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Abstract

Polylactic acid (PLA), a highly promising biodegradable biopolymer, has been
extensively studied over the last two decades. The thermoplastic polyester PLA
is bio-based, compostable, and eco-friendly. Its monomer, lactic acid, is fer-
mented from renewable plant sources like starch and sugar. Therefore, PLA is
regarded as a desirable substitute for conventional petroleum-based polymers.
Because of its biocompatible and biodegradable properties, U.S. FDA (Food
and Drug Administration) has approved PLA as a biomedical material. PLA
has excellent mechanical, physical, structural, and thermal properties, making
it suitable for various applications. However, PLA has limitations such as low
impact toughness, hydrophobicity, and slow degradation rate at ambient tem-
peratures. This can be improved by different modification methods, such as co-
polymerization, making composites or blends of PLA with other biodegradable
polymers, or incorporating additives. This review presents information about
the various methods of synthesis of PLA, its properties, and the environmental
degradation of PLA. In addition, the different processing techniques of PLA are
also reviewed. Lastly, the applications of PLA in sectors such as packaging,
biomedical, agricultural, automotive, and textile are also discussed.
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Abbreviations

PLA Polylactic acid

FDA Food and Drug Administration
PHA Polyhydroxyalkanoate

PHB Polyhydroxybutyrate

PGA Polyglycolic acid

PCL Polycaprolactone

PBSA Polybutylene succinate-co-adipate
LA Lactic acid

PDLLA  Poly-D, L-lactic acid

ROP Ring-opening polymerization

Sn(Oct), Stannous octoate
PHAs Polyhydroxyalkanoates
PEG Polyethylene glycol
THF Tetrahydrofuran

PLLA Poly-L-lactic acid
PDLA Poly-D- lactic acid

T, Glass transition temperature
Th Melting temperature

M, Molecular Weight

PVC Polyvinyl chloride

PP Polypropylene

PS Polystyrene

DSC Differential Scanning Calorimetry
PET Polyethylene terephthalate
ISBM Injection stretch blow molding
OPS Oriented polystyrene

PDS Polydioxanone

PLGA Poly lactic-co-glycolic acid
DOX Doxorubicin

CNT Carbon nanotube

PBAT Polybutylene adipate terephthalate
ABS Acrylonitrile butadiene styrene
PBT Polybutylene terephthalate
Introduction

The worldwide annual production of plastic is more than 390 million tons, in which
the share of bioplastics is still less than 1%. According to projections, the world-
wide production capacity of bioplastics is expected to increase significantly, reaching
around 6.3 million tons by 2027, up from approximately 2.2 million tons in 2022 [1].
Bioplastics are plastics which are either bio-based or biodegradable or both that have
comparable properties to traditional plastics but they offer especial advantages like
lower carbon emissions, improved functionalities, and extra waste management pos-
sibilities over conventional plastics to decrease the reliance on finite fossil resources
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and to minimize greenhouse gas emissions. Due to rising demand and introduction of
advanced materials, applications, and products, the bioplastics market is experienc-
ing robust growth [2].

Conventional petroleum-based plastics cause environmental pollution and con-
tribute to global warming. Bio-based and biodegradable plastics are environment-
friendly since they reduce CO, emissions by absorbing CO, from the atmosphere and
degrade at a faster rate than conventional plastics and hence reduce plastic pollution.
Polylactic acid (PLA) is a bio-based, biodegradable, biocompatible (compatible with
living tissues) and eco-friendly thermoplastic polymer which is widely available and
can be decomposed easily after its use without causing harm to the environment.
In comparison to other biodegradable polymers, PLA has very good processability,
mechanical properties and transparency, making it more suitable and useful biode-
gradable polymer. PLA is widely used in food packaging, agriculture and biomedical
applications [3—4].

Polylactic acid or Polylactide (PLA) is derived from the monomer lactic acid, i.e.,
2-hydroxy propionic acid, which is produced from renewable materials like starch or
sugar, through fermentation. PLA can be broken down into water and carbon diox-
ide by microbes and is fully biodegradable. Due to its good biocompatibility and
biodegradability, U.S. FDA (Food and Drug Administration) has approved PLA as a
biomedical material. PLA is widely regarded as the most promising biodegradable
polymer in the market [5].

Biopolymers are obtained from natural resources like starch, cellulose, proteins
and chitosan sourced from plants and animals. These natural polymers can become
the promising substitutes for synthetic plastic materials, which are non-biodegrad-
able and petroleum-based, due to their renewable, biodegradable and eco-friendly
features. Biodegradable polymers can be categorized into various types based on
their manufacturing processes as well as resources, as illustrated in Fig. 1. They
are obtained from following: (1) directly from biomass (e.g., proteins, and poly-
saccharides) (2) by microbial fermentation (like polyhydroxyalkanoate (PHA), and
polyhydroxybutyrate (PHB)) (3) synthetic biopolymers derived from biomass (e.g.,
PLA) (4) synthetic biopolymers derived from petrochemicals (like polyglycolic acid
(PGA), polycaprolactone (PCL), and polybutylene succinate-co-adipate (PBSA)) [6].

Environmental pollution and the depletion of fossil fuels are the two serious prob-
lems associated with the polymers industries. To overcome these problems, one solu-
tion is to use renewable resources for production of polymers (i.c. use of bio-based
polymers) [7]. Since the PLA monomer (lactic acid) is produced from renewable
resources (carbohydrates) by microbial fermentation and PLA biodegradation does
not cause any eco-toxicological effect, PLA is considered as an environment friendly
sustainable polymeric material [8]. The life cycle of PLA is illustrated in Fig. 2 [9].

This review article summarizes different synthesis methods of Polylactic acid
(PLA), advantages and disadvantages of PLA, PLA properties, degradation, and pro-
cessing characteristics of PLA. In addition, applications of PLA in various fields are
also highlighted.
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Fig. 1 Classification of biodegradable polymers based on two resources [6]
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Synthesis of PLA
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Lactic acid (LA), i.e., 2-hydroxy propionic acid is monomer or starting material for
the production of Polylactic acid. LA is the simplest hydroxy acid which contains an
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Fig.5 Production of LA from bacterial fermentation of carbohydrates [11]

optically active asymmetric carbon atom within its molecular structure and, there-
fore, two optical isomers exist: S or L (+) lactic acid, known as levorotatory form,
and R or D (-) lactic acid, referred to as dextrorotatory form, as shown in Fig. 3. The
symbols (+) and (-) indicate the direction in which a chemical causes rotation of
plane-polarized light [10].

Both biological and chemical processes can be used to create LA through synthe-
sis. The chemical synthesis method for industrial production of lactic acid involves
the reaction of acetic aldehyde with hydrogen cyanide in presence of catalyst to get
cyanohydrin and then it is hydrolyzed to obtain LA, as shown in Fig. 4 [11].

The biological method for the production of LA is usually preferred, which is
based on the bacterial fermentation of carbohydrates, which can be readily obtained
from sources such as corn, sugar beet, potatoes, sugar cane, and other biomasses. The
bacterial fermentation process, starting with hydrolysis of lactose, is shown in Fig. 5
[11].

Nowadays, the majority of the world’s commercial production of LA is done by
the bacterial fermentation of carbohydrates route. Throughout the fermentation pro-
cess, various conditions such as pH, temperature and atmosphere are very important
to obtain maximum yield with high purity LA. Both D- and L-enantiomers of LA can
be produced by selecting suitable microorganism in fermentation process. Lactoba-
cilli amylophilus, L. maltaromicus, L. casei, L. bavaricus, and L. salivarius are the
predominant organisms that predominantly produce the L (+)-isomer of lactic acid.
On the other hand, L. delbrueckii, L. acidophilus, or L. jensenii yield the D (-)-isomer
or a combination of both isomers. Depending on the specific strain of Lactobacillus,
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different types of carbohydrates may be used in fermentation [12]. The chemical syn-
thesis method results in the production of a racemic mixture containing both D- and
L-isomers of the compound, whereas the fermentation method offers an advantage
of producing either optically pure L-LA or D-LA and the optical purity significantly
impacts the physical properties of PLA. In addition, the production of LA by micro-
bial fermentation process facilitates a decrease in production costs [13]. The equal
mixture (50:50) of D-LA and L-LA, known as racemic lactic acid, is not advisable for
use in the food, pharmaceutical and beverage industries because of potential meta-
bolic issues associated with D-LA. Also, PLA industry does not recommend the use
of racemic lactic acid as it generally needs lactic acid having high degree of optical
purity, such as, more than 98 to 99% L-LA as well as less than 1 to 2% D-LA [10].

