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Abstract. Polylactic acid (PLA), one of the well-known biodegradable polyesters, has been studied extensively for tissue
engineering and drug delivery systems, and it was also used widely in human medicine. A new method to synthesize PLA
(ring-opening polymerization), which allowed the economical production of a high molecular weight PLA polymer, broadened its applications, and this processing would be a potential substitute for petroleum-based products. This review
described the principles of the polymerization reactions of PLA and, then, outlined the various materials properties affecting the performance of PLA polymer, such as rheological, mechanical, thermal, and barrier properties as well as the processing technologies which were used to fabricate products based on PLA. In addition, the biodegradation processes of
products which were shaped from PLA were discussed and reviewed. The potential applications of PLA in the medical
fields, such as tissue engineering, wound management, drugs delivery, and orthopedic devices, were also highlighted.
Keywords: biodegradable polymers, polylactic acid, properties, medical applications

1. Introduction

In recent years, considerable research effort has
been devoted to the use of polymeric biodegradable
materials in plastics applications, such as packaging,
to reduce the environmental impact related to the
accumulation of plastics waste from the day-to-day
applications of plastic materials based on traditional
polymers, such as polyethylene terephthalate (PET),
polyethylene (PE), etc. [1, 2]. One of the promising
polymers used in these applications was the polylactic acid (PLA), which was an aliphatic polyester
derived from lactic acid (2-hydroxypropionic acid)
[3].
First, PLA with a low-molecular weight was synthesized by Carothers in 1932 [4, 5]. Further work by
DuPont resulted in a higher-molecular weight product patented in 1954 [6]. Accordingly, two methods
were used to produce the basic block of PLA, lactic

acid (LA): the chemical synthesis was based on
petrochemical feedstock and carbohydrate fermentation (Figure 1). Although the former was more
familiar to chemists, the fermentation of natural materials containing carbohydrates, such as rice, corn,
etc., was the main method used to produce LA
(>90%). Datta and Henry [7] examined the synthesis and purification technologies of LA that were
found in two enantiomers, L- and D-lactic acid. The
results reported in that work showed that a 50/50
optically inactive mixture of L and D could be produced via a chemical route. In contrast, fermentation-derived lactic acid existed almost exclusively
as L-lactic acid. The ability to produce the L-isomer
in high purity possessed important ramifications in
chemistry and the ultimate process/property relationships achievable in the polymers produced from
lactic acid.
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Figure 1. Lactic acid preparation methods

Biodegradable polymers attracted considerable attention in medical applications because they exhibited
advantages over the non-biodegradable polymers,
including an elimination of the need to remove
implants and biocompatibility. Recently, PLA and
its systems played an effective role in medical applications, where the use of PLA in these applications
was not based solely on its biodegradability because
it was made from renewable resources, but PLA was
being used because it worked very well and provided
the excellent properties at a low cost as compared to
other traditional biodegradable polymers used in
medical applications. A range of devices were prepared from different PLA types, including degradable sutures, drug releasing micro-particles, nano-particles, and porous scaffolds for cellular applications
[8]. In addition, the excellent properties of PLA,
including mechanical properties, thermal properties,
barrier properties, and processability, using traditional processing technologies, such as extrusion,
injection molding, compression molding, and blow
molding, broadened its applications. The aim of this
review paper is to discuss the properties for PLA
and summarizes the medical applications of PLA.

2. Synthesis of polylactic acid

LA monomers synthesized using the last two methods as shown in Figure 1 were converted to PLA
polymers using a range of polymerization processes,
including polycondensation, ring opening polymerization and azeotopic dehydration condensation reaction (Figure 2).
Although polycondensation (PC) including solution
polycondensation and melt polycondensation was
the least expensive route, it was difficult to obtain a
solvent-free high molecular weight PLA using these
routes. In solution methods, commercial LA aqueous
solution was distilled under reduced pressures and
high temperatures, and the product of the distillation process was then mixed with the catalyst and
solvent, and charged to a reactor under heating. The
byproduct (water) was continually removed azeotropically, and the resulting polymer (PLA) was dissolved in the solvent and precipitated twice in excess
methanol. Tin (II) chloride was the most commonly
used catalyst and could be recovered at the end of the
reaction. Because the polymer in this reaction was a
low to intermediate molecular weight material, the
coupling agents, such as isocyantes, epoxides or per-

