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In vitro degradation of poly-L-p-lactic acid (PLDLA) pellets
and powder used as synthetic alloplasts for bone grafting
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Abstract The objective of this study was to evaluate
the in vitro degradation of pellet and powder forms of a
poly-L-p-lactic acid material used to produce plates and
screws for orthopedic, oral, and maxillofacial applica-
tions. Materials and methods In order to produce the
powder form the as-received pellets were milled in a
cryogenic chamber. Particles size distribution (PSD) his-
tograms were developed for both forms. The materials
were then characterized by Scanning Electron Microscopy
(SEM), Differential Scanning Calorimetry (DSC), and
Thermogravimetric Analysis (TGA) before and after
immersion in simulated body fluid for 30, 60, and
90 days. Results SEM showed that for both forms mate-
rial degradation started after 30 days of immersion in SBF
and evolved until 90 days. Degradation started at the
amorphous zones of the polymer and exposed of deeper
crystalline layers. The pellet and powder samples PSD
showed polydispersed patterns with mean diameters of
673.98 um and 259.55 pm. Thermal onset degradation
temperatures were 365.64°C and 360.30°C, and of
363.49°C and 359.83°C before immersion and after
90 days in SBF for the pellet and powder forms,
respectively. The Tg’s of the pellets and the powder were
approximately 61.5°C and 66°C, and their respective
endothermic peaks were observed at approximately 125°C
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and 120°C. The specific heat (c) was approximately 8.5 J/g
and 6.2 J/g for the pellet and powder material, respectively.
Conclusion According to the results obtained, cryogenic
milling resulted in particle plastic deformation, and alter-
ations in glass transition temperature, melting temperature,
and specific heat of the material.

1 Introduction

Bone grafting is a surgical technique used to repair large
skeletal defects. For instance, when trauma or a degener-
ative disease causes the loss of significant portions of bone,
the remaining tissue may have difficulty restoring its form
and function [1]. In extensive bone tissue loss cases, it is
recommended that scaffold is placed at the defect site in
order to allow the adjacent bone to bridge the gap created
by the defect [2]. These bone defects can be filled with a
customized scaffold or with bone grafting materials typi-
cally available in powder form.

A common grafting material is the autogenous trabec-
ular bone taken from a secondary surgical site [3]. Other
types of grafting materials include allografts such as
demineralized bone matrix particles [4], deproteinized
cancellous chips [4], or synthetic alloplasts such as cal-
cium sulfate pellets and porous calcium phosphate
materials [4]. Although autogenous bone grafting repre-
sents the standard clinical practice [3-5], synthetic bone
grafting materials have increased in popularity over the
last 10 years. This increase in the interest concerning
synthetic materials has been due to the intrinsic problems
associated with the use of autogenous bone grafts. Limi-
tations such as supply, donor site pain and potential post-
surgical infection, and unpredictable healing kinetics have
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stimulated the development of synthetic materials/matrices
engineered specifically for bone replacement applications
[3-5].

Alternative to metallic devices, biodegradable polymers
are of interest for bone fracture fixation, bone grafting
fixation, and reconstruction of the anterior cruciate liga-
ment [6]. The property that makes biodegradable fracture
fixation devices more attractive than metallic ones is that
no second surgical intervention for device removal proce-
dure is needed after tissue has healed [7].

As scaffolds, biodegradable polymers offer a number of
advantages over other materials such as bioceramics. These
biodegradable polymers have some key advantages, such
as: the tailor-ability of their mechanical properties and
degradation kinetics to suit various applications. Synthetic
polymers can be fabricated into various shapes with desired
pore morphologic features conducive to tissue integration
[8]. Furthermore, polymers can be designed with chemical
functional groups that can induce tissue in-growth [8].

The majority of synthetic polymeric replacements
under active investigation are based on biodegradable
polymers [9]. The most commonly utilized biodegradable
polymers are the aliphatic polyesters, such as polylactic
acid (PLA), polycaprolcatone (PCL), polyethylene oxide
(PEO), poly(3-hydroxybutyrate) (PHB), and polyglycolic
acid (PGA) [10].