PLA synthesis methods

PLA is a linear aliphatic polyester composed of building blocks of lactic acid, which
are organic acids found naturally in renewable resources, like sugarcane and corn
starch [14]. Carothers was the first to produce low molecular weight PLA in 1932.
Later on, DuPont synthesized higher molecular weight PLA and patented in 1954.
The first commercial production of LA-based polymers (copolymers of lactic and
glycolic acids) was done as fiber materials for resorbable sutures by Ethicon in 1972.
Further, they were used for other medical applications, such as implants and con-
trolled drug release. There are mainly three methods of synthesis of high molecu-
lar weight PLA: (1) direct condensation polymerization; (2) azeotropic dehydrative
condensation polymerization; and (3) ring-opening polymerization, as illustrated in
Fig. 6 [15].

In direct condensation polymerization process, polymerization of LA is done in
presence of catalyst under reduced pressure conditions. Low molecular weight poly-
mer (M,, less than 10,000 Da) is obtained because it is very tough to eliminate water
completely from reaction mixture having high viscosity. Although direct condensa-
tion polymerization is simple and least expensive method but the main disadvantage
of this process is production of low molecular weight polymer. Also, it is difficult to
control the stereoregularity during the course of polymerization, resulting in inferior
mechanical properties of the polymer. So, this method is used only when low molec-
ular weight polymer is needed. However, high molecular weight polymer can be
produced using chain coupling agents or chain extenders. The function of chain cou-
pling agent is to join low molecular weight polymer chain to chain of high molecular
weight by preferentially reacting with hydroxyl or carboxyl end groups of polymer
and found to be effective in achieving high molecular weight PLA [16]. The coupling
agents like isocyanates, peroxides or epoxides can be utilized to synthesize a range of
molecular weights. But, it is found that the chain extenders and polymer impurities
can be toxic and non-biodegradable.

PLA of high molecular weight can be produced through azeotropic dehydrative
condensation polymerization of lactic acid, eliminating the need for adjuvants or
chain extenders. During the process, lactic acid is subjected to reduced pressure dis-
tillation at 130 °C for approximately 2—-3 h to eliminate a significant portion of the
condensed water. Subsequently, the catalyst along with diphenyl ether is introduced,
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Fig. 6 Different routes of manufacturing Polylactic acid [15]

and a reaction vessel is equipped with a tube containing 3A° molecular sieve. The
solvent undergoing reflux is recycled back into the vessel through the molecular sieve
over a period of 30—40 h at a temperature of 130 °C. Then, the polymer is segregated
by either separation or dissolution and subsequently precipitated for additional puri-
fication. By employing this polymerization method, high molecular weight polymers
are obtained; however, they may contain notable levels of catalyst impurities [17].
Mitsui Toatsu Chemical Company synthesized Poly-D, L-lactic acid (PDLLA) by
direct solution polycondensation method, where lactic acid along with catalysts and
high boiling point organic solvent were mixed in a reactor to obtain high molecular
weight polymer of about 300,000 Da [18].

Ring-opening polymerization (ROP) is the widely employed method to produce
high molecular weight (M,, greater than 100,000 Da) PLA. This method involves
ring-opening of the lactide (cyclic dimer of lactic acid) in presence of catalyst. This
process includes three steps: (a) polycondensation of lactic acid into low molecu-
lar weight PLA; (b) depolymerization of PLA into the lactide; and (c) ring-opening
polymerization of lactide intermediate in presence of catalyst to obtain PLA with a
controlled molecular weight. The additional purification steps required by this pro-
cess are relatively complicated and increases the cost of the polymer as compared
to the polycondensation method. By ROP method, the molecular weight of the PLA
polymer as well as the final polymer’s composition and arrangement of D- and L- LA
units can be managed by regulating the residence time, temperature, catalyst type, and
concentration. The catalysts used are usually transition metals, such as, tin, zinc, alu-
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minum, iron, lead, bismuth, and yttrium [19]. Tin (II) bis-2-ethylhexanoate, termed
as stannous octoate (Sn(Oct),) also, is the preferred catalyst in PLA synthesis due to
its excellent catalytic efficiency, low toxicity, and ability to generate high molecular
weight polymers having minimal racemization [20]. The conventional ROP process
employed by NatureWorks is shown in Fig. 7. In this process, a continuous conver-
sion of lactic acid takes place, resulting in the formation of low molecular weight
pre-polymers of PLA. Then the oligomers undergo a catalytic cyclization depolymer-
ization process in a separate reactor, leading to the formation of lactide. The molten
lactide undergoes vacuum distillation in a column to eliminate any remaining lactic
acid residues. The purified lactide within the polymer reactor undergoes ring-opening
polymerization facilitated by an organic tin catalyst, eliminating the need for costly
solvents. The unreacted lactide is extracted through a vacuum process for the purpose
of recycling. After purifying the PLA polymer, it is blended with additives and then
subjected to extrusion to create resin pellets. These pellets are subsequently utilized
for crystallization as well as packaging purposes [10, 21].

Advantages and disadvantages of PLA

There are many benefits of using PLA since it is an eco-friendly polymer. PLA exhib-
its biodegradability, recyclability, and compostability. PLA can be obtained from
renewable agricultural resources, like sugarcane, corn, sugar beets, cassava, potatoes,
rice, and wheat. The next advantage of PLA is that it is biocompatible, which is safe
to use in food packaging and biomedical applications. Neither toxic nor carcinogenic
effects are produced by PLA on the human body. After degradation, PLA decomposes
into water and carbon dioxide and does not hinder the tissue healing process [22-25,
33].

Apart from this, PLA has better thermal processability as compared to other bio-
polymers like PHAs (polyhydroxyalkanoates), PEG (polyethylene glycol), and PCL
(polycaprolactone). Processing of PLA can be done by various processing tech-
niques, such as injection molding, film extrusion, thermoforming, blow molding, and
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Fig. 7 Schematic presentation of a typical Ring-Opening Polymerization (ROP) process [10, 21]
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fiber spinning. In addition, the manufacturing of bioplastics based on PLA needs 25
to 55% less energy compared to traditional plastics based on petroleum and this sav-
ing of energy will further be reduced by additional 10% in near future. Therefore,
the production of PLA offers notable advantages in terms of both energy and cost
savings [26].

However, PLA has some disadvantages, including poor toughness, which lim-
its its applications. Due to its brittleness, PLA exhibits less than 10% elongation at
break, making it unfavorable for applications that require plastic deformation under
high stress levels. Secondly, degradation rate of PLA is significantly slow at normal
or room temperatures. The degradation rate of PLA is influenced by several fac-
tors, including molecular weight, crystallinity, morphology, stereoisomeric content,
molecular weight distribution, and the rate of water diffusion into the polymer. Also,
the hydrophobic nature of PLA leads to low cell affinity. When PLA comes into direct
contact with biological fluids, it can induce an inflammatory response in the living
host organism. Furthermore, PLA demonstrates chemically inertness and lacks reac-
tive side-chain groups, which makes surface as well as bulk modifications of PLA a
difficult task [25-26, 33].

Properties of PLA
Physical properties of PLA

PLA, along with majority of its products, is soluble in various solvents, including
dioxane, chloroform, acetonitrile, methylene chloride, dichloroacetic acid, and 1,
1, 2-trichloroethane. At low temperatures, PLA products have a partial solubility
in ethyl benzene, acetone, toluene, and tetrahydrofuran (THF). Nevertheless, when
subjected to their boiling temperatures, PLA and its products can be completely dis-
solved in the solvents mentioned above. PLA products are incompatible with ali-
phatic hydrocarbons (like hexane and heptane), water, and alcohol; which can be
utilized as antisolvents. PLA having high crystallinity along with high molecular
weight cannot be dissolved in acetone, THF or ethyl acetate and only PLA having
lower molecular weights can be dissolved in these solvents [27, 30].