Figure 2. PLA preparation technologies
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oxides, could be incorporated to produce a range of
molecular weights. In contrast, the azeotropic dehydration condensation reaction of LA was a method
used to yield high molecular weight PLA without the
use of chain extenders or adjuvants.
In general, low molecular weights PLA polymers
(no more than 30 kDa [9]) were produced using this
process, and several studies reported an increase in
the molecular weight of PLA polymers using the PC
method. Zei et al. [10] used an aqueous solution of
LA to prepare PLA in the presence of two catalysts
(tin (II) chloride and succinic anhydride), and they
reported a molecular weight in kDa region. Achmad
et al. [11] fabricated higher molecular weights of
PLA polymers where LA was polymerized by direct
PC under controlled temperatures and pressures
without catalyst, solvent or initiators. The effects of
the reaction temperature and pressure on the resulting molecular weights were examined. The results
showed that high molecular weights of 90 kDa
could be obtained at 200°C after ~90 h under vacuum condition (Figure 3). In addition, the Mitsui
Toatsu chemical company used organic solvents with
a high boiling point to prepare poly-DL-lactic acid
(PDLLA) by direct solution PC, in which the lactic
acid, catalysts, and solvents were mixed in a reactor
so as to produce high molecular weights of approximately 300 kDa [12].
On the other hand, ring-opening polymerization
(ROP), which occurred by ring opening of the lactide (cyclic dimmer of lactic acid) in the presence of
a catalyst, was the most commonly used method to
obtain high molecular weight PLA [13]. This method
consisted of three steps: polycondensation of LA
monomers to low-molecular weight PLA, depolymerization of the PLA into the lactide, and catalytic

Figure 3. Effect of the PC reaction temperature on molecular weights of PLA polymers [11]

ring-opening polymerization of the lactide intermediate resulting in PLA with a controlled molecular
weight [14] (see Figure 2). On the other hand, the
additional purification steps required for this process
which was relatively complicated increased the cost
of the polymer prepared using this method as compared to that of the polymer prepared using the PC
method.
The molecular weights of the PLA polymer fabricated by the ORP method could be controlled by the
residence time, temperature, consternation, and catalyst type. The ratio and sequence of D- and L-lactic acid units in the final polymer could also be controlled [15]. Recently, Cargill developed a new
method to prepare the high-molecular weight PLA
polymers from the lactide using a solvent free process
and a novel distillation process, and a range of biodegradable PLA copolymers consisting of mesolactide or D-lactide have become commercially
available since 2003 [5].

3. Properties of polylactic acid
3.1. Rheological properties

The rheological properties of PLA and its systems
(PLA blends and composites) were investigated
extensively using a variety of rheological characterization methods, such as capillary and rational
rheometers [16–20]. Similar to all thermoplastic
polymers, PLA exhibited Newtonian behavior at the
low shear rates (<10 s–1) whereas it exhibited nonNewtonian behavior (shear thinning) at the high
shear rates (>10 s–1) as shown in Figure 4. Many
studies reported the rheological behavior of PLA and
showed that PLA obeyed the power law (Equation (1)) over a certain range of shear rates and tem-

Figure 4. Viscosity curve of PLA at 180°C showing shear
viscosity as a function of shear rate [26]
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peratures in the same way where other polymers
obeyed [21–26]:
! = K"n

(1)

where ! is the shear stress, " is the shear rate, K is
the consistency index, and n is the non-Newtonian
index. The value of n described the deviation from
Newtonian fluid flow behavior, so it was also called
the flow behavior index. A higher n value indicated
that the shear rate had a less effect on the flow behavior. In other words, the changes in viscosity with the
shear rate were not obvious. In addition, it was found
that a PLA melt obeyed Equation (2) (Arrhenius
equation form) at different shear rates and shear
stresses:
h5

E
RT
Ae

(2)

where E is the flow activation energy, A is the consistency related to the structure and formulation and
R is the gas constant. The flow activation energy
reflected the temperature-sensitivity of the viscosity. Hence, a larger E indicated a higher temperature
sensitivity of the materials behavior.
The effects of the composition (L- and D-isomers)
on the rheological properties of the PLA polymers
were reported in the end of 1990s [16]. Two types of
PLA were investigated, such as amorphous PLA containing 82% L-lactide and 18% D-lactide and semicrystalline PLA containing 95% L-lactide and 5%
D-lactide. The results showed that the shear viscosity of the polymer increased with increasing L-isomer
in the L/D-isomer mixture because of the increasing
crystallinity of PLA, where the crystallinity increased
with increasing L-isomer content [24]. In addition,
Dorgan et al. [25] investigated the effect of the structure of PLA on the rheological properties using two
different types of PLA, such as linear and branched.
Their findings showed that the viscosity of branched
PLA was higher than that of linear PLA in the Newtonian range, whereas viscosity of the branched PLA
was lower in the non-Newtonian range. This was
attributed to the shear thinning behavior of the polymer, resulting in a lower viscosity at high shear
rates [26, 27].