Two homopolymers, PLA p-lactide and L-lactide, form
the synthetic blend PLA pr-lactide. The second one is a
semi crystalline polymer. Poly(pr)lactide (DLPLA) is an
amorphous polymer having a random distribution of both
isomeric forms of lactic acid and thereby is unable to
arrange into a crystalline organized structure during
solidification processing [11]. The degradation kinetics of
LPLA is much slower than that of DLPLA. Full degrada-
tion of LPLA has been reported to be greater than 2 years
in vitro and in vivo studies [12]. Copolymers of L-lactide
with glycolide or with pL-lactide have been prepared to
disrupt the L-lactide crystallinity and thus accelerating the
degradation process [13].

The biodegradation process of bioabsorbable polymers
starts by water diffusion inside the material, hydrolysis
breaking the polymeric chains, which results in less resis-
tance and decrease in the polymer structural and chemical
stability. Synergistic to hydrolysis, lisossomic enzymes and
fibrous encapsulation also take part in the bioabsorbable
polymers degradation process [14]. The in vivo and
in vitro degradation produce lactic acid and glycolic acid
monomers, which are metabolized into carbon dioxide and
water, and are subsequently eliminated by lungs and kidney
through the tricarboxylic acid cycle [7]. The process has
higher kinetics at the amorphous zones of the polymer,
increasing the fraction of crystalline zones, more resistant
to the degradation process [11].
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The cryogenic milling technique (brittle fracture tech-
nique) is a process carried out at low temperatures [15]
either by using dry ice-acetone (—78°C) or liquid nitrogen
(—196°C) [16]. The milling at lower temperatures leads to
smaller particle sizes [17]. Liquid nitrogen provides
the refrigeration required to pre-cool the samples and to
maintain the low temperature by absorbing the heat
generated during the milling process [15]. The principles
of this technique are: hardness increase of the material to
be grinded, insertion of failures in the structure, and
reduction of the samples to small pieces by the use of
very smooth brittle force [18]. It can be used for different
types of samples such as thermoplastic, elastic, or fibrous
materials that cannot yet be ground as efficiently as brittle
materials [19].

PLDLA is commonly used as plate and screw for
orthopedic intervention, or as scaffold for filling large
defects, but its use as a powder for bone regeneration has
not been thoroughly investigated to date. The purpose of
this study was to characterize/evaluate the in vitro degra-
dation of poly-L-p-lactic acid pellets and powder forms for
bone grafting applications.

2 Materials and methods

Pellet-shaped samples of poly-L-p-lactic acid (PLDLA
70/30—Purac®, Gorinchen, The Netherlands) used in the
fabrication of bioabsorbable plates and screws were uti-
lized. Part of the material was transformed into powder by
cryogenic milling using an oscillating magnetic bar [20]
(Freezer Mill 6800) in order to allow a comparison
between the in vitro behavior of pellet and powder forms
(to simulate maxillofacial type particulate grafting appli-
cations) (Fig. 1). The system was pre-cooled for 5 minutes
using liquid nitrogen (—196°C) and then three cycles of
four minutes were performed to reduce the particle size of
the PLDLA pellets. Eight groups were divided as follows:
Gl—mpellets, as-received; G2—rpellets, 30 days in SBF
(simulated body fluid) [21]; G3—pellets, 60 days in SBF;
G4—pellets, 90 days in SBF; G5—powder, as received;
G6—powder, 30 days in SBF; G7—powder, 60 days in
SBF; G8—powder, 90 days in SBF.

For the different groups’ degradations kinetics assess-
ment, the samples were placed in glass containers
containing SBF solution at 37°C. One gram of each
material was submersed in a 5:1 solution/material volume
ratio in separate containers according to their degradation
times. After 30, 60, and 90 days in solution, the samples
were thoroughly washed with distilled water for 10 min-
utes and paper dried.

