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Polylactic Acid (PLA) is a biodegradable polymer gaining popularity as a replacement for conventional
plastics in different industrial sectors. However, PLA has inherent limitations and requires modifications
to enhance its performance. This review article covers the different important aspects related to the
PLA such as the synthesis route of PLA, biodegradation mechanism of PLA, properties of PLA, and
applications of PLA in different sectors. The main focus of this review is to identify the different
innovative copolymers, blends and composites of PLA for biomedical applications. Most important
characteristics such as degradation behavior, biocompatibility and mechanical properties of these PLA-
based biodegradable polymers were briefly discussed. This review indicates that the optimization of
processing techniques and suitable selection of additives play an important role to achieve the desired
properties of PLA. This review also discusses the issues associated to PLA-based materials for biomedical

applications.

1 Introduction
Polyester-based biodegradable polymers have been used in
variety of application such as pharmaceutical, orthopedics,
cosmetics, food packaging, textile, electronics, and transportation
[1-3]. These polymers exhibit better biodegradability, and
better mechanical properties. To increase the use of these
polymers in different engineering sectors there is need to
overcome the issues associated with these polymers such as
immunogenicity, low biodegradability, less antibacterial activity
and less biocompatibility [4,5]. Further, to meet the required
design criteria for different applications, it is important concern
to improve the properties of these polymers.

Among the different polyester-based biodegradable polymers,
polylactide or polylactic acid (PLA) is one of the most important
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renewable source-based biodegradable polymers because it is
adaptable, thermoplastic, biodegradable, biocompatible and has
great mechanical qualities, excellent processability, optical clarity,
and low cost [6-9]. It is produced through fermentation
from renewable resources like sugar or maize starch [10-13].
Its tremendous properties, for example good biodegradability,
biocompatibility, and easy processing make it best for biomedical
applications [14,15]. PLA blends are used in tissue engineering,
drug delivery, wound management, implants, and biomaterials
developments [16-18]. In orthopedics, PLA composites are used
for making screws, pins, plates, nails and wires [19,20]. In
cardiovascular, PLA-based scaffolds or stents are used for coronary
artery disease [21,22].

Many review articles have been published in recent years on
PLA synthesis and applications. Li et al. [23] focused on the
applications and synthesis of different biodegradable materials
especially PLA. Mehmood et al. [24] discussed the potential of
PLA in different applications and trend of its demand in market.
More et al. [25] discussed the different synthesis methods of PLA
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and the role of different polymers for making the copolymers
of PLA. Taib et al. [6] discussed the degradation mechanism and
applications of PLA. Joseph et al. [26] discussed the potential of
three-dimensional (3D) printing technologies for the production
of PLA and its blends. Fernandez et al. [27] discussed the
potential of 3D printing for the fabrication of PLA-based scaffolds.
Swetha et al. [28] discussed the methods for the production
of PLA from food waste by the process of fermentation. Dana
et al. [29] discussed the synthesis techniques of PLA-based
polymers and their applications. This review helps to choose the
suitable technique for adjusting properties of PLA. Kour et al.
[30] discussed the different additive manufacturing techniques
such as electrospinning, and 3D printing for the fabrication of PLA
scaffolds. The review of literature clearly showed that, most of the
researchers focused on the fabrication techniques and applications
of PLA-based materials. There is little interest in summarizing the
innovative PLA-based materials especially composites of PLA.

The main focus of this review is to summarize the properties
of different innovative PLA-based materials and to discuss their
potential for biomedical applications. This review will help to
identify the materials for making new-generation biomedical
devices such as screws, plates, pins, scaffolds, etc. This review
article describes that further research is necessary to optimize the
design and processing of these PLA-based materials, as well as
to evaluate their long-term biocompatibility and performance in
animal and human body. Additionally, this review can help in
the development of new PLA-based materials that address specific
challenges associated with biomedical applications, such as
infection control and tissue regeneration, which hold significant
potential. Overall, the application of biodegradable materials in
orthopedics has the potential to revolutionize treatment options,
providing patients with safer and more sustainable solutions that
improve their quality of life.