The various types of PLA polymer are: pure PLLA (poly-L-lactic acid), pure
PDLA (poly-D- lactic acid), and PDLLA (poly-D, L-lactic acid) [28]. PLLA as well
as PDLA are semi-crystalline polymers but PDLLA is an amorphous polymer. The
presence of crystalline regions in PLLA significantly slows down its degradation rate
in comparison to PDLLA. The melting enthalpy of PLA having 100% crystallinity
has been found to be 93—148 J/g according to studies conducted on PLA [29-31]. The
physical properties of PLA are illustrated in Table 1 [32].

Mechanical properties of PLA
The mechanical characteristics of PLA can exhibit a wide range, spanning from

soft, elastic plastic to stiff, high strength plastic. Semi-crystalline PLA is favored
over amorphous PLA, if higher mechanical properties are needed. Farah et al. [33]
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Table 1 Properties of Lactic Lactic Glass Melting  Density Solvents
acid-based polymers [32] acid transition tempera-  (g/cm?)
polymers temperature  ture
T, O T, (O
PLLA 55-80 173-178 1.29 Chloroform,
dioxane, furan,
dioxolane
PDLA 40-50 120-150 1.248  Ethyl acetate,
tetrahydrofu-
ran, dimethyl
sulfoxide,
N, N xylene,
and dimethyl
formamide
PDLLA 43-53 120-170 1.25 PLLA solvents

and acetone

Table2 Comparison of Me- Polymer Tensile Yield  Flexural Elongation
chanical Properties of PLA with Modulus Strength Strength (%)
some polymers [36] (GPa) (MPa) (MPa)
Polylactic acid (PLA) 3.2 49 70 2.5
Polyvinyl chloride 2.6 35 90 3.0
(PVC)
Polypropylene (PP) 1.4 35 49 10
Polystyrene (PS) 34 49 80 2.5
Nylon 2.9 71 95 5

found that PLA typically possesses a tensile modulus of approximately 3 GPa, a
tensile strength ranging from 50 to 70 MPa, a flexural strength of around 100 MPa,
as well as an elongation at break of approximately 4%. The stereo chemical structure
of the backbone and molecular weight (M,,) play a significant role in determining
the mechanical properties and crystallization behavior of PLA. For example, it was
found that by increasing the molecular weight (M,,) of PLLA from 50 to 100 kDa,
the tensile modulus doubled [34], and when the M, was varied from 50 to 150 to
200 kDa, corresponding tensile strengths of 15.5 MPa, 80 MPa, and 150 MPa were
obtained [35].

The comparison of mechanical properties of PLA with some other polymers is
illustrated in Table 2 [36].

The comparison of mechanical properties of PLA with some typical polymers
showed that PLA exhibits a higher tensile modulus than PVC, PP, and Nylon as well
as it demonstrates a higher flexural strength than PP, which indicates that PLA has a
very good potential to be used in various engineering applications. Moreover, there
is significant potential for enhancing the physical and mechanical properties of PLA
[37]. Also, PLA can undergo processing through a simple conventional method with
lesser energy or time, which makes it an inexpensive and easily available polymer
[38-40].
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Thermal properties of PLA

The amorphous or semi-crystalline nature of PLA is determined by its stereochemis-
try as well as thermal history. In case of amorphous PLA, the T, (glass transition tem-
perature) plays a vital role as it indicates the temperature at and above which polymer
chain mobility occurs. However, for semi-crystalline PLA, the T, and the T, (melt-
ing temperature) both are significant factors to consider [41-43]. The thermal proper-
ties of PLA can be influenced by various parameters, such as molecular weights and
composition (stereoisomers content). The T, is associated with the molecular weight

of the polymer by Eq. (1) (Flory-Fox equation):
Tg=Too— K/Mn (1)

Where T represents the glass transition temperature when molecular weight of the
polymer approaches infinity, M, refers to the number-average molecular weight, and
K denotes constant associated with the free volume of end groups in the polymer
chains. This relationship has been investigated by Dorgan et al. [44] on PLA poly-
mers, in which the effect of molecular weights and composition (L/D ratio) on the
thermal properties of PLA has been studied. T, values of various PLA polymers hav-
ing different molecular weights and compositions are shown in Fig. 8. In this figure,
the Tg increases rapidly with increase in molecular weight and after that it reaches a
constant value. The effect of L-stereoisomer content on the T, of the polymer shows
that, by increasing the amount of L-stereoisomer, the T, at the infinite molecular
weight increases, as shown in Fig. 8 [44, 53].

The thermal properties of PLA are shown in Table 3 [45].

The modification in morphologies of PLA can be done by different mixtures of L-
and D- content. Increasing D-content in PLA, leads to a greater degree of amorphous-
ness, while PLA with L-content exceeding 90% tends to become semi-crystalline, as
shown in Table 4 [46].

The determination of PLA crystallinity is generally carried out using DSC (dif-
ferential scanning calorimetry) by measurement of the heat of fusion, AH,, and the
heat of crystallization, AHc. The crystallinity (C [%]) can be calculated using Eq. (2):

Fig. 8 Glass transition tem- 60 T T T T T T =
N
perat.ure.s (Ty) of PLA polymers, o P a » -
varying in L-stereoisomer con- S 7
. 3 S8 [/ o 58 y
tent, and their number-average £ / 9
. 8 / £
molecular weights (M, [44, 53] g :,' n %
S 561 54 A
] A e
= T o 52
= ] [e] P
=) H - 50 60 70 80 90 100
E 541 e L-stereoisomer content (%) .
2 7 I
’ o
I ’ P>
& { -
2 52} o 7 -
< =]
G o O--—+ 5009% L-stereoisomer
O--—+ 809% L-stereoisomer
i O--— 100 % L-stereoisomer
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10°M,
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Table 3 PLA’s Thermal Proper-  polymer Molecular Glass transition Melting
ties [45] Weight MW)  temperature temper-
T, (°C) ature
T, O
L-PLA 50,000 54 170
L-PLA 1,00,000 58 159
L-PLA 3,00,000 59 178
D,L-PLA 20,000 50 -
D, L-PLA 1,07,000 51 -
D,L-PLA 5,50,000 53 -
Table 4 Glass transition tem- Copolymer ratio Glass transition Melting
perature and Melting tempera- temperature temper-
ture of PLA for various L- and T, (°C) ature
D- content [46] T, (°C)
100/0 (L/D, L)-PLA 63 178
95/5 (L/D, L)-PLA 59 164
90/10 (L/D, L)-PLA 56 150
85/15 (L/D, L)-PLA 56 140
80/20 (L/D, L)-PLA 56 125

Fig. 9 DSC (Differential scan-

8 % D-stereoisomer

ning calorimetry) curves of PLA 1ol D'S;e"eoisomer
polymers with different contents lexo '
of D- stereoisomer: ~1.5, ~8, ~ \'
and ~16% [48, 53] z e —
I, :
£g +
E = 1.5 % D-stereoisomer
cl -
k-
==

300 350 400 450
T (K)

C[%) = [(AHm — AHe)/93.1] X 100 )

Where constant, 93.1 J/g refers to the AH,, of PLLA or PDLA homo-polymers having
100% crystallinity [47]. The effect of stereochemistry on the crystallization behavior
of PLA has been investigated by Pyda et al. [48].