3.2. Mechanical properties
The mechanical properties described the behavior
of the material under the effect of different loading

modes, such as tensile, impact, shear, and pressure.
PLA had good mechanical properties (particularly
tensile Young’s modulus, tensile strength, flexural
strength) compared to traditional polymers, such as
polypropylene (PP), polystyrene (PS) and polyethylene (PE). However, the elongation at a break and
the impact strength of PLA were lower than those of
PP, PE, poly(ethylene terephthalate) PET, and polyamide (PA). Although the tensile strength and
Young’s modulus (good stiffness) of PLA were comparable to PET, the poor toughness limited its use in
applications requiring plastic deformation at higher
stress levels, which has motivated the considerable
interest toward the toughening of PLA over last five
years [28–30].
Oyama [31] reported the use of poly(ethylene-glycidyl methacrylate) (EGMA) as a toughening agent
for PLA, and examined the effects of the agent content, annealing, and molecular weights of PLA (high
and low molecular weights) on the impact strength.
Their results are summarized in Figure 5. The impact
strength of PLA could be improved by adding the
agent (20%) and by annealing at 90°C for 2.5 h. Figure 5 shows that the distribution of the EGMA phase
in the PLA matrix was finer in the material fabricated
from the high molecular weight PLA (PLA-H) compared to that fabricated from the low molecular
weight PLA (PLA-L). The higher melt viscosity of
PLA-H than that of PLA-L was likely to create a
higher shear force during melt-mixing. This facilitated the pull-out of the copolymers generated from
the interface to the PLA matrix, leading to the generation of more co-polymers in the interfacial regions
and the finer distribution of the EGMA phase. In a
work reported by Sun et al. [32], ABS-grafted glycidyl methacrylate (ABS-g-GMA) was used as a
toughening agent. They showed that the impact
strength and elongation at a break of PLA could be
improved by incorporating ABS-g-GM. In addition,
styrene/acrylonitrile/glycidyl methacrylate copolymer (SAN-GMA) as the in situ compatibilizer and
ethyltriphenyl phosphonium bromide (ETPB) as a
catalyst were used to improve the toughness and compatibility of the PLA/ABS blend [33]. Hashima et al.
[34] used a hydrogenated styrene-butadiene-styrene
block copolymer (SEBS) using a reactive compatibilizer and poly(ethylene-co-glycidyl methacrylate)
(EGMA) in the toughness process of the PLA/ABS
blend. Recently, different compatibilizers, such as
maleic anhydride-grafted ethylene propylene rub438
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Figure 5. (a) Impact strength of PLA/EGMA blends before and after annealing treatment at 90°C for 2.5 h (b and c) morphologies of PLA/EGMA blends after annealing treatment at 90°C for 2.5 h [31]. L80 and H80 are PLA/EGMA
blends (20% EGMA) prepared from low molecular weight PLA (PLA-L) and high molecular weight PLA (PLAH), respectively

ber (EPR-g-MA), maleic anhydride-grafted styrene
acrylonitrile copolymer (SAN-g-MAH), PE-epoxy,
polycarbonate (PC), and glycidyl methacrylategrafted styrene-acrylonitrile copolymer (SAN-gGMA), were used in the blend consisting of PLA
and ABS. The results showed that SAN-g-MAH
was the most effective compatibilizer [35]. Wang et
al. [36] also used PC to toughen PLA. Poly (butylene succinate-co-lactate) (PBSL) and epoxy (EP)
were used as compatibilizers. The blends were prepared using a twin-screw extruder. Scanning electron
microscopy (SEM) revealed a good interfacial
adhesion between the blend components, which
resulted in PLA materials with improved toughness

and heat resistance. In addition, a ternary blend consisting of PLA, PC, and poly(butylene adipate-coterephthalate) (PBAT) was fabricated to obtain a
novel material with unique properties including
high toughness and good biodegradability [37].
Recently, a bio-based vulcanized unsaturated aliphatic
polyester elastomer (UPE) was used to fabricate a
super-tough thermoplastic blends containing PLA
[30, 38]. The results showed that the interfacial compatibilizations between PLA and UPE would lead to
improved tensile and impact toughness with values
up to ~99 MJ/m3 and ~586 J/m, respectively, as
compared to those of ~3.2 MJ/m3 and ~16.8 J/m for
neat PLA, respectively.
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3.3. Thermal properties
PLA is a semi-crystalline or amorphous polymer with
a glass transition temperature (Tg) and melting temperature (Tm) of approximately 55°C and 180°C,
respectively. The thermal properties of PLA could be
affected by different structural parameters, such as
molecular weights and composition (stereoisomers
content). The Tg was related to the molecular weight
of the polymer, and the relation between Tg and
molecular weight was described by Equation (3)
(Flory-Fox equation):
Tg 5 T q 2

K
M

nite molecular weight increased as shown in Figure 6.
In addition, several studies reported the crystallization behaviors of PLA [40–43] showed that PLA
could be either amorphous or semi-crystalline
depending on its stereochemistry and thermal history. The crystallinity of PLA was determined commonly by differential scanning calorimetry (DSC),
and by measuring the heat of fusion, "Hm, and the
heat of crystallization, "HC. The crystallinity (C [%])
can be calculated using Equation (4):
C 3,4 5

(3)