For Scanning Electron Microscopy (SEM) analysis, the
material was coated three times with gold (Balzers Union
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Fig. 1 PLDLA (70/30) pellets
(a) Before milling SEM
micrograph and the material as
received (detail), (b) After
milling, SEM micrograph and as
the material looked like after the
milling process (detail)

Sputtering Device, Principality of Liechtenstein). The
analysis was made using a JEOL JSM 5800 LV micro-
scope (Tokyo, Japan) with an acceleration voltage of
20 kV. The samples were analyzed with magnifications
ranging from 27 to 2,000 x. Surface texture and mor-
phology evaluation were recorded before immersion in
SBF solution, and at 30, 60, and 90 days in solution.

For the particle size distribution a small amount of
pellets and powder granules were spread on a black cloth.
The samples were observed under an optical microscope
(Zeiss Stemi 2000-C, Germany) and 15 images of samples’
different fields were obtained by means of a digital camera
(PixeLink, PL-A662, Canada). A specific routine was
developed under the KS400 software (Carl Zeiss Vision,
Germany). The routine followed the typical sequence of
image acquisition, pre-processing, segmentation, post-
processing and measurements reported elsewhere [22].
Particles size histograms and cumulative distributions were
generated for the pellets and powder. The cumulative dis-
tribution curves revealing the samples’ particle size at 10,
50 and 90% of the total volume were determined.

Thermal analysis data was measured by Thermogravi-
metry (TGA) (n =5) (SHIMADZU TGA-50, Kyoto,
Japan) and Differential Scanning Calorimetry (DSC)
(n =5) (SHIMADZU DSC 50, Kyoto, Japan). All mea-
surements were performed under nitrogen with a rate flow
of 20 ml/min.

The thermal degradation behavior of the pellet and
powder forms was evaluated before and after 90 days of
degradation (pellets—G1 and G4 groups; powder—GS5 and
G8 groups). The thermal behavior was recorded by heating
the samples from room temperature to 500°C at a rate of
20°C/min.

Differential Scanning Calorimetry (DSC) was utilized
for glass transition temperature (T,), melting temperature
(T,,) and specific heat determination. Approximately 5 mg
of material was placed in an aluminum container. The
equipment was calibrated with high purity (99.9%) indium.
The initial temperature for analysis was room temperature,
which was increased at a rate of 10°C/min until reaching

320°C. Glass transition temperature (Ty) and melting point
(T) determination from the DSC data were obtained
by the curve’s first derivative partial minimums, and the
specific heat determination was obtained by calculating
the area under the curve of the T, peak and dividing it by
the material’s mass.

Thermal analysis statistical evaluation was performed
by ANOVA and multiple comparisons were performed by
the Tukey post-hoc test. The level of significance was set
to 95%.

3 Results
3.1 Scanning Electron Microscopy (SEM)

A representative scanning electron micrograph of the
as-received pellet shape PLDLA material (G1) is shown in
Fig. 2a. The particles in Fig. 2a presented regions of
smooth and rough granular morphology. After 30 days in
SBF (G2), the pellets presented an increase in surface
irregularities, and regions of fibrous configuration, con-
firming initial material loss to the medium (Fig. 2b).
Figure 2c is representative of the pellets after 60 days in
SBF (G3). The granular part of the material presented
rounded edges compared to the pellet’s morphology with-
out degradation (Fig. 2a). The polymer’s smooth portion
presented surface delaminations (Fig. 2¢). The morphology
of the pellet form after 90 in SBF (G4) is shown in Fig. 2d.
Higher degradation degrees were observed for the G4
group compared to the other groups. At originally smooth
surfaces, more delaminations and irregularities indicated a
progression in material degradation. In addition, blister-
like features indicated that deeper layers have been
exposed and started to degrade. The portion with granular
morphology maintained the same pattern observed for
pellets at 30 and 60 days in SBF (G2) (Fig. 2b and c).
The milling to powder form resulted in material’s sur-
face plastic deformation (GS5) (Fig. 3a). However, the
material maintained the same partially smooth morphology
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Fig. 2 PLDLA before milling
micrographs: (a) As received
(G1) (100x) (detail 1,500x);
(b) After 30 days in SBF
solution (G2) (100x) (detail
1,500x%); (¢) After 60 days in
SBF solution (G3) (100x)
(detail 2,000x); (d) After