Figure 9 shows the results from DSC, in which PLA polymers containing ~8 and
~ 16% D-stereoisomer is amorphous even after 15 h of isothermally treatment at
145°C, whereas the heat treatment at 145°C of PLA polymers containing 1.5% D-ste-
reoisomer results in a large endothermic melting peak at around 177°C, which sug-
gests that PLA containing 1.5% D-stereoisomer is semi-crystalline [48, 53].
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Rheological properties of PLA

Like other thermoplastic polymers, PLA exhibits Newtonian behavior when sub-
jected to low shear rates (< 10 s~ 1), whereas at high shear rates (>10 s~ 1), it exhibits
non-Newtonian behavior characterized by shear thinning, which is shown in Fig. 10
[49]. Many investigations have been done on the rheological behavior of PLA, which
shows that PLA obeys the power law (Eq. (3)) over a definite range of shear rates and
temperatures similar to the other polymers [50]:

T=Ky" 3)

Where T represents shear stress, v refers to shear rate, K denotes consistency index,
and n represents non-Newtonian index. The value of n explains the deviation from
Newtonian fluid flow behavior, therefore, it is also known as the flow index. A larger
value of n shows that the shear rate has less effect on the flow behavior. Also, it has
been found that a PLA melt obeys Arrhenius equation (Eq. (4)) at different shear rates
and shear stresses [50]:

n=AeH “)

Where 1 is shear viscosity, E is flow activation energy at a constant shear rate, A
represents equation constant, R denotes gas constant, and T refers to absolute tem-
perature. Flow activation energy characterizes the temperature dependence of the
viscosity. Here, a larger E indicates a higher temperature sensitivity of the materials
behavior.

Two types of PLA have been investigated, such as amorphous PLA consisting of
82% L-lactide and 18% D-lactide, and semi-crystalline PLA consisting of 95% L-lac-
tide and 5% D-lactide. The result shows that the shear viscosity of PLA increases
with the increase in L-isomer content in L/D-isomer mixture due to increase in crys-
tallinity of PLA [51]. In addition, Dorgan et al. [52] investigated the effect of linear
and branched structure of PLA on the rheological properties. The findings show that

Fig. 10 The viscosity curve of 10* T --1 T T v T
PLA at 180 °C illustrating shear PLA polymer at 180 °C
viscosity versus shear rate [49] :

Viscosity (Pa.s)

Newtonian range : Non-Newtonian range

10" aal aal l 2 ik l
102 10 10° 10' 102 10° 104 10°%

Shear rate (s 1)
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in the Newtonian range, branched PLA exhibits a higher viscosity compared to linear
PLA. However, in the non-Newtonian range, branched PLA exhibits a lesser viscos-
ity compared to linear PLA. This behavior can be attributed to the shear thinning
characteristic of the polymer, leading to reduced viscosity at higher shear rates.

Barrier properties of PLA

The barrier properties of PLA, as shown in Fig. 11, reveals that PLA possessed bar-
rier properties higher than that of PE (polyethylene), PP (polypropylene) and similar
to PS (polystyrene) but lower than that of PET (polyethylene terephthalate) [53].

Auras and coworkers [54, 55] investigated the PLA’s barrier properties and com-
pared them with those of PET and PS. They found that the permeability coefficients
of N,, O,, CO,, and H,O (g) for PLA were lesser than that of PS but greater than that
of PET. Generally, the crystallinity of PLA strongly influences the barrier properties
of the polymer, where the decrease in crystallinity gives relatively lower mechanical
and barrier properties.

Many studies have been done for the improvement of barrier properties of PLA.
Thellen et al. [56] examined montmorillonite-layered silicate/PLA composites in
terms of the barrier properties. The enhancement of 50% in the oxygen barrier prop-
erties was found. Bao et al. [57] studied how the process of annealing treatment
affects the barrier properties of films made from PLA. It was found that the barrier
properties of the PLA films increased after annealing due to the increase in crystal-
linity induced by annealing.

LDPE 1.9 LDPE 6.9
Polystyrene | 2.2 Polystyrene | 2.6
PLA | 13 PLA | 33
PET 0.008 PET 0.04
0.0 0.5 1.0 1.5 2.0 25 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
a) N, permeation (101° cm? (STP) cm/cm?.s.cm.Hg) b) O, permeation (10° cm? (STP) cm/cm?.s.cm.Hg)
LDPE 28.0 LDPE 4.0
Polystyrene | 10.5 Polystyrene |23
PLA 10.2 PLA 1.0
PET | 0.2 PET | 0.004
0.0 5.0 10 15 20 25 30 00 05 10 15 20 25 30 35 4.0
¢) CO,permeation (10° cm? (STP) cm/cm’.s.cm.Hg) d) CH,permeation (10'° cm?* (STP) cm/cm?.s.cm.Hg)

Fig. 11 Barrier properties of PLA at 30 °C as compared to other common polymers (a) N2, (b) 02, (c)
CO2, and (d) CH4 [53]
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Degradation of PLA

In nature, both biotic (living) and abiotic (non-living) factors coexist, and hence,
the complete degradation process of a material is referred to as environmental deg-
radation. Various material properties of PLA, including molecular weight, optical
purity, crystallinity, T, (glass transition temperature), and T,,, (melting temperature)
influence the environmental degradation of PLA. Additionally, environmental fac-
tors such as humidity, temperature, pH, and the presence of enzymes or microorgan-
isms also play a vital role in the environmental degradation process of PLA. When
the molecular weight (M,,) of PLA is low (M,, < 100,000 Da), the material tends to
be brittle, cloudy, and opaque. However, as the molecular weight increases, PLA
becomes stronger, more transparent, and less prone to degradation. The hydrolysis
of PLA occurs at a slower rate in its crystalline regions compared to the amorphous
regions. This disparity arises from the fact that water can more readily penetrate the
less structured amorphous regions than the well-organized crystalline regions. As a
result, the amorphous regions exhibit higher rates of hydrolysis and are more suscep-
tible to biodegradation. Within semi-crystalline PLA, the degradation process initi-
ates in the amorphous regions and progresses at a slower pace in the crystalline areas.
Consequently, over time, the proportion of crystalline regions in PLA increases, lead-
ing to a decrease in the degradation rate. Higher concentrations of D-isomer content
in PLA result in reduced optical purity as well as regularity, causing increased water
diffusion via PLA’s amorphous regions. This enhanced water diffusion accelerates
the process of hydrolysis. The degradation rate of PLA is significantly higher when
the temperature surpasses its glass transition temperature (T,) range of 55-62 °C.
At temperatures above Tg, the polymer chains become more flexible, leading to
increased water absorption. This elevated water absorption accelerates both hydroly-
sis and microbial attachment, causing faster degradation of PLA. Additionally, when
PLA is exposed to high relative humidity levels (>60%), hydrolysis occurs rapidly.
In general, PLA degradation follows a two-step mechanism that involves abiotic
factors initially, followed by biotic factors. Abiotic degradation refers to the chemical
hydrolysis of PLA at higher temperatures in presence of water. Subsequently, biotic
degradation occurs as microorganisms break down the PLA polymer. During biotic
degradation, aerobic conditions (in the presence of oxygen) result in the generation
of carbon dioxide, water, and biomass, while anaerobic conditions (in the absence of
oxygen) lead to the production of methane, hydrocarbons, and biomass through the
breakdown of PLA. Microorganisms are capable of degrading PLA only when high
molecular weight PLA undergoes hydrolysis, resulting in a reduction of the poly-
mer’s molecular weight (M,,) to 10,000 Da or less. At this lower molecular weight
range, microorganisms can effectively break down and degrade the PLA polymer
[58-62]. PLA degradation is mainly as a consequence of hydrolysis of ester link-
ages, which happens randomly along the backbone of PLA polymer. The reaction
of PLA with water is shown in Fig. 12. The hydrolytic degradation mechanism is
subsequently followed by the bacterial degradation of the fragmented residues [63].
Under composting conditions, microorganisms present in the compost can degrade
PLA within 45-60 days at temperatures ranging from 50 to 60 °C, in which it is
first hydrolyzed to smaller molecules (oligomers, dimers, and monomers), and then
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TH; CH;, CH, CH;
PLA—CH—C—O—CH—|C|—0PLA + H0 —= PLA—CH—("Z—OH + HO—CH—C—OPLA

0 0 (0)

Fig. 12 Hydrolysis mechanism of PLA degradation [63]

these molecules are decomposed into carbon dioxide and water by microorganisms
in the compost [64]. Studies have indicated that PLA degradation in soil occurs at a
slower rate compared to a compost medium. This is attributed to the fact that compost
provides more favorable conditions for PLA degradation due to its higher moisture
content and a wider range of temperatures [65]. Few studies have been done for PLA
biodegradation in aquatic environments also. In case of both static and dynamic sea
water, no signs of microbial degradation were observed after 10 weeks, which leads
the researchers to propose that marine microorganisms may have limited capability to
disintegrate PLA [66, 67]. In a separate study, PLA rods were immersed in seawater
for a period of 3 months at 20 °C. It was observed that there was minimal alteration
in the molecular weight of the PLA rods under these conditions. However, when the
PLA rods were immersed in seawater at a higher temperature of 40 °C for the same
duration, a significant 48% reduction in molecular weight was observed. This reduc-
tion was primarily attributed to hydrolysis rather than microbial degradation [68].