2 Synthesis of PLA

Lactic acid (LA) is a crucial component in the glycolytic energy
cycle of living organisms, discovered in 1881 through fermented
milk extraction [31,32]. As a hydroxy acid, it possesses an
asymmetric carbon atom, resulting in optical isomers d-LA
and 1-LA. d-LA is extracted from animal muscle, while 1-LA is
obtained through fermentation. Commercially, LA is produced
by fermenting sugars with bacteria, utilizing sources like glucose,
maltose, starch, and lactose from potatoes and corn. Traditional
fermentation methods involved the addition of calcium carbonate
or calcium hydroxide, forming crude lactic acid and insoluble
calcium sulfate [33]. Subsequent processes like dyeing, electrolysis,
and ultrafiltration, followed by evaporation, crystallization, and
acidification, produce purified lactic acid suitable for medical or
food applications [34]. For large-scale industrial production, LA
is produced via lactonitrile intermediates [35]. Each production
route has its distinct set of steps and raw materials, impacting
the overall cost and efficiency. However, chemical synthesis has
drawbacks, such as the racemic nature of the product, comprising
equal proportions of 1-LA and d-LA, making it unsuitable for
certain applications, particularly in the pharmaceutical industry
[36].

The synthesis of PLA involves a multi-stage process
commencing with the production of LA and concluding with
polymerization, with lactide formation serving as an intermediary
step [37]. Several polymerization methods, including azeotropic
dehydration condensation (ADC), enzymatic polymerization,
direct polycondensation (DPC), solid-state polycondensation,
chain extension, and ring opening polymerization (ROP) can
be employed to convert LA into PLA [38]. In the DPC method,
LA undergoes dehydration into oligomers before undergoing
polymerization into PLA. This necessitates moisture removal to
prevent polymer degradation [7,39]. However, the elimination
of water during LA condensation within the highly viscous
polymer melt poses substantial challenges. DPC entails the use
of solvents and catalysts to facilitate water removal under high
vacuum and temperature conditions, resulting in the production
of polymers with varying molecular weights. Direct synthesis
of PLA without the need for catalysts, solvents, or initiators is
attainable under elevated temperatures and vacuum conditions.
The LA direct condensation process encompasses four distinct
phases: dehydration, oligomerization, polycondensation, and
PLA melt condensation. Notably, water elimination emerges
as the rate-determining step during both the initial and final
phases [6,40,41]. While this route holds the potential to yield
high molecular weight PLA, it is not frequently employed
on a large scale, primarily due to the rapid degradation of
LA and competing lactide synthesis. The process of melt
polycondensation, characterized by the transition from liquid
to solid, facilitates the production of high molecular weight
PLA by employing a chain extender, such as 1,6-hexamethylene
diisocyanate [42]. ADC and ROP represent the most prevalent
synthesis strategies, to achieve high purity, high molecular weight
and optimal performance of PLA [43].

The synthesis process is shown in Fig. 1. The figure
showed that PLA synthesis constitutes a multifaceted process
involving LA production, purification, and polymerization.
Multiple techniques, including polycondensation and ROP, can be
harnessed to produce PLA with varying properties and molecular
weights, necessitating rigorous purification and precise control of
reaction conditions to ensure the production of high-quality PLA.

Condensation polymerization is considered cost-effective,
but poses challenges to produce high molecular weight PLA.
Coupling or esterifying cation-promoting agents are used for
the production of long-chain molecules. However, this method
has drawbacks such as unreacted chain-extending agents and
impurities in the final polymer. ADC without chain extenders
produces high molecular weight PLA. Effective parameters
influencing polymerization and final molecular weight include
solvent, catalyst, reaction temperature, and impurity level.
Impurities from fermentation, such as methanol, ethanol, and
acids, significantly affect final molecular weight. ROP, another
polymerization technique, allows control of molecular weight
despite requiring catalysts [44-46]. Factors like residence time,
processing temperature, catalyst category, monomer type, and d-
and l-lactic acid ratio influence the process. High-purity lactide
is crucial, and the procedure involves decompression, water
removal, catalyst addition, resulting in lactide for polymerization.
Polymerization yield, transesterification effect, and chain length
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Polymerization route of PLA. Modified and printed with the permission from [23].

can be regulated by adjusting time, temperature, and catalyst type,
while impurities impact the final molecular weight.