DHm 2 DHC
~100
93,1

(4)

where T! is the glass transition temperature at the
infinite molecular weight, M is the molecular weight,
and K is a constant related to the free volume of the
end groups for the polymer chains. This relationship
was reported on PLA polymers by Dorgan et al.
[39], where the effect of molecular weights and composition (L/D ratio) on the thermal properties of PLA
polymers was investigated. Figure 6 shows Tg values of several PLA polymers with different molecular
weights and compositions. The curves presented in
Figure 6 were fit to the data expected by Fox-Flory
equation (Equation (3)) of the dependence of Tg on
number-average molecular weights (Mn). The Tg
increased rapidly with increasing molecular weight
but, then, it reached a constant value. The effect of
the L-stereoisomer content on the Tg of the polymer
showed that, with increasing the amount of L-stereoisomer, the glass transition temperature at the infi-

where the constant, 93.1 J/g, is the "Hm for 100%
crystalline PLLA or PDLA homo-polymers. The
effect of stereochemistry on the crystallization behavior of PLA was investigated by Pyda et al. [44]. The
results from DSC in Figure 7 showed that PLA polymers with ~8 and ~16% D-stereoisomer was amorphous even after 15 h of isothermally treatment at
145°C. In contrast, the heat treatment at 145°C of
PLA polymers with 1.5% D-stereoisomer resulted in
a large endothermic melting peak around 177°C,
suggesting that PLA containing 1.5% D-stereoisomer
was semi-crystalline. In addition to the stereo-chemistry of PLA polymers, the crystallization behavior
could be affected by processing parameters during
the production of PLA sheets, stretch blow molding
of bottles, and fiber spinning. Figure 8 shows the
crystallization behavior of PLA sheets with respect
to draw ratio and drawing temperature [45]. As
shown in Figure 8, the area below the crystallization peak increased with increasing draw ratio, indi-

Figure 6. Glass transition temperatures (Tg) of PLA polymers with different L-stereoisomer contents as a
function of number-average molecular weights
(Mn) [39]

Figure 7. Differential scanning calorimetry (DSC) curves
of PLA polymers with different contents of Dstereoisomer: ~1.5, ~8, and ~16 % [44]
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Figure 8. (a) Differential scanning calorimetry (DSC) curves of PLA samples stretched at 0.17 s–1 and at 65°C for various
draw ratios of 0, 4, 5, 6, and 7 (b) DSC curves f PLA samples stretched at 0.17 s–1 with draw ratio of 5 for various
drawing temperatures of 65, 75, 85, and 95°C [45]

cating the increasing of the crystallinity in PLA
sheets. In addition, highly oriented PLA sheets were
obtained at drawing temperature of 80°C. It was
reported that at this temperature a combination of
fast crystallization and slow relaxation could be
achieved resulting in highly-oriented PLA sheets.
Polymer processes, such as extrusion, injection, and
spinning, could result in the thermal degradation of
PLA, hence the thermal stability of PLA was investigated widely. Pillin et al. [46] examined the effect
of a thermo-mechanical treatment on the properties
of PLA. The rheological and mechanical properties
of PLA subjected to thermo-mechanical cycles
were determined. The results showed that the viscosity of PLA decreased by a factor of 0.82 after the
first cycle of treatment. In addition, only the tensile
modulus remained constant with the thermo-mechanical cycles, whereas tensile strength and elongation
at a break decreased after the thermo-mechanical
treatment. The effect of a multi-extrusion process on

the tensile properties, impact strength, melt flow
index, and permeability of water vapor and oxygen
of PLA was reported [47]. The results showed that
the tensile strength and impact strength of PLA
decreased slightly after the multi-extrusion process,
whereas the melt flow index and permeability of
water vapor and oxygen were increased by the multiextrusion cycles. Al-Itry et al. [48] examined the
thermal stability of PLA processed by the extrusion
process at different processing temperatures by analyzing the rheological properties of the extruded
PLA. Figure 9 shows the effect of the processing
temperature on the viscosity of the extruded polymer at different temperatures along with the related
molecular weights. The viscosity of the extrudate
decreased with increasing extrusion temperature
because of the decreasing molecular weights associated with the shear deformation imposed by the
extrusion screw. To enhance the thermal stability of
PLA during the extrusion process, chain extenders

Figure 9. (a) Effect of the extrusion temperature on the complex viscosity of PLA (b) effect of chain extenders on the complex viscosity at 180°C [48]
441

Hamad et al. – eXPRESS Polymer Letters Vol.9, No.5 (2015) 435–455

were incorporated with the polymer, which resulted
in an increased complex viscosity of the extruded
polymer. Recently, the effects of PS, as a second
component, on the thermal degradation of PLA polymer was studied [49]. The results showed that the
presence of PS in the blend improved the thermal stability of PLA, which was attributed to the high thermal stability of PS.