The process of enzymatic degradation of PLA depends on enzymes secreted by
microorganisms. First, microorganisms secrete extracellular PLA depolymerase, then
the depolymerase affects the intracellular ester bonds of PLA, producing oligomers,
dimers, and monomers. Eventually, these low molecular weight compounds are taken
up by microorganisms and further broken down by intracellular enzymes into carbon
dioxide, water, and methane. Some of the common enzymes used to degrade PLA
are proteinase K, protease, esterase, and lipase. However, it was found that PLA
degraded most efficiently by enzymes proteinase K or protease as compared to ester-
ase or lipase [69].

Processing of PLA
Extrusion

The extrusion process involves the uninterrupted melting, conveying, and expulsion
of plastic materials via a die. In an extruder, a typical single screw is divided into dis-
tinct zones including the feed zone, transition zone, and metering zone, as illustrated
in Fig. 13. The L/D ratio and compression ratio are important screw parameters that
are relevant to the extrusion process. L/D ratio denotes the ratio between the flight
length and the screw outer diameter. Compression ratio refers to the ratio between
the depth of flight in the feed section and the depth of flight in the metering section.
Typically, for PLA, it is recommended to use L/D ratios ranging from 24 to 30 and
compression ratios between 2 and 3 [70].
A typical single screw extrusion process is illustrated in Fig. 14 [71].
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Fig. 13 Extrusion single screw plasticizing unit scheme [70]
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Fig. 14 Single Screw Extrusion Process [71]

The plasticization of PLA commences in the conveying zone as the polymer pow-
ders or pellets are transported from the hopper to the screw channel. Within the chan-
nel, the rotating screw moves the compacted material and the material is sheared and
pushed against the wall of the barrel. The material melts due to the friction experi-
enced during the material’s transport via the transition zone. Outside of the barrel,
the heat bands are wrapped. The thermal energy from the heater as well as the heat
generated by friction during material’s transport increases the temperatures beyond
the melting point of PLA (T,, = 170-180 °C). The heater’s temperature is generally
set to 200210 °C to make certain that whole crystalline regions are melted as well as
to get an optimum melt viscosity necessary for processing. Following the transition
zone, polymer melt passes through the metering zone, generating adequate pressure
to propel the material via the die [70, 71].

Extrusion plays a vital role in the shaping processes of blow molding as well as
film blowing, where the molten material is expelled through a specially designed die
to achieve the desired form. In these processes, high melt stiffness is needed to ensure
the stability of the film. Due to its low melt strength, PLA requires improvement to
expand the processing range and broaden its application possibilities. Considering
this, several investigations have been done to improve the PLA’s melt properties,
practicing mainly with chain modification of PLA [72-78]. In addition, extrusion
plays a significant role as a plasticizing unit in both melt spinning [79—84] and injec-
tion molding [85-91].
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Injection molding

Injection molding stands as a highly significant polymer processing technique, widely
employed for various polymers, including PLA [92, 93]. This process is widely used
in making complex parts as well as mass production of articles. The major benefits
of injection molding process are: (a) direct production from raw material to finished
product, (b) without or small post processing operations, (c¢) fully automated pro-
cessing can be done, and (d) high production and dimensional precision [94]. In a
typical injection molding process, the polymer granules are heated until they melt.
The melted material is further injected into a closed mold. Typically, the mold com-
prises two halves that are compressed together under pressure, surpassing the resis-
tance exerted by the molten material. Subsequently, the injected material is permitted
to undergo the cooling and solidification process within the mold. Finally, the two
halves of the mold are opened and the molded part (or article) comes out, as shown
in Fig. 15. Many design possibilities exist due to very complex geometries of the
mold shapes. For rigid packaging container applications, such as food storage con-
tainers, generally thin-wall injection molding is used. Injection molding is an excel-
lent choice for producing items with varieties of shapes, such as items for domestic
household applications as well as medical applications [95].

Stretch blow molding

The food industry is increasingly interested in replacing non-biodegradable thermo-
plastics with PLA for specific beverage products, driven by environmental concerns.
To date, PLA bottles have primarily been utilized for beverages that are not oxygen-
sensitive, such as still water beverages and pasteurized milk. While there are several
technologies available to enhance the barrier properties of PLA bottles (such as mul-
tilayer structures, plasma deposition, external coatings, and oxygen scavengers), their
adoption is presently restricted because of the comparatively higher manufacturing
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Fig. 15 Injection molding process [95]
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costs involved. The manufacturing of PLA bottles is done by injection stretch blow
molding (ISBM) method, as shown in Fig. 16. First, the process involves the making
of preform (called parison also) through an injection molding machine. Then preform
is shifted to a blow molding machine, in which it undergoes stretching in axial direc-
tion and blowing in hoop direction, resulting in the biaxial orientation of polymer.
Within blow molding machine, preform is subjected to infrared heaters that raise
its temperature to the appropriate range (85-110 °C) required for the blow molding
process (Fig. 16a). Typically, various power settings are employed for the infrared
heaters to achieve an optimal temperature profile, ensuring the uniform stretching
of the preform and achieving a bottle with a consistent distribution of wall thick-
ness. PLA preforms exhibit a tendency to shrink, particularly in the neck and end
cap regions, after reheating, which is attributed to the presence of residual injection
molding stresses in those areas. This issue can be mitigated by employing appropriate
preform design techniques, incorporating gradual transition regions to alleviate the
impact of shrinkage during reheating. Once preform reaches the desired temperature,
then it is shifted to blow mold for further processing (Fig. 16b). The blow nozzle is
brought down to close off the preform finish, whereas the stretch rod moves in the
direction of the preform at a speed of 1 to 1.5 m/s, stretching preform all the way to
the base cup (Fig. 16c-e). In pre-blow phase (Fig. 16d & ¢), compressed air ranging
from 0.5 to 2.0 MPa pressure is introduced to the preform via the blow nozzle. This
partial inflation of the preform helps prevent contact with stretch rod at the time of
axial stretching. Once stretch rod reaches the base cup, it securely holds the preform

Stretchrod
Blow nozzle
Infrared
Lamps

000¢

Neck ' =
Shield Reflector

(a) Preform

Blow

Base cup

(i) Finished
bottle

Fig. 16 Injection stretch blow molding (ISBM) of PLA bottle [96]
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against the mold base; further air pressure is raised to approximately 3.8 to 4.0 MPa
to achieve complete inflation of the preform. As a result, the inflated preform is com-
pelled to conform to the shape of blow mold, thereby imprinting surface details of
bottles (Fig. 16f & g). Sustaining high blow pressure for a few seconds is essential to
ensure that the bottle adequately cools down before it is discharged, allowing for suf-
ficient cooling time. This manufacturing process is commonly referred to as 2-stage
process. But in case of 1-stage process, injection and blow molding of preform are
carried out within a single machine that is fitted with both injection and blow mold-
ing units. During this method, injection-molded preform is cooled partially to tem-
peratures ranging from 100 to 120 °C and subsequently stretch blown within blow
molding station [96].