3 Biodegradability of PLA

PLA undergoes biodegradation through a multi-step mechanism
that involves chemical and microbial processes. Understanding
this mechanism is crucial for managing the biodegradability of
PLA-based materials in various applications. PLA degradation
primarily occurs through alkaline and enzymatic hydrolysis-
induced ester bond cleavage [47,48]. The ester bonds within
PLA polymer chains are broken, resulting in the formation of
carboxylic acids and alcohols as degradation product [49]. These
shorter PLA units then become substrates for microorganisms.
Microorganisms possess enzymes that can further degrade PLA.
This microbial depolymerization process involves the action
of extracellular and intracellular depolymerizing enzymes [49].
Shorter units of PLA produced by the action of extracellular
enzymes further degraded into intracellular enzymes. The
degradation mechanism of PLA through hydrolysis is shown in
Fig. 2. PLA degrades into LA under acidic conditions through the
activation of hydroxyl groups.

PLA degradation also occurs under aerobic and anaerobic
processes [51]. Soil microorganisms, such as actinomycetes,
bacteria, and fungi, are essential for efficient PLA degradation
[52]. While PLA is biodegradable, its slow degradation rate is
attributed to the molecule’s rigid main chain and the presence
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of methyl groups on its side chains [50]. In landfills, PLA
degrades into low molecular weight polymer, which can either
be decomposed by microbes or fragmented into microplastics.
These microplastics enter the aquatic food chain, reaching
higher trophic levels, including humans, through prey-predator
interactions. The addition of enzymes or nutrients can accelerate
the degradation of PLA in soil [48,53]. Bacterial activities in soil
can stimulate the degradation of PLA [54]. So, combinations of
enzymes, bacteria, and other nutrients are used to accelerate
the degradation process of PLA in landfills [55]. Unlike in soil,
PLA primarily undergoes hydrolysis in seawater, targeting the
amorphous regions of the ester bonds within the polymer [56,57].
However, PLA degradation in seawater is notably slower due to the
lower temperatures and fewer types of microorganisms capable of
breaking down PLA. Thermal degradation is another significant
pathway for PLA when subjected to high temperatures during
processing. PLA’s thermal decomposition temperature range falls
between 320 °C and 420 °C. Under these conditions, thermal
cracking occurs, leading to the production of propylene glycol
esters, cyclic oligomers, and linear oligomers [58,59]. This thermal
degradation mechanism is particularly relevant in industrial
settings where PLA undergoes high-temperature processing.
Researchers have explored the degradation behavior of PLA
in different environments. Gunti et al. [60] investigated the
degradation behavior of PLA in different environments. Thermal
results showed that the degradation of PLA was started at 322 °C
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and the degradation was completed in temperature range of
322-430 °C. The degradation of PLA in enzymatic environment
was much faster as compared to the degradation in soil burial.
Pelegrini et al. [61] evaluated the degradation of PLA in marine
environment for 600 days. 2.5% weight loss was recorded after
60 days of exposure. The change in crystallinity of PLA due
to the hydrolysis was started after the 15 days. The damage in
amorphous segment was started after 45 days and the loss of
integrity of PLA matrix was started after 100 days of exposure.
The addition of starch into PLA promotes water absorption,
disrupting PLA’s crystal structure and hastening its degradation,
albeit at a still relatively slow rate [62,63]. Natural fibers like
jute or hemp, when added to PLA, can enhance its mechanical
properties while retaining biodegradability [60,64]. Many fiber-
based reinforcements are added in PLA matrix to improve the
degradation behavior of PLA [48].

The degradation of PLA in vivo may involve plasma cells,
lymphoid cells, eosinophils, macrophages, foreign body cells,
mast cells, lymphocytes, histocytes, and fibroblasts. The tissue
layer around the PLA-based device usually decreases after the

implantation. The PLA degradation inside the human or animal
body occurs through hydrolysis of the ester-bond breakage. The
tissue enzymes may be involved at the late stage of degradation
process. The degradation process initiated due to the segregation
between central core and surface that consists of water absorption
accompanied by molecular weight decrease and ester bond
cleavage. The diffusion of oligomers started from the thin surface
of specimen due to the differentiation between the inner core
and surface of implant, and allows solubilization in the aqueous
medium. The degradation mechanism of PLA-based biodegradable
device is shown in Fig. 3.