3.4. Barrier properties
Because PLA was used in packaging applications [5],
there has been a continuing need for a clear understanding of the barrier properties of PLA. PLA
processed barrier properties that were higher than
those of PE, PP and similar to PS but lower than those
of PET (Figure 10). Auras and coworkers [50, 51]
studied the barrier properties of PLA and compared
them with those of PET and PS. They showed that
the permeability coefficients of CO2, O2, N2, and
H2O(g) for PLA were lower than that of PS, but higher
than that of PET. In general, the crystallinity of PLA
strongly affected the barrier properties of the polymer, where the decrease in crystallinity was a nega-

tive aspect in terms of the mechanical and barrier
properties.
Accordingly, this issue motivated further interest in
an improvement of the barrier properties of PLA.
Many studies have reported improvement of the barrier properties of PLA. Thellen et al. [52] investigated montmorillonite-layered silicate/PLA composites in terms of the barrier properties. The enhancement of 50% in the oxygen barrier properties was
noted. Chaiwong et al. [53] examined the effects of
a plasma treatment on the barrier properties of PLA.
The results showed that the plasma treatment had
no effect on the barrier properties of PLA. In addition, Jamshidian et al. [54] reported the effects of a
synthetic phenolic antioxidant (SPA) structure on
the mechanical, thermal, and barrier properties of
PLA. They found that the SPAs had no effect on the
oxygen barrier properties of PLA, even though the
other properties (thermal and mechanical properties)
were affected. Bao et al. [55] examined the effects of
annealing treatment on the barrier properties of films
fabricated from PLA polymers. They reported that
the barrierity of the films increased after annealing

Figure 10. Barrier properties of PLA in comparison to other common polymers at 30°C (a) N2, (b) O2, (c) CO2, and (d) CH4 [25]
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due to the increasing crystallinity induced by annealing.

3.5. Processing technologies
Polymer processing technologies were processes in
which a polymeric material was converted to a finished product involving shaping, compounding, and
chemical reactions. In the compounding process,
additives, such as plasticizers, stabilizers, pigments,
and fillers, were incorporated with the polymer
matrix using different kinds of compounders. Accordingly, plasticizers were added to enhance the flexibility of PLA.
Al-Mulla et al. [56] reported the use of epoxidized
palm oil as a plasticizer for PLA. PLA and plasticizer were blended using the solution method under
which chloroform was used as a solvent. The ductility of PLA was improved by the addition 20% plasticizer, where the elongation of PLA increased by a
factor of 8 as compared to pure PLA when the plasticizer was added. In other work [57], two commercial grades of polymeric adipates were used as plasticizers. A very good plasticization effect of these
materials was reported. It was found that the elongation at break increased from 6% in the pure polymer up to approximately 500% for 20 wt% of both
plasticizers. Such an increase in ductility was correlated directly with the decreases in Tg due to the
compatibility between the plasticizers and PLA in
the composite (Figure 11).
Polymer processing technologies, including extrusion, injection molding, and blow molding, were
known for more than 100 years. In general, it was
essential to dry the PLA pellets before the melt pro-

Figure 11. Transparent film of PLA/polyadipates blend and
related thermal and structural properties [57]

cessing to reduce the moisture level, which could
enhance the degradation of the ester linkage in PLA
during the melting process of the polymer. Typically, the polymer was dried to less than 0.01 wt%.
Amorphous pellets of PLA were dried below their
Tg and because Tg depended on the stereo-chemistry
of the monomers, the drying temperature depended
on the composition of the polymer (PLA). Natureworks LLC, which was one of the main suppliers of
PLA polymers, has recommended that PLA resins
should be dried to moisture contents of 0.025 wt% or
below [58]. In a single screw extrusion process, the
polymer was dragged continuously along a screw
through regions of high temperature and pressure.
Using this process, constant profile articles, such as
films, tubes, and pipes, were produced through the
rotation of a screw that mixed and pushed the melts
to the final articles. The general screws comprised of
three main zones: the feeding zone, plasticizing (pressure) zone and metering (pumping) zone, where the
temperature increased gradually from the feeding
zone to the metering zone. Normally, extruders were
described using several parameters, such as length/
diameter ratio of the screw (L/D ratio) and compression ratio, which was the ratio of the channel depth
in the feed zone to that in the metering zone. Many
materials might require a specific screw, which was
related to the structure and thermal stability of the
fabricated materials, such as the PVC screw and PA
screw. In the case of PLA, a screw with a low shear
(L/D ratio between 24 and 40) was required to prevent the degradation induced by thermo-mechanical
shearing during the extrusion process [58, 59].
In the injection molding, the processed material
was molten using a similar screw to that used in the
extrusion process, and it was then pushed (injected)
using the same screw to the mold which provided
the final shape of the product. The injection conditions were related to many factors, such as the chemical structure, molecular weight, morphology, and
final product properties. In general, the injection temperature and pressure, which were related to the volume of an injected part through pressure-volumetemperature diagram (PVT diagram), were the most
effective processing parameters in injection modeling. Sato et al. [60] reported the PVT diagram of PLA
and other biodegradable polymers, and they used
these diagrams to predict the shrinkage behavior of
the final products fabricated from biodegradable
polymers by injection molding. In addition, PLA bot443
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tles used in food applications were molded by a blow
molding process. In the first step of this process, the
parison (pre-form part) was shaped using the injection molding process. The parison was then moved
to blow the molding machine where it was stretched
and blown after heating to temperatures between
85–110°C which was generally higher than the Tg
and lower than Tm of the polymer in the axial direction, resulting in a biaxial orientation of the polymer,
which in turn led to high mechanical and barrier
performance of the shaped bottles.