Thermoforming

Thermoforming process is used to produce trays, plastic cups, blisters, and jars of
PLA. First, polymer film is made using flat die extrusion in the thickness range of 50
to 300 um, and then it is utilized for thermoforming. The polymer is generally heated
using an infrared heater at a temperature above its T, and below its T,,, resulting in a
softened sheet. Subsequently, the softened sheet is molded into the desired shape by
inserting a mold or applying vacuum pressure, as shown in Fig. 17 [97].
Thermoforming of PLA sheets can be accomplished using vacuum forming, com-
pressed air/vacuum forming, or solely with the aid of compressed air. The radiant
heater in a PLA thermoforming line needs to be carefully adjusted to operate at very
low temperatures. PLA sheets exhibit brittleness at room temperature, necessitating
special considerations for handling and storage. There exists a chance of cracking
and breaking while in transit in comparison to oriented polystyrene (OPS) or polyeth-
ylene terephthalate (PET). It is advisable not to store PL A sheets or finished products
at temperatures exceeding 40 °C or in environments with relative humidity higher
than 50%. Exposure to elevated temperatures or high humidity can lead to defor-

J

Mould

Heating e T
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Fig. 17 Thermoforming process [97]
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mation and potential degradation of the PLA material. PLA’s toughness improves
with orientation, consequently making thermoformed articles relatively less brittle
compared to PLA sheets. Thermoforming of PLA is commonly carried out utilizing
forming ovens, molds, and trim tools specifically engineered for PET or polystyrene
(PS) materials. Due to higher shrinkage of polypropylene (PP) compared to PLA,
molds and trim tools tailored for PP are generally less utilized for thermoforming
PLA. Thermoforming PLA often calls for the use of aluminum molds, which are
commonly recommended for this purpose. The cooling time required in the mold for
PLA is longer compared to PET or PS, as PLA has a lower softening temperature than
both PET and PS materials [98].

Applications of PLA
Packaging/food packaging applications

Food packaging plays a crucial role in the food supply chain, ensuring the protection,
preservation, and safe delivery of food products. Apart from safeguard food from
potential deterioration or spoilage, the packaging improves cleanliness and reduces
food wastes and, therefore, it is very important to public health. Over 30% of food
production is wasted and disposed of in landfills due to spoilage and rotting. Food
packaging also prevents unwanted alterations in food quality (such as color, taste,
and other sensory attributes), impede the rapid growth of microbes and the deterio-
ration of nutritional content in the food [99—101]. Traditional packaging is usually
discarded after the packaged material is received or consumed by the user. Food
packaging materials include paper, plastic, glass, aluminum, steel etc. In spite of very
good recycling rates (more than 20% of certain types of paper and paperboard), tradi-
tional packaging causes a major environmental burden. The recycling rate of plastics
is comparatively low, at less than 20% [102]. Petroleum-based polymers, comprising
polyethylene (PE), polypropylene (PP), and polyethylene terephthalate (PET), cause
significant environmental as well as health issues. But, these materials are more often
utilized because of their convenience, lower weights, and relatively simple shape-
forming properties [103, 104]. Most of these materials used in food packaging are
both non-renewable and non-biodegradable, often ending up in landfills or polluting
the oceans. Utilizing such materials for food packaging can pose risks to human
health [99—-102]. PLA is renewable, biodegradable and its manufacturing entails
25 to 55% less fossil energy in comparison to polymers based on petroleum [105].
The manufacturing of PLA results in negligible greenhouse gas emissions since the
carbon dioxide released during its biodegradation is offset by the carbon dioxide
absorbed from the environment during the growth of the agricultural feedstock used
as a renewable resource for PLA production [106]. PLA derived from either biomass
or agricultural waste may serve as a carbon dioxide sink, contributing to the long-
term reduction of greenhouse gas emissions [107]. PLA is used in food packaging
films, food-contact articles, food containers, bottle labels, tea bags, grocery bags, etc.
applications, as mentioned in Table 5. Under composting conditions characterized
by elevated temperatures and humidity, PLA undergoes breakdown within a mat-
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Tablg 5 .PLA’s Food packaging Application Comments
applications [108] Food packaging These films find application in packaging
films due to their exceptional ability to retain

twist and prevent unwinding.

Food-contact articles PLA is utilized to create a diverse range of
items, such as cups, plates, cutlery, straws,

and lids.
Food containers Food packaged in PLA containers is sold by
Walmart, the biggest retail store globally.
Bottle labels Soft drink bottle labels made from PLA are

utilized by S&B Foods, Asahi Soft Drinks,
and Nisshin OilliO.

Teabags The remarkable infusion characteristics of
PLA make it an appropriate material for ap-
plications such as tea bags and coffee.

Grocery bags Approximately 45% of shopping bags are
manufactured using PLA as the primary
material.

Table 6 Packaging applications Packaging application PLA Biopolymer ~ Company

of PLA[109] Coffee and tea Cardboard cups KLM
with PLA coating
Beverages PLA cups Mosburger (Japan)
Fresh salads PLA bowls McDonald’s
Fresh cut fruits and Rigid PLA trays Asda (retailer)
vegetables and packs
Potato chips PLA bags PepsiCo’s
Frito-Lay
Yoghurt PLA jars Stonyfield
(Danone)
Bread Paper bags with Delhaize (retailer)
PLA window

ter of weeks. The breakdown of PLA consists of two steps: hydrolysis and bacterial
attack on fragmented residues. First, high molecular weights PLA polymers (poly-
ester chains) are degraded into low molecular weight LA (lactic acid) oligomers.
After the molecular weight of oligomers reduces to 10,000 Da or less, then the soil
microbes’ breakdown the oligomers to produce carbon dioxide and water [108]. PLA
is widely used among bio-based plastics. Some packaging applications of PLA are
shown in Table 6 [109].

Medical/biomedical applications

The bioresorbability and biocompatible properties of PLA make it a widely used
material in various medical applications within the human body. The most commonly
used biodegradable polymers in healthcare industry are: PLA, PGA (polyglycolic
acid), and PDS (polydioxanone). PLA finds application in various biomedical fields,
including tissue engineering, sutures, drug delivery systems, implants, wound man-
agement, as well as the development of biomaterials for possible biomedical uses.
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The advantage of using biodegradable biomaterials over non-biodegradable bioma-
terials is that they do not need implant removal and give long-term biocompatibity.
Some of the biomedical applications of PLA are shown in Fig. 18 [19, 108].

Tissue engineering

Tissue engineering involves solving medical problems, like tissue injury and organ
damage. Since tissues cannot regenerate themselves in case of extreme bone defects
attributed to injury or inborn diseases, therefore, additional intervention are needed
to facilitate the healing process. Many metals and ceramics are inappropriate for tis-
sue engineering applications (such as scaffolds) due to lack of biodegradability and
limited processability, whereas polymers possess very good flexibility in design since
their composition as well as structure can be changed according to the particular
needs. Linear aliphatic polyesters like PLA, PGA, and their copolymer PLGA are
extensively utilized polymers in bone tissue engineering applications. These poly-
mers are biocompatible and have been approved by FDA for certain human use.
The degradation products of PLA, PGA, and PLGA are non-toxic, harmless, natu-
ral metabolites, and finally excreted from the body in the form of CO, and H,O.
By changing the chemical composition (for example, LA/GA ratio in copolymers of
PLGA), molecular weight, crystallinity, and molecular weight distribution, the deg-
radation rates of these polymers can be modified from several weeks to several years
to satisfy the needs for specific applications [110].

The primary role of a scaffold is to serve as an extracellular matrix (ECM) that
facilitates cell adhesion and growth. Its purpose is to guide the formation of new,
entirely working tissues. The preliminary function of scaffold is to maintain the struc-
tural integrity of the cells and tissues even during partial degradation. Biodegrad-
able polymeric scaffolds bring together the benefits of both synthetic and natural
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Fig. 18 PLA’s biomedical applications include tissue engineering, drug delivery, bone implants, and
wound coverings [19, 108]
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materials. PLA, whether used alone or in conjunction with some other biodegradable
polymers, offers excellent support for growth of cells. A fibrous scaffold contains
substantial level of porosity, which is required to fit massive number of cells. In this
context, the pore diameter assumes significance for facilitating cell growth and vas-
cularization as well as the diffusion of nutrients. PLA can be fabricated to different
shapes (for example, filament, knitted, braided, non-woven or film) according to the
requirement of the organ construction [111].