The degradation rate depends on the impurities, nonreacted
monomers, temperature and pH. In addition to environmental
factors, compounding PLA with other materials can affect its
degradation. The degradation behavior of PLA-based device is
investigated in vitro and in vivo before the clinical trial and
use in human body. Li et al. [67] immersed the PLA samples
in Kirkland’s biocorrosion media for 4 weeks to investigate
the degradation behavior of PLA. The gradual decrease in pH
was observed for PLA. 1.15% mass loss in PLA sample was
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recorded after the 30 days immersion. The immersion of PLA
in high temperature fluid decreases the pH, indicating higher
degradation at higher temperature. Russias et al. [68] investigated
the mechanical behavior of PLA after the immersion of PLA
samples in salt and Hanks solution. The decrease in mechanical
properties was observed after the immersion of PLA samples
in vitro environment. Gogolewski et al. [69] investigated the
degradation behavior of PLA implant in vivo and monitored the
change in molecular weight and mass of PLA over the period of
6 months. The molecular weight of three PLA samples decreases
48, 19 and 6% over a period of 1 month; 56, 40 and 32% over
a period of 3 months and 82, 56 and 82% over a period of 6
months. The results showed increase in degradation rate with
decrease in molecular weight of parent material. The increase
in crystallinity of PLA device at initial stage of degradation has
been reported in literature [70]. This increase is attributed to
chain scission in the amorphous regions of the polymer, which
enhances the mobility of non-degraded chain segments, leading
to their recrystallization. This process occurs alongside hydrolysis,
which can degrade chains in the crystalline regions, potentially
causing a decrease in crystallinity. However, there isn’t a clear
boundary between these two stages of degradation. Surronen
et al. [71] investigated the degradation behavior of PLA plates
in vivo and in vitro. In vivo, after the five years PLA samples
were almost resorbed, but the particles of PLA were detected at
the implantation site. Although the PLA plates were completely
damaged, but they retained their shape at the end of five years

follow up. In vitro 52% mass-loss was recorded at the end of five
years.

4 Properties of PLA

PLA exhibits excellent properties, including excellent gas barrier
capabilities, elasticity, and biocompatibility, making it suitable
for various applications [72-74]. Additionally, PLA exhibits
thermoplasticity, allowing it to undergo reversible deformation
under heat, and provides resistance to ultraviolet radiation,
making it effective as a UV barrier [75,76]. Its hydrophobic nature
further adds to its appeal, as it demonstrates resilience against
water absorption. Furthermore, PLA offers a desirable level of
rigidity, providing structural integrity for diverse uses [70]. The
degradation, cytotoxicity, tensile strength and elastic modulus of
PLA are important properties for designing any biomedical device
[77-79]. Another important property that should be considered
in any biomedical application is the recrystallization rate. PLA
is completely soluble in chloroform and partially soluble in
tetrahydrofuran and it is not soluble in water, alcohol, etc. [80,81].
The mechanical properties of most common PLA-based polymers
such as PLA, poly-l-lactic acid (PLLA), and poly-d,l-lactic acid
(PDLLA) are given in Table 1.

PLLA is considered a semicrystalline polymer and PDLLA
is an amorphous polymer [82]. PLA consists of 1-LA blocks
therefore it is semicrystalline and its structural integrity is high
[83]. If provided with high temperature it will show more
mechanical strength. Among the polymeric variations, PLLA has
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Table 1

Table 2

Mechanical properties of PLA [24].

Effect of different catalysts on the properties of PLA [29].

Mechanical Parameter PLA PLLA PDLLA Material Weight fraction (wt.%) Temperature (°C) M,
Melting temperature, ( °C) 150-162  170-200  Amorphous Mg 0.5 160 2100
Glass transition temperature (°C)  45-60 55-65 50-60 Zn 0.5 160 35,000
Ultimate tensile strength, (MPa) 21-60 15.5-150  27.6-50 Al 0.5 160 5400
Ultimate tensile strength, (MPa) 21-60 15.5-150  27.6-50 Sn 0.5 160 240,000
Tensile modulus (GPa) 0.35-0.5 2.7-4.14 1-3.45 ZnO 0.62 160 20,000
Ultimate tensile strain (%) 2.5-6 3.0-10.0 2.0-10.0 TiO, 0.83 160 1600
Specific tensile modulus (kNm/g)  0.28-2.8  0.80 2.23-3.85 SnO 0.57 130 230,000
H,S04 2.5 130 65,000
H3PO4 2.5 160 1300
SnCl, 0.80 130 230,000
captured considerable attention from researchers. PLLA exhibits ZnCly 1.04 160 18,000
L. . K Fes(LA)3 1.70 160 27,000
a crystallinity of approximately 37%, a melting temperature of Mn(AcO), 157 160 19,000
180 °C, and a glass transition temperature of 67 °C. This specific Ni(AcO), 151 160 140,000
variation showcases the potential for tailoring PLA to meet the Ti(BuO)4 3.55 130 8000
demands of various applications, highlighting the ongoing efforts Y(OA)3 2.92 160 20,000
to optimize its properties for broader usability [84]. PLLA is a Cu(OA), 275 160 1900
K o . (Bu),SnO 1.05 130 130,000
comparatively rigid polymer and is more transparent [85]. The Nafan-H  2.00 160 4000
tensile strength of PLLA is 45-71 MPa. Moreover, if PLLA is PTSA 25 130 1,000,000