90 days in SBF solution (G4)
(100x) (detail 2,000x)

Fig. 3 PLDLA after milling
micrographs: (a) As received
(G5) (100x) (detail 1,500%);
(b) After 30 days in SBF
solution (G6) (100x) (detail
1,500%); (¢) After 60 days in
SBF solution (G7) (100x)
(detail 1,500x); (d) After

90 days in SBF solution (G8)
(100x) (detail 1,500x)

with rough granular regions surface pattern observed in the
as-received pellet form (Fig. 2a). The powder sample (G6)
showed smooth surfaces and delamination regions indi-
cating material degradation after 30 days in SBF (Fig. 3b).
Figure 3c is representative of the powder material mor-
phology after 60 days in SBF (G7). The surface was more
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irregular and presented higher amounts of cracks, indicat-
ing that degradation process was more advanced compared
to the after 30 days powder in SBF (Fig. 3a, b). Higher
magnifications revealed voids indicating increased material
loss. The powder sample that remained 90 days (GS8) in
SBF showed different patterns of degradation, where its
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surface presented a globular appearance (Fig. 3d). Higher
magnification showed fibrous connections within particle
irregularities (Fig. 3d)

3.2 Particle size distribution

The particle size distribution showed a polydispersed pat-
tern for both pellet and powder forms (Figs. 4a and 5a).
The mean diameters were 673.98 um and 259.55 pum for
the pellet and powder forms, respectively. The cumulative
distribution curves (Fig. 4b and 5b) revealing the samples’
particle size at 10, 50 and 90% of the total volume are
shown in Table 1.

3.3 Thermogravimetric Analysis (TGA)
The results of the TGA are shown in Fig. 6 and Table 2.

The thermal degradation onset temperature for the pellets
samples were 365.64°C and 360.30°C for the as-received

Table 1 Mean particle diameters at different volumes

Amounts of Diameter values obtained

samples vol (%)

Pellet (um) Powder (pm)

D 10 500 19.05
D 50 676.32 290.48
D 90 847.37 461.90

respectively. The powder form presented thermal degra-
dation onset temperatures of 363.49°C and 359.83°C for
the as received (G5) and after 90 days degradation groups
(G8). No significant differences were observed between
pellet and powder samples (P > 0.05).

3.4 Differential Scanning Calorimetry (DSC)
The results of DSC are presented in Fig. 7 and Table 3.

The T,’s of the pellets and powder were approximately
61.5°C and 64.6°C, respectively. The endothermic peaks at
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Fig. 6 TGA thermograms of PLDLA before and after milling as
received and after 90 days in SBF solution

Table 2 TGA results

Groups Onset Mass loss
(°C)/SD (mg/%)/SD

Pellet As received 365.6/4.4* 98.9/0.7*

90 days of degradation 360.3/3.9* 98.6/0.8*

Powder As received 363.5/4.4* 98.5/0.2*

90 days of degradation 359.8/2.2% 98.6/0.2%

* No significance (P > 0.05)

approximately 125°C and 120°C were related to the
melting points (T,,) of PLDLA pellet and powder forms,
respectively. In general, powder T,’s were higher than
pellets, and powder T,,’s lower than pellets (Table 3). We
observed that the material’s specific heat decreased from
approximately 8.5 J/g to approximately 6.2 J/g after the