and the soluble oligomers formed are metabolized by
cells. On the other hand, PLA degradation upon disposal in the environment is more challenging because
PLA is largely resistant to attack by microorganisms
in soil or sewage under ambient conditions. The polymer must first be hydrolyzed at elevated temperatures (about 58°C) to reduce the molecular weight
before biodegradation can commence. The hydrolysis reaction followed first order kinetics, as demonstrated previously and fitted to the Equation (5)
[61, 62]:

3.6. Biodegradation properties
Biodegradation had a range of definitions but most
definitions were based on the same concept: the
action of microorganisms on the material and its conversion into carbon dioxide or methane and water.
In addition, according to the Japanese Biodegradable Polymer Society (JBPS), the biodegradation was
a process in which the polymer was decomposed to
water and carbon dioxide through the action of microorganisms commonly existing in the natural environment, and the JBPS called this type of polymer
(biodegradable polymers) Green Plastic. Two types
of biodegradation were known, and the biodegradation products were aerobic or anaerobic. No residue
mean complete biodegradation and complete mineralization was established when the original substrate was converted completely to the gaseous products. The rate of degradation was affected by a range
of factors, such as the medium of biodegradation
including temperature and humidity, and the chemical parameters of PLA including molecular weights
and composition.
Many methods were used to measure the biodegradation rate. Some of them depended on measuring
the gaseous products (CO2 or CH4) as a function of
time. In addition, the structural, thermal, and morphological properties of the sample were monitored during the biodegradation test. Unlike weight loss, which
reflected the structural changes in the polymer, CO2
and CH4 measurements provided an indicator of the
ultimate biodegradability (i.e. mineralization) of the
polymer. In these two cases, real or simulated (controlled) composting conditions were used (outdoor
or indoor, respectively).
PLA degradation was studied in animal and human
bodies for medical applications like implants, surgical sutures, and drug delivery materials. In these environments, PLA is initially degraded by hydrolysis

MW = aebt

(5)

where a and b are constants and equal to 230 kDa
and 0.18 s–1, respectively, and t is the time in days.
Recently, the biodegradation behavior of PLA films
buried in real soil environments for several months
was investigated by measuring thermal and morphological properties of the residual degraded samples [63]. The analyses showed that the PLA sample
surface had many corrosive holes after four months
degradation, clearly showing that the PLA was
degraded (Figure 12). Kale and coworkers [64, 65]
reported the biodegradation performance PLA bottles
in real composting conditions (~58°C and ~60% relative humidity (RH)) by measuring the variations in
the molecular weight of the degraded polymer with
the time. The results showed that the molecular
weight increased slightly on the first day, which was
attributed to cross-linking or recombination reactions. Major fragmentation which produced decomposition of the polymer chain to shorter oligomer
chains and monomers was observed from the fourth
day onwards. Figure 13 shows the variation in the
molecular weight and polydispersity index (PDI) of
the PLA bottles as a function of the degradation
time. Molecular weight values below 5 kDa could
be obtained after 57 days of the degradation, which
was in consistent with the values calculated from
Equation (5).
However, the biodegradability rate of PLA polymers in soil under real conditions was lower than the
rate of waste accumulation. Therefore, several works
reported the mixing of PLA with natural materials
such as starch and cellulose in order to improve its
biodegradability. For instance, in a work reported by
Ohkita and Lee [66], PLA/corn starch (CS) composites were investigated in applications where fast biodegradable was required. The results of biodegrada444
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Figure 12. PLA film samples and SEM images before the biodegradation test and after 4 months of the biodegradation test [63]

tion tests of the composites performed in soil under
real composting conditions (~30°C and ~80% RH)
are presented in Figure 14. It is clearly seen from
Figure 14 that the biodegradation rate increased with

increasing corn starch content in the prepared composites due to the high biodegradability of starch
materials.
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Figure 13. (a) Biodegradation of PLA bottles [64] (b) variation in the molecular weight and PDI as a function of the
biodegradation time under real composting conditions [65]

Figure 14. Weight remaining and appearance for samples fabricated from PLA and PLA/corn starch (CS) composites as a
function of degradation time in burial tests at 30°C with 30% RH

4. Medical applications
4.1. Tissue engineering

Tissue engineering (TE), a term first coined in 1987
[67], has been a multidisciplinary field in an effort
to find a solution for critical medical problems, such
as tissue loss and organ failure using the development and application of knowledge in chemistry,
physics, engineering, and life sciences [68]. PLA and
their copolymers were a family of linear aliphatic
polyesters that were used most frequently in tissue
engineering. The medical applications of PLA arose
from its biocompatibility as well as its dissolvabil-

ity in the body by the simple hydrolysis of the ester
backbone to produce non-harmful and non-toxic
degradation compounds. For medical applications
of PLA polymer, hydrolysis would be the most
important degradation mode which differed from
the biodegradation mode explained in the preceding
section.
PLA has been investigated for tissue engineering
applications, such as bone scaffolds, because of the
good biocompatibility of this polymer [69], but it had
poor mechanical properties for applications to tissue engineering. The mechanical properties of PLA
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Figure 15. Hardness and Young’s modulus of PLA/NDODA polymer composites as compared to pure
PLA [70]