blended with poly-d-lactic acid (PDLA) then the PLLA melting and
heat deflection temperature can be increased.

The degradation of PLA is in the range between six months
to two years and depends upon molecular weight [86,87]. The
mechanical properties would variate according to degradation
time. It should be noted here that PLA’s physical and mechanical
properties are affected by polymer crystallinity. However, despite
these commendable properties, PLA is not without challenges.
It tends to be brittle under specific conditions and requires
elevated temperatures for crystallization, contributing to a slower
manufacturing process [88,89]. The presence of ester bonds in
its linear structure results in low resistance and hydrophilicity,
limiting its application in certain contexts [90]. Recognizing
these limitations, there is a collective effort to pool resources
and enhance PLA’s properties without compromising its overall
performance. The required properties of PLA for different
applications are given in Table 2. One avenue for addressing
these challenges involves the use of specific catalysts designed
for syndiotactic or isotactic materials [91-93]. Tacticity, or
the arrangement of monomers in the polymer chain, plays a
crucial role in determining PLA’s properties. In a syndiotactic
arrangement, side groups are situated alternately on the main
chain, while an isotactic arrangement places side groups on
the same side as the main chain [94-96]. The presence of
second or ternary phases in PLA also influence the properties
of PLA [97,98]. Understanding and manipulating tacticity
contribute to managing properties such as crystallinity. Gug et al.
[99] introduced the tris(nonylphenyl) phosphate stabilizer to
improve the mechanical properties and thermal stability of PLA.
Zhang et al. [100] introduced the light stabilizer (Irganox 1010
and Chimassorb2020) to improve the weathering resistance of
PLA and its blend with polybutylene adipate terephthalate (PBAT).
Better weathering resistance was achieved with the addition of
Chimassorb2020 as compared to Irganox 1010. Przybytek et al.
[101] used epoxydized soybean oil as a reactive modifier to
improve the ductility of PLA without compromising degradation.

Akrami et al. [75] prepared the novel compatibilizer based on
maleic anhydride grafted polyethylene glycol grafted starch to
improve the adhesion and biodegradability. The results showed
negligible effect of compatibilizer on the biodegradability of PLA.
Gallego et al. [102] introduced the new compatibilizers by grafting
polyethylene with maleic anhydride and by adding hydroxyl
group into polyethylene. The improvement in toughness and
loss in thermal stability was reported with the addition of
compatibilizers. Zhan et al. [103] investigated the effect of
triglycidyl isocyanurate as a compatibilizer on the mechanical
properties of PLA. The results showed the increase in flexural
and tensile strengths of PLA with the addition of compatibilizer.
Nim et al. [104] converted the commercial PLA resin into
medium-sized lactate oligomers via alcohol-acidolysis reaction.
The results confirm the high compatibility of PLA for drug delivery
applications. In conclusion, while PLA possesses exceptional
characteristics, ongoing research and collaborative initiatives aim
to overcome its limitations and unlock its full potential for diverse
applications. Many materials can be used as a catalyst to improve
the properties of PLA. These materials and their effect on the
molecular weight of PLA are summarized in Table 2.