Due to its remarkable biocompatible properties, PLA has been extensively studied
for tissue engineering purposes, particularly in the development of bone scaffolds. The
mechanical properties of PLA for tissue engineering applications can be improved by
various methods such as, blending, composites formation, and co-polymerization.
3D (Three-dimensional) porous scaffolds made of PLA have been successfully made
for culturing various types of cell, with applications in cell-based gene therapy used
for cardiovascular diseases, regeneration of muscle tissues, cartilage and bone, as
well as treatments for cardiovascular, orthopedic, and neurological conditions. The
other two investigations have reported that they placed osteogenic stem cells onto
scaffolds composed of this material. These scaffolds were then inserted either into
bone defects or just under the skin, aiming to replicate the processes of bone forma-
tion known as endochondral and intramembranous ossification. The superior strength
of PLLA mesh permits the creation of three-dimensional structures like trays and
cages. The degradation process of PLA can range from 10 months to 4 years, and
depends on various microstructural features like chemical composition, crystallinity,
and porosity. These factors can have an impact on the tensile strength of PLA for spe-
cific applications. In addition, PLA has the capability to stimulate isolated cells for
tissue regeneration and facilitate the controlled release of drugs like painkillers, anti-
inflammatories, and antibiotics. This characteristic has motivated recent research in
PLA as scaffolds for cell transplantation [112].

Drug delivery

PLA in the form of microspheres and microcapsules is suitable for sustained drug
release of diverse medicinal agents, comprising contraceptives, narcotic antagonists,
vaccines, local anesthetics, proteins, and peptides for various durations. Polymeric
drugs can be released through any of three mechanisms: erosion, diffusion, or swell-
ing. In case of PLA, the hydrolytic cleavage of ester bonds causes random breakage,
leading to the erosion of the device. After degradation, the hydrolytic byproducts
of PLA are transformed into non-toxic substances that can be eliminated from the
body by means of normal cellular processes and urine. PLA as well as its copolymers
can be utilized in the shape of micro- or nano-particles to encapsulate a wide range
of drugs, including psychotic, restenosis, hormones, oridonin, dermatotherapy, and
protein (BSA). PLA nano-particles can be made by solvent evaporation technique
and are found suitable for the development of drug delivery systems. The challenge
of achieving controlled drug release may be addressed by modifying the mechani-
cal stability as well as crystallinity level of PLA within the formulation [32, 33, 53,
113-118].
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During the 1970s, researchers developed a complex that combined naltrexone
within a PLA structure, which aimed to investigate its potential for drug delivery
purposes. The results indicated that, after a period of 35 days, around 67% of the
drug was released in vitro (in laboratory conditions). Subsequent in vivo tests (tests
conducted on living organisms) confirmed the complex’s ability to inhibit the effects
of morphine. PLA copolymers were used to create microspheres consisting of PLA-
PEG-PLA, and these microspheres encapsulated paclitaxel [119, 120]. The sizes
of the microsphere were uniform and inside it, there was a porous structure which
assisted the drug release. After duration of 1 month, the in vitro release rate was
measured at 49%, which extended the duration of drug activity within the body and
enhanced its effectiveness. The inconsistent local concentration by drug release was
avoided by this sustained-release drug delivery system and therefore, improved the
therapeutic effect. The slow release smart drug delivery system offers several advan-
tages over traditional dosage system like; it reduces the negative consequences of
medications on gastrointestinal tract and prevents excessive local drug concentra-
tions inside a specific timeframe, which can cause allergies or even toxicity. In addi-
tion, the degradable materials can undergo degradation in certain environment, which
means that the external polymeric materials can be modified to obtain controlled drug
release [121-123].

In case of few specific diseases like tuberculosis and tumors, therapeutic drugs
may exhibit elevated toxicity and large side effects. Besides their intended effect of
eliminating the targeted lesions, these drugs can also inflict considerable harm on
normal tissues, leading to significant damage. Also, the treatment procedure needs
repeated and frequent administrations of the drugs [124]. Therefore, the investigation
of targeted drug delivery system is very important [125]. By utilizing a specific type
of coating material and employing target selection based on the affinity of functional
groups, it becomes possible to effectively direct the drug to the site of the lesion.
This targeted approach enhances the bioavailability of the drug, reduces its toxic side
effects, and minimizes toxicity to other tissues [126, 127]. But, the polymer needs to
undergo chemical modifications to become more effective for targeting or inducing
a stimulatory response. A type of pH-sensitive linkage has been innovated to modify
PLA nano-particles loaded with doxorubicin, permitting them to easily disintegrate
within the tumor microenvironment, as illustrated in Fig. 19. Hence, modified PLAs
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Fig. 19 High drug loading and pH-responsive PLA-g-doxorubicin (DOX) nanoparticles [128]
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such as PLGA (poly lactic-co-glycolic acid) are generally utilized in drug-delivery
systems. For magnetic nano-particles, ferric oxide is very crucial in drug delivery
systems. PLGA was first embedded with ferric oxide and afterwards doxorubicin
(DOX) was encapsulated inside to obtain a nanocomposite carrier. Due to high sen-
sitivity of the carrier to the external magnetic field, magnetic targeting was fulfilled
by the carrier. Also, this drug possesses very good ability to inhibit or suppress the
growth and development of tumors [128].

Implants

In recent years, there has been a shift towards employing biodegradable materials
instead of metallic materials for fractured bones fixation, which can take the form of
plates, screws, pins, and wires. High strength is needed for bone fixation materials,
and therefore, PLA finds broad application in this area [19]. Haers et al. (1998) [129]
investigated an enhancement in mechanical characteristics of PLA by controlling the
ratio of L-LA / D-LA in polymer. By taking L-LA/D-LA (85/15) ratio, production of
PLA was done and successfully utilized in making screws and plates for fixation of
fractures. The results also showed the possibility of using the plates independently
without requiring extra support for fracture fixation. Van Sliedregt et al. (1992) [130]
studied the biocompatibility of 4 PLA films for orthopedic applications by taking 5
types of cell: ear canal, middle ear, and nasal septum of epithelial cells along with
fibroblasts and osteosarcoma cells. The study yielded favorable results, indicating
satisfactory biocompatibility of PLA.

The biodegradable polymer implants readily undergo degradation within the
human body, eliminating the need for additional surgical procedures to remove them
once the defect site is repaired. This characteristic holds significant importance in the
medical field. Applications that demand prolonged strength retention like reconstruc-
tion of ligament and tendon along with stents used in vascular and urological surgery,
often favor the use of PLLA fibers (Durselen et al. 2001) [131]. Bioresorbable plates
and screws are extensively utilized in various maxillofacial osteosynthetic surgeries
as implants (Kanno et al. 2018) [132]. Injectable microspheres made of PLLA have
been employed as temporary fillers in facial reconstructive surgery. The microspheres
made of PLLA have also been reported to be utilized as embolic material in trans
catheter procedures. This application plays a significant role in the successful treat-
ment of fistulas, arteriovenous anomalies, severe bleeding, and tumors [133, 134].

Sutures and stents

Medical sutures synthesized from PLA are non-toxic, biocompatible, biodegradable,
and have high strength. PLA breaks down into carbon dioxide and water gradually
during wound healing process, which avoids the pain related to wound removal [135,
136]. PLA sutures are used in different kinds of surgery, such as facial, neck, colos-
tomy, circumecision, etc [137]. . . Various types of wounds need various healing times
and degradation rate of sutures of PLA is fixed, therefore, the degradation rate is
altered by manipulating the diameter of the suture, copolymerizing PLA with other
polymers like PEG (polyethylene glycol), and PGA (polyglycolic acid), or blending
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with nano-materials like nano-silica and nano-montmorillonite, but these processes
only shorten the degradation time. Taking this into consideration, Liu et al. (2019)
[138] compounded carbon nanotube (CNT) by adding PLA sutures and prolonged the
degradation time of resulting PLA composite. The total degradation period of CNT/
PLA sutures was increased from 49 weeks to a range of 63 to 73 weeks as compared
to pure PLA sutures, with effectively extending the strength also.