were improved using a range of methods, such as
blending, composites forming, and co-polymerization.
Zhang et al. [70] prepared PLA/octadecylaminefunctionalized nano-diamond (ND-ODA) composites for use in tissue engineering. The composites
were prepared using a solution method where PLA
was dissolved in chloroform whereas ND-ODA was
dispersed in chloroform and sonicated. The PLA
solution and ND-ODA dispersion were then mixed,
and the chloroform was vaporized to obtain thin
films of the composites. Various loads of ND-ODA
in the composite preparations (up to 10 wt%) were
incorporated. The results showed that the mechanical properties of PLA (Young’s modulus and hardness) were improved after mixing with ND-ODA
(Figure 15) because of the good affinity between the
polymer and the filler in the composites indicating the
applicability of this composite for tissue engineering. In addition, the toxicity and biocompatibility

experiments showed that the ND-ODA and composites were nontoxic to murine osteoblasts.
In addition, PLA and its copolymers, such as PLApolyethylene glycol block copolymer (PLA-PEG)
and PLA-p-dioxanone-polyethylene glycol block
copolymer (PLA-p-DPEG), were used as carriers
for bone morphogenetic proteins (BMPs). BMPs
were biologically active molecules capable of inducing new bone formation, and they were expected to
be used clinically in combination with biomaterials,
such as bone-graft substitutes to promote bone repair.
Saito and Takaoka [71] examined the usefulness of
PLA as a carrier of BMP and the effect of PLA on
the osteoinduction of demineralized bone, and they
found that PLA was a good candidate as a carrier for
BMP. Low molecular weight PLA was mixed with
BMP to form a composite that was then implanted in
the host bone, and new bone cells were formed during the degradation of a PLA matrix in the composite
as shown in Figure 16 [72]. On the other hand, the
newly-formed bone was too small in quantity.
Therefore, PLA copolymers were used to solve these
problems with low molecular weight PLA. Chang et
al. [73] prepared a novel porous PLA composite scaffold and evaluated the capacity of the scaffold as a
carrier for the recombinant bone morphogenetic
protein 2 (rhBMP2). The results showed that the PLA
scaffolds exhibited a sufficient capability of carrying rhBMP2 to induce bone formation in two weeks.

4.2. Wound management
PLA and its copolymers were used in a range of
applications related to wound management, such as

Figure 16. Bone-defect treatment using implants containing a composite of PLA and BMP. The composite exuded from
pores of the implants and formed a layer of new bone (NB) covering the surface of the biomaterials. The NB
encased the implant and thus enhanced biological fixation of the biomaterials to the host bone (HB) [71, 72]
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surgical sutures, healing dental extraction wounds,
and preventing postoperative adhesions. Li et al.
[74] evaluated the efficacy and feasibility of PLA
ureteral stents for the treatment of ureteral war
injuries. The stents made of PLA were reliable in
the treatment of ureteral war injuries where PLA
stents were degraded so that they were removed from
the body. Therefore, PLA stents represented a promising future for the treatment of ureteral war injuries.
Qin et al. [75] used PLA based on polymer blends
to prevent postoperative adhesions. In that study,
PLA was blended with polytrimethylene carbonate
(PTMC) using the solution method where the two
polymers were mixed and dissolved in acetoacetate.
After the polymeric solution was poured into a Teflon
plate, the solvent was evaporated to obtain a thin
film. The films prepared from the blend at different
ratios were prepared and compared with those of
pure PLA. Traditional characterizations of the films
(thermal and mechanical characterizations) as well as
the medical study on the films were performed. The

results showed that the blends were more flexible
than pure PLA, whereas the tensile strength, Young’s
modulus, and glass transition temperature of pure
PLA were higher than those of the blends (Figure 17).
The decreasing Tg with increasing PTMC content in
the blend indicated the compatibility between the
two components (PLA, PTMC) [76, 77]. The greater
flexibility of the blends compared to pure PLA made
them more suitable for covering the wound where
the stiff film of pure PLA could not be covered freely
over the wound when it was implanted in the body.
The cytotoxicity of the blend films was examined by
measuring the amount of succinate dehydrogenase
(SDH) released by the cells incubated with the blend
films. The results suggested that PLA and PLA/
PTMC blend films were not cytotoxic. Brekke et al.
[78] used PLA to improve the ability of dental extraction wound healing, and they reported that a PLA
surgical dressing material reduced the incidence of
mandibular third molar extraction wound failure
substantially in all phases of the study.