5 Applications of PLA

PLA serves a diverse range of applications in the chemical,
biomedical, pharmaceutical, cosmetic, and textile industries. PLA
is approved by food and drug administration (FDA) and is used
in pharmaceutical industry for drug delivery, sutures and particle
systems. Destefano et al. [105] summarized the use of PLA in
healthcare and modern medicines. The potential of PLA for
tissue engineering, cardiovascular, epithelial cells regeneration,
drug carriers, cancer therapy, tendon and skin regeneration,
dental implants, orthopedics, antibacterial packaging, surgical
tools, respiratory equipments, and modern healthcare equipment
has been briefly discussed. Lassalle et al. [106] discussed the
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methods for the fabrication of PLA-based drug carrier. PLA and
its copolymers with polyethylene glycol (PEG) and glycolic acid
exhibit suitable properties to fabricate different kind of drug
carriers. Tyler et al. [107] identified the copolymers of PLA for
drug delivery carriers and discussed the issues associated to these
PLA-based materials. PLA-based drug carriers can be used to carry
leposomes, dendrimers, polymeric nanoparticles, micelles, and
toxic anti-tumor drugs. Mundel et al. [108] indicated that PLA is
one of the most important biomaterial for micelles and copolymer
of PLA with PEG can be used effectively as drug carrier for cancer-
tumor targeting. Vert et al. [109] investigated the performance
of PLA-based bioresorbable stent in human body by monitoring
the adhesion of proteins (globulins, fibrinogen, and albumin).
The hemocompatibility of surfaces in contact with blood was
improved by using PLA stent strut.

PLA’s anti-acne, anti-aging properties and control release of
active ingredients for skin make it suitable for cosmetic sector
[110-112]. Rancan et al. [113] investigated the suitability of PLA-
based drug delivery carriers for dermatotherapy. The nanoparticles
of PLA were loaded with fluorescent dyes and the release of
dyes from PLA particles was investigated. The results showed that
PLA-based carriers can be used ideally for sebaceous gland and
hair follicle targeting. Nam et al. [112] prepared the microbeads
for cosmetics by melt electrospraying. PLA microbeads exhibit
promising properties for cosmetics as compared to non-degradable
microbeads. Hajleh et al. [114] discussed the different techniques
such as precipitation-based methods, emulsion-based methods,
microfluidic, in-situ forming and direct compositing methods for
the preparation of micro and nanoparticles of PLA for cosmetics.
Connolly et al. [111] tested the PLA-based materials for cosmetic
packaging. No dermal hazard was reported during the testing with
skin cells.

PLA is most widely used 3D printing material and is used
in plastic industry for making various engineering parts. Trivedi
et al. [115] concluded that PLA-based materials can be used as
alternatives to produce low-cost sustainable engineering products.
Gere et al. [116] investigated the recyclability of bottle-grade PLA.
The results showed that the use of compatibilzers is effective
to increase the thermal stability of PLA for making bottles.
Roy et al. [117] investigated the effect of different printing
parameters to fabricate the PLA-based engineering parts via 3D
printing. Tamburini et al. [118] compared the performance of
PLA bottles with polyethylene terephthalate (PET) bottles for
drinking water. The results showed that PLA bottles are safe
for drinking hot water and soap. Knoch et al. [119] modified
the PLA from hydrophilic to hydrophobic to create exclusion
nets for uniform supply of pesticide in crops. PLA nets showed
molecular absorption for active ingredient incorporation due to
the increase in phytosanitary effect of PLA textile. Franca et al.
[120] prepared the PLA-based films for agricultural mulch. Such
PLA-based films are cost effective and environmental friendly.
Mochizuki et al. [121] discussed the features of PLA for nonwoven
fabrics. The promising weathering stability of PLA, thermal
properties, hydrolysis resistance and electrical properties showed
the applicability of PLA fibers in commercial applications. Yang
et al. [122] produced PLA/ramie woven for automotive industry.
Gong et al. [123] prepared PLA-based hybrid nano-generator

Electronic skin device. This PLA-based device can be used to turn-
on and off the light emitting diode and generate the output
signals. Many other researchers reported the use of PLA-based
materials for many more applications. The use of PLA in different
sectors is summarized in Table 3

PLA-based materials have the potential to fabricate the
different prosthetics and orthopedic devices [134,135]. In
implants, PLA-based materials are used to make the screws,
plates and other devices for bone applications [136]. PLA is
used to make degradable scaffolds, and stents to treat coronary
arterial diseases. Different biomedical devices made by PLA-
based materials are listed in Table 4. PLA’s gradual degradation
ensures the long-term retention of mechanical strength, which is
crucial for applications like orthopedic screws and plates [137].
Furthermore, PLA’s interaction with host tissue is modulated by
its surface properties. Modification techniques such as surface
roughening or functionalization can enhance cell adhesion,
improving osseointegration in orthopedic and dental implants.