Table 3 DSC results

Groups Peak 1st Derivate Peak T, Specific Heat
T, (°C) /SD (°C)/SD  (1/g)/SD

Pellet

As-received Gl  60.6/1.1* 124.7/0.8* 8.8*

30 days G2 61.9/0.2° 124.01.0° 8.5

60 days G3  61.8/1.0° 124.5/0.7°  8.4°

90 days G4  61.5/0.8 124.7/1.0° 8.2

Powder

As-received G5 60.6/1.0° 120.3/0.5°  6.1°

30 days G6  65.9/0.4° 119.9/0.3°  6.7°

60 days G7  66.2/0.4° 119.8/0.3° 5.8°

90 days G8  66.0/0.5° 119.9/0.2° 6.2°

* No significance (P > 0.05)
® Significance (P < 0.05)

milling process (Table 3). Significant differences were
observed between pellet and powder samples (P < 0.05)
for Tg, Ty, and specific heat (Table 3).

4 Discussion

Significant effort has been devoted in an attempt to
improve biomaterials used for grating applications. Studies
with biodegradable polymers have concentrated in tailoring
their mechanical properties and degradation kinetics to suit
various applications. In addition, specific engineering of
tissue conductive and/or inductive chemical functional
groups is highly desirable [8].

The results obtained in our study showed that the deg-
radation of both pellets and powder forms started after
30 days of immersion in SBF solution, and that process
continued until the 90 days of degradation. In general,
there was an indication that the degradation started at the
amorphous zone of the polymer, and resulted in the

Fig. 7 DSC thermograms of e Pellet s
PLDLA: (a) Before milling and 1.00 (a) _ -Asreceived 1.00 (b)
. __ __ -30days
(b) After milling - 60 days
ool e 000
-1.00 1.00
-2.00 -2.00
-3.00 -3.00 - As received
- 30 days
- 60 days
-4.00 | ) ) -4.00 | .. - 90 days ‘
0.00 100.00 200.00 0.00 200.00

Temp[C]
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exposure of a deeper crystalline layer (Figs. 2 and 3), as
previously depicted by Landes et al. [23] and Ribeiro et al.
[24].

Specific to the in vitro and in vivo behavior of biode-
gradable polymers behavior, Landes et al. [23] compared
degradation rates of poly(70L-lactide-co-30pL-lactide)
(P(L/pL)LA) and poly(85L-lactide-co-15-glycolide) (PLGA)
in patients (maxillofacial region) and in vitro. In human
subjects, P(L/DL)LA’s initial average molecular weight of
45,000 decreased to 25,000 (3 months), to 21,000 (6 months),
and to 8000 (18 months). PLGA’s average molecular weight
decreased from 44,600 to 22,000 after 3 months in patients
and in vitro, and to 11,000 in patients and 1300 in vitro at
6 months. In-patients and in vitro glass-transition tempera-
tures decreased from ~ 60°C to 50°C over 18 months. Both
copolymers decomposed reliably in patients: 85:15 PLGA
within 12 months and 70:30 P(L/pbL)LA within 24 months on
average. They [23] also observed that the in vitro rates were
significantly faster.

The degradation kinetics observed in the present study
(not complete by 90 days) was slower than the one
observed by Vert [25], who observed the complete degra-
dation rate of a 50:50 mixture of poly-L-lactic acid and
poly-p-lactic acid at 60 days in SBF. However, this
accelerated degradation kinetics observed by Vert [25] was
likely due to the polymer blend composition utilized.

According to Middleton and Tipton [11], the degrada-
tion rate depends on the amount of each homopolymer,
L-lactide and p-lactide [11]. The degradation time of PLLA
is much longer compared to PLDLA and required more
than 2 years to take place in human [12]. In general,
increasing the amount of p-lactide increases the material
degradation kinetics due to the amount of amorphous
polymer present in the copolymer. In our study, the mixture
was 70:30 (poly-L-lactic acid and poly-p-lactic), and the
degradation occurred in a slower fashion.