Surgical sutures are wound closure filaments manufactured in different shapes.
These sutures secure tissues in position until the wound naturally heals and gives
enough tissue strength. The U.S. Federal Drug Administration (FDA) has approved
PLA for utilizing as a suture material due to its advantageous features such as biocom-
patibility, bioresorbability, and biodegradability with non-toxic degradation prod-
ucts. But, the inherent properties of PLA like high crystallinity (around 40%), and
slow rate of degradation, impose restrictions on its application as material for suture.
Because of this, copolymerization of lactic acid (LA) with biodegradable monomers,
like glycolic acid (GA), is done to obtain the PGA/PLA copolymer, which has better
properties than PLA for suture applications. PGA/PLA copolymer with 90:10 mol
ratio of GA: LA has been commercialized as Vicryl by Ethicon. This amorphous
copolymer has lower glass transition temperature (T,) and higher degradation rate
than that of PLA and has been found very much useful as a suture material [111, 139].

A stent is a small mesh tube used to hold open passages in the human body, such
as weak or narrowed arteries. There exist three major kinds of stents: (a) bare-metal
stents, (b) drug-eluting stents, and (c) biodegradable / bioresorbable stents. Bare-
metal stents and drug-eluting stents may leave residues in the body that can affect
further treatment and recovery process, whereas bioresorbable stents, providing both
mechanical support and drug delivery to the vessel wall, can be fully absorbed by
the body, and therefore, permits better vascular remodeling and decreases the trig-
gering of persistent inflammation. Among different biodegradable polymeric stents,
PLA (especially PLLA-based stents) has been proven to be a reliable and effective
biomaterial. In order to improve the mechanical properties and degradation charac-
teristics of PLA-based stents, different PLA-matrix composites have been studied
over the past many years. In the field of bone tissue engineering, research has focused
on combining PLLA with other biomaterials like bio-ceramics, metals, or polymers.
This approach aims to enhance the mechanical properties, promote improved tissue
grafting with implants, and achieve a controlled degradation rate. The rate of polymer
degradation is governed by several factors, including the degree of crystallinity, the
distribution of crystallites, and the polymer’s water uptake. By controlling these fac-
tors, the development of PLA-based biodegradable stents can be achievable [140].

Agricultural applications

PLA is used in agricultural applications, such as mulch films, delivery system for
fertilizers and pesticides, temporary replanting pots, compost bags, agricultural nets
etc [16]. . . The use of plastic in agriculture is known as plasticulture, which began
in 1950s to increase the production. The main reasons for using plastic in agriculture
are: (a) Protection of soil from erosion and to protect plants from weeds, insects,
and birds with the use of mulch films, (b) Use of drip irrigation tubing, and (c) To
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shield the tunnels of greenhouses. At present, the non-degradable traditional plastics
are being replaced by the environment-friendly biodegradable plastics such as PLA,
PHAs (polyhydroxyalkanoates), and PBAT (polybutylene adipate terephthalate) in
many agricultural applications.

Due to inferior mechanical and thermal properties of pure / homopolymer PLA,
its use as homopolymer is limited in agricultural applications. Therefore, blending
of PLA is done with biodegradable polyesters, such as PBAT, to make commercial
PLA/PBAT mulch films. In addition, plasticizers are also used to make biodegradable
PLA-based mulch films because the addition of plasticizer promotes the hydrolysis
and accelerate the biodegradation of PLA-based mulch films. The use of bioplas-
tics in agriculture is currently new and still under development and therefore, needs
improvement in many areas, including the high cost of the polymers [141].

Automotive applications

PLA is used in automotive industry in many engineering parts, especially in interior
components and under-the-hood gears. Since PLA is biodegradable and compostable,
it reduces the carbon footprint and gives several advantages, such as high tensile
strength and stiffness, improved UV resistance, high gloss, and dimensional stability.
Due to these features, PLA can replace many conventional thermoplastics, such as
PET (polyethylene terephthalate), ABS (acrylonitrile butadiene styrene), PBT (poly-
butylene terephthalate), and polyamides, which are generally utilized in automobile
interiors and engine compartments [142].

PLA composites incorporating biofibers are used globally in various applica-
tions, including automotive interiors. Biofibers or fillers are eco-friendly materials,
which can be used to improve the mechanical and thermal characteristics of PLA.
The plant fiber is extensively used in E-class models of Mercedes-Benz. These bio-
fiber composites are used in different components of an automobile like dashboards,
package trays, door panels, headliners, and various interior components [143]. The
performance of PLA composites can be improved by using nanofillers and suitable
processing methods. PLA nanocomposites reinforced with graphene can improve
thermal stability and high moisture absorption characteristics, which can be useful in
automotive applications [144]. PLLA biopolymers can be used in many automotive
components, especially automotive interior parts. Today, bio-based PLLA blends are
utilized by various automobile companies, such as Toyota, Ford, Mazda, and Hyun-
dai Motors [145].

Textile applications

PLA fibers manufactured by melt spinning process have physical properties com-
parable to PET and Nylon. Due to its aliphatic polyester nature and the absence of
aromatic rings, PLA exhibits superior moisture regain and wicking properties as
compared to PET. Clothing items manufactured from PLA or blended with wool or
cotton offer a high level of comfort and provide a luxurious, silky touch sensation.
PLA fibers possess improved self-extinguishing characteristics because PLA is a
non-flammable polymer [146—148].Fibers can be synthesized either by solvent or by
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melt spinning techniques. The fibers made by solvent spinning have better mechani-
cal properties than the fibers made by melt spinning due to the occurrence of thermal
degradation while undergoing the melt spinning process [149].

The use of biodegradable polymer PLA in the textile industries is increasing. Gar-
ment industries (e.g., apparel, homeware) are currently using PLA textiles. Because
of its breathability and wicking properties, PLA is considered as a comfortable bio-
material for making apparel. The Hohenstein Research Institute examined the appli-
cation of PLA as well as PLA-cotton blends in clothing by conducting various tests,
and it was found that the thermal insulation and sweat absorption abilities of PLA
makes it highly appropriate material for sports apparel in addition to its other fea-
tures. PLA is used for making jackets due to its good resilience property. PLA finds
application in knitted and embroidered textiles because of its good retention and
crimp properties. PLA textiles are used in homeware, such as curtains, pillowcases,
and rugs. However, PLA textiles present certain challenges, including lower pressing
and ironing temperatures in comparison to cotton and PET fabrics. Dyeing and fin-
ishing operations of textiles go through the conditions, such as temperature, time, and
pH, which impose challenges for PLA because PLA is prone to degradation under the
above mentioned conditions [150, 151]. In brief, PLA has huge potential to be used
in fiber and textile industries, but it requires more development and modifications to
compete with conventional petroleum-based polymers due to its limitations.

Conclusions and future perspectives

Over the last few years, bio-based and biodegradable polymers have been emerged
as a promising and environment friendly alternative to conventional petroleum-based
polymers. PLA is one of the most favorable biodegradable biopolymers because of
its excellent physical, mechanical, and thermal properties as well as very good pro-
cessability. Due to bioresorbability and biocompatibility properties of PLA, it is
extensively used in biomedical applications. But, in comparison to certain traditional
thermoplastics, PLA demonstrates inferior toughness, heat stability, and water bar-
rier characteristics. Therefore, great efforts have been undertaken for improving the
performance characteristics of PLA by applying various modification methods, such
as copolymerization, making composites or blends of PLA, incorporation of different
additives etc.

PLA has great potential to be utilized in number of applications due to its very
good processing characteristics and therefore, it can play an important role in the
form of copolymers, composites and blends by exhibiting different properties for
various applications. In this way, the renewable, biodegradable and compostable
polymer PLA can replace conventional petroleum-based polymers in many applica-
tions. Indeed, the cost of PLA is still higher than many conventional thermoplastics
and therefore, further research is required in this area to manufacture PLA at lower
cost. By using the appropriate method of synthesis, optimizing the synthesis param-
eters (like temperature, time, and catalyst type), and using cheaper substrates as well
as high-performance microorganisms to increase the production efficiency of lactic
acid, are some of the methods by which cost of producing PLA can be reduced in the
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near future, but still further research and development is needed in this field for the
accomplishment of this challenging task.
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