion of the PLLA.
The low cellular adhesion doesn�t
necessarily implicate in a low prolif-
eration. Recent studies show that
PLLA membranes are not good ad-
hesive substrate but they are capable
to maintain the cellular proliferation
and to stimulate the production
extra-cellular matrix, which are in-
dicates cellular differentiation,
important in the formation of a
new tissue.20,21

CONCLUSIONS

Membranes of PLLA were fabri-
cated with varying porosity for an in
vitro degradation study. Data from
DSC showed an increase in degree
of crystallinity with increasing time
of degradation in both PBS and al-
kaline medium. An accentuated in-
crease is verified for the alkaline
medium. Pore size had no effect on
the morphology during 150 d in PBS
degradation. It is concluded that

dense membranes degrades faster
than porous PLLA by the autocata-
lytic effect. The osteoblast morphol-
ogy suggests the possible utilization
of the PLLA in bone regeneration;
however further studies are neces-
sary to make clear the relationship
between the degradation and the cell
culture.
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