6 Copolymers and blends of PLA

Blending PLA with other polymers is a common technique
aimed at enhancing its toughness and overall performance.
Different types of copolymers and blends are prepared to
improve properties and to target the required characteristics
in the product which are summarized in the Table 5. PLA
blends and composites offers improved properties as compared
to pure PLA and extensively used in variety of applications. PLA
blends find extensive use in packaging applications due to their
biocompatibility and stress-handling capabilities during storage
and transportation. The blend of PLA with polyhydroxybutyrate
(PHB) in presence of LA oligomer as a plasticizer, prove
suitable for packaging due to the recycling capability [179-181],
while PLA blend with polyhydroxyalkanoates (PHA) demonstrate
potential for compostable materials in agriculture [182]. PLA/PHA
blend can be used in food packaging due to its antimicrobial
properties and dielectric properties [183-186]. The blend of PLA
with polybutylene succinate (PBS) exhibit improved thermal
characteristics for food packaging applications [187,188]. The
addition of different elements, such as oxidized olein, further
improves the properties.

For biomedical applications, PLA is blended with PEG,
polyglycolic acid (PGA), poly-l-glycolic acid (PLGA), poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), PDLA, and other
polymers. The inclusion of PGA in PLA, such as PLA/PGA,
allows tailoring of degradation rates to specific implant needs.
For instance, PLA-based ocular implants, often blended with
polyvinylpyrrolidone (PVP), exhibit improved drug release
kinetics with increasing PVP content, ensuring precise therapeutic
dosing in ophthalmic applications [189-191]. Such as the addition
of polyethylene vinyl acetate (PEVA) mixture is particularly
effective in treating periodontal disease due to the controlled
release rate which correlates with the blend ratio [192,193]. Blend
of PLA with polycaprolactone (PCL) offer extended applicability
as a shape memory blend due to PCL’s slower degradation
rate compared to PLA [194,195]. Sing et al. [196] prepared the
composites of PLA with chitosan and studied the failure behavior
of these composites. Jeong et al. [197] prepared PLA/PCL films
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Table 3

Use of PLA in different sectors.

Name of industry Use Advantages Disadvantages Ref.
Pharmaceutical Control drug carriers Improves the replenishing of fluids Can change the shape of red blood [107]
industry Tablets cells
Intravascular
Surgical sutures
Cosmetic industry Moisturizers Improves antibacterial activity Cause skin irritation [111,124]
Exfoliating agent Used for hydration and lightening
Lightening agent of skin
Anti-aging Alpha-hydroxy acid removes dead
Anti-acne cells
Plastic PLLA Used in polymerization, Low molecular weight [125]
PDLA dehydration, reduction.
PDLLA decarboxylation and self-
esterification processes.
Agriculture Vegetation nets Biodegradability More acidic
Mulch films Ecological nature No nutrient [126,127]
Seeding pots Hydrophobic nature Change the pH of soil
Textile Sanitary napkins Biodegradability Low recyclability
Household wipes Great durability
Disposable garments Fire resistance
UV-resistant fabrics Phytosanitary effect
Upholstery
Transportation Impacts shields of car Plasticization to increase ductility Low thermal stability [128]
Components of car doors High tensile strength Low toughness [129]
Engine covers High stiffness Brittle behavior
Instrument panels Low impact resistance
Electronics Porous membrane in water Dielectric properties High melt flow rate
purification and air filtration system
Food Packaging Cups Biodegradability Low heat resistance [130,131]
Overwraps Easy processing Low recyclability
Containers Compostable but not fast enough
Bottles
Compostable bags
Orthopedics Sutures Resorbability Low mechanical properties [132,133]
Screws Easy processing Low biocompatibility
Pins, plates
Scaffolds