Compared to the degradation onsets observed in the
present study (359.8-365.6°C), Chen et al. [26] found lower
thermal onset degradation temperatures while characteriz-
ing biodegradable PLA polymeric blends (315.5-290.3°C).
Our study analyzed 70/30 PLDLA in powder and pellet
forms in the as-received and after different degradation
times in SBF, while Chen et al. [26] evaluated the degra-
dation as a function of the percentage of each lactide, from
pure PLLA to pure PLDLA. The lower values observed by
Chen et al. [21] could be explained by possible synthesis
processes utilized in the different studies (a commercially
available product was utilized in the present study—no
information about processing conditions was provided by
the manufacturer), since polymer micromorphologic char-
acteristics are significantly affected by solidification rates
(crystalline domain content), surface morphology, and
material bulk structure.

A thermal stability decrease as a function of immersion
time was observed for the pellet form, 365.6°C to 360.3°C,
and for the powder form, 363.5°C to 359.8°C. This
decrease likely occurred due to the PLDA homopolymers
degradation that from a theoretical standpoint should occur
earlier than the breakdown of PLLA homopolymers. After
PLDA, which stability is lower than the PLLA one, be
entirely degradated, the thermal stability decrease should
occur more slowly as PLLA homopolymers is more stable
than PLDA homopolymers. These results are in accordance
to those obtained by Rezende et al. [27].

The endothermic peaks (Table 3) of approximately
124.5°C and 120°C related to the melting points were
obtained for PLDLA in the pellet and powder forms,
respectively. Despite the average difference between
forms, these results were not significantly different
(P > 0.05). The glass transition temperature was approxi-
mately 61.5°C and 64.6°C for the pellet and powder
material, respectively. No significant differences (P >
0.05) in T, was observed as a function of immersion time
for the pellet material. However, significant variations in
T, as a function of immersion time was observed for the
powder form. Between pellet and powder samples, T, was
significantly different after 30, 60, and 90 days of immer-
sion in SBF (Table 3).

According to Daniels et al. [28] PLLA melting point is
of 175-178°C and glass transition temperature of 60—65°C
and to Bergsma et al. [29] the melting temperature of
PLLA is about 174-184°C and the glass transition tem-
perature of 57°C. Ferreira et al. [30] defined glass
transition temperature of PLLA being 54°C and the melting
temperature of 178°C. The glass transition temperature
obtained in our study agrees to those described in the lit-
erature, but the results described in the literature for the
melting temperature were higher than those obtained in our
study. However, it should be noted that different compo-
sitions and processing routes were utilized in different
studies.

The specific heat (c) was approximately 8.5 J/g and
6.2 J/g for the pellet and powder material, respectively. No
significant difference in ¢ was observed as a function of
immersion time for the pellet and the powder. However,
significant variations in ¢ as a function of the milling
process were observed between both materials (Table 3).
Polymers with lower specific heat are more crystalline than
those with higher specific heat. Thus the material in the
powder form presented higher crystalline content than that
in the pellet form. As previously indicated in the literature,
the milling process may have resulted in the disruption of
the large initial polymeric chains into smaller chains that
increased the polymer crystalline content due to their
rearrangement following disruption [27]. Further studies
considering specific characterization tools for crystalline
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content investigation as a function of in vitro immersion in
different solutions are recommended.

5 Conclusion

Synthetic grafting materials have been utilized in clinical
practice in a variety of forms, including bioceramics,
polymeric, and combination of different materials. Polymer
blends have been utilized in the past as bone filling and
fracture fixation devices due to one’s ability to tailor its
mechanical and physical chemical properties. Our study
investigated the effect of cryogenic milling on the degra-
dation and physical properties of PLDLA pellets before
and after immersion in SBF. According to the results
obtained, cryogenic milling resulted in particle surface
plastic deformation, and alterations in glass transition
temperature, melting temperature, and specific heat of the
starting material, suggesting that similar behavior is
expected for both forms in vivo. Since grafting materials
properties such as particle size and distribution and pack-
ability may play significant roles on the host-to-grafted
region response, in vivo evaluation in a suitable craniofa-
cial model should be topic of future research.
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