Figure 17. Mechanical and thermal properties of PLA/PTMC blends as a function of PLA content in the blends [75] (a) Tg,
tensile strength and Young’s modulus, (b) elongation at break

Figure 18. Different types of polymer used in the drug delivery system applications
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4.3. Drug delivery system
In drug delivery systems (DDS), the drug could be
released continuously for different periods of time
up to one year. Different types of polymers including biodegradable polymers were used in this application (Figure 18).
Biodegradable polymers (PLA, PCL, Gelatin, etc.)
were used as drug delivery systems owing to their
biocompatibility, biodegradability, better encapsulation, and lower toxicity. Polymeric drug release
occurred in one of three ways: erosion, diffusion
and swelling. In the case of biodegradable polyesters consisting of monomers which were connected to each other by ester bonds, the degradation
begun after the penetration of water into the device.
The breakage of ester bonds occurred randomly
through hydrolytic ester cleavage, leading to subsequent erosion of the device. For degradable polymers, two different erosion mechanisms were proposed: homogeneous or bulk erosion and heterogeneous or surface erosion [79] (Figure 19).
PLA and their copolymers in the form of nano-particles were used in the encapsulation process of
many drugs, such as psychotic [80], restenosis [81],
hormones [82], oridonin [83], dermatotherapy [84],
and protein (BSA) [85]. Different methods were
used to obtain these nano-particles, such as solvent
evaporation, solvent displacement [86], salting out
[80], and emulsion solvent diffusion [87].

Figure 19. Different erosion mechanisms

Ling and Huang [88] used the poly(lactic-co-glycolic) acid nano-particles for loading the drug, paclitaxel. The nano-particles were prepared using the
emulsion solvent evaporation method in the presence
of tocopheryl polyethylene glycol succinate as an
emulsion agent. The drug loading efficiency, encapsulation efficiency and ability of in vitro drug release
of the nano-particles were investigated.
Rancan et al. [84] examined the use of PLA nanoparticles (PLA-NPs) loaded with fluorescent dyes
as carriers for transepidermal drug delivery. PLA
NPs were prepared using solvent evaporation technology. In this process, PLA was dissolved in acetone, the solution was added to an aqueous solution
with moderate stirring and the solvent was then
evaporated under reduced pressure at room temperature to obtain the PLA-NPs. The same method was
used to obtain the fluorescent particles, where the
fluorescent dye and PLA were dissolved in acetone.
PLA NPs were tested in human skin. The results
showed that PLA NPs could represent ideal candidates for the design of drug delivery systems, which
could target active compounds into hair follicles.

4.4. Orthopedic device
Biodegradable polymers were used in orthopedic
applications to achieve many goals. One of the most
important goals was to avoid a second surgical procedure to remove unnecessary hardware (Figure 20).
Traditionally, titanium was used in this application,
but, in this case, a second surgical procedure was
needed to remove the titanium device. Historically,
the PLA polymer was used to produce biodegradable screws and fixation pins, plates, and suture
anchors. These types of absorbable screws and pins
have been gaining the widespread clinical use, particularly in cases where high mechanical stiffness
or strength was not required. Pertinent orthopedic
areas might include the knee [89–91], shoulder, foot
and ankle [92–94], hand, wrist [95], elbow [96],
pelvis, and zygomatic fractures. In some cases, high
performance PLA was needed, so that techniques
would be used to improve the mechanical properties of PLA, particularly impact strength, tensile
strength, and flexural strength in fracture fixation,
where both metal and biodegradable plate, pins, and
rods had limits in their use in fracture fixation.
Haers et al. [97] reported an improvement of the
mechanical properties of PLA through the control
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Figure 20. (a) Screws and plate made of PLA (b) upper jaw with the plates and screws in situ (c) and (d) lateral cephalogram,
with the screws and plate, taken immediately postoperatively and 6 weeks postoperatively, respectively [97]

of the L/D ratio in the polymer, where the ratio of
L/D 85/15 was polymerized, and the prepared PLA
was used for the manufacture of screws and fixation
plates used in fracture fixation. The results showed
that it was possible to use the plates without the
need for additional support for the fixation of fractures (Figure 20). van Sliedregt et al. [98] examined
the biocompatibility of PLA for orthopedically applications using cell cultures of three types of rat epithelial cells in addition to human fibroblasts and osteosarcoma cells. They found that PLA showed good
biocompatibility. Majola et al. [99] reported that PLA
rods had good biocompatibility in the cancellous
bone of rats. Böstman et al. [92] also reported the
biocompatibility of PLA copolymers in the human
body. They found that 6 out of 120 patients treated

with pins fabricated from a PLA-PGA copolymer
developed an aseptic sinus at the implantation site.

5. Conclusions
According to the brief review reported in this review
paper, the polylactic acid would be one of the promising candidates for various industrial applications. The
excellent biocompatibility, low cost, and good materials properties of PLA would open many applications
in the medical fields, such as drug delivery systems
and orthopedic devices. In addition, the shear thinning behavior of PLA would be suitable for processes
using traditional polymer processing technologies,
which have also broadened the applications.
More academic attention would be paid to the development of new methods to prepare polylactic acid,
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which would be less expensive and more complex
than those of the other polymerization methods. In
addition, the development of new applications using
PLA in the medical fields would be strongly required
for next-generation.
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