by using the solution casting technique. Dichloromethane was
used as solvent with PLA as a based material. PCL was added
about 1wt%, 3wt%, Swt%, and 7wt% of PLA in fusion films
and then characterized for the identification of the impact
of PCL on the mechanical properties without reimbursing the
biodegradability of PLA. PLA/3PCL films displayed the highest
elastic modulus 54 MPa along with elongation at a break
of 8.84%. However, PLA/7PCL elongation at break achieve
maximum inclined with 9.92% value while the modulus of
elasticity decreased up to 37 MPa. Cytotoxicity test revealed
that cell viability was more than 100%. These PLA/PCL films
possessed promising mechanical properties for clinical trials.
Moreover, PLA/PCL has the potential to use in tissue engineering
[198,199]. Abdullah et al. [200] investigated the impact of
incorporating cellulose nano-fibrils into PLA/PBS composite
scaffolds for vascular tissue engineering. By varying the ratios
of PLA and PBS, they determined that an equal ratio produced
scaffolds with optimal properties and bioactivity. The researchers
successfully developed composite scaffolds by reinforcing the
PLA/PBS matrix with cellulose fibrils, leading to significant

improvements in overall performance. These scaffolds exhibited
a uniform fibrous structure with desirable dimensions, improved
degradation rate, and mechanical properties comparable to native
tissue. Moreover, the PLA/PBS/cellulose fibrils scaffolds exhibit
improved proliferation of cells. Li et al. [201] prepared the novel
copolymer of PLLA, trimethylene carbonate (TMC), and glycolic
acid (GA). The blend ratios of PLLA, GA, and TMC were 95:5:0,
94:5:1, 92:5:3, and 90:5:5. A vascular stent of resultant novel
copolymer with a bionic surface and a shish kebab structure
was prepared using the solid state drawing (SSD) process. The
mechanical strength of a copolymer (with blend ratio 95:5:0)
was lower (45.4 MPa) to meet the required design criteria for
vascular device due to the lower molecular weight (less than
2.5 x 10* g/mole). The novel copolymer (with blend ratio
90:5:5) exhibits tensile strength of 333 MPa due the addition
of TMC. This significant increase in strength is attributed to
the change in structure from spherulites to shish kebab. The
biocompatibility results in L929 cells culture showed that the
novel copolymer (with blend ratio 90:5:5) exhibits best cell
viability.
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Table 4

PLA-based devices in bone applications.

Device name Response
Biomaterial (Manufacturer) Use (Degradation time) Ref.
PLA EUROSCREW PLA Fixation of soft tissue and Retain shape and exhibit stability [66,138]
(Teknimed, France) tendon-bone grafts for 8 to 10 month after the
implantation
(2 years)
PLLA Biotrak Biotrak pins, helical nails, and screw predictable degradation
(Acumed, USA) Facilitate fixation in lower and (5 years) [139]
upper extremities
BioScrew Ensures graft fixation Slow and gradual degradation [140-142]
(ConMed, USA) (7 years)
Fixorb-MX Fixation of maxillofacial fractures High anchoring strength (3 years) [143,144]
(Takiron, Japan)
Bio-TransFix ACL reconstruction set (pins, screw, Does not lose strength over 52 [145-147]
(Arthrex, USA) wires etc.) weeks (over 3 years)
GRAND FIX Grand Fix fixation devices such as Offers similar properties to the bone [148,149]
(Gunze, Japan) plates and screws are used for (3 years)
osteosynthesis and osteotomy
operation.
Igaki-Tamai Coronory stent used to expand the Safe and effective performance in [150,151]
(Kyoto Medical, Japan) stenotic portion of blood vessesls human coronary arteries
(2 to 3 years)
Absorb GT1 Coronary vasular scaffold system Resorbed by the body [152]
(Abbott USA) used in patients with ischemic (3 years)
disease
DESolve Novolimus eluting coronary scaffold Similar to a de novo vessel. [153-155]
(Elixir Medical, USA) system used for coronary artery (1 to 2 years)
disease to restore blood flow
ArterioSorb Cardiovasular scaffold to treate Degrades completely when the [156,157]
(Arterius, UK) coronary artery disease healing is complete (2 years)
Mirage Microfiber Sirolimus-Eluting Used to treat coronary artery Exhibit novel mechanical properties [158,159]
(Manali Cardiology, Singapore) disease (1.5 years)
Firesorb Used in patients with obstructive No-device-related thrombotic [160,161]
(MicroPort Medical, China) coronary artherosclerotic heart events occur after the implantation
disease. (3 years)
MeRes100 Vascular scaffold to treat coronary Ensures early endotheialization (3 [162,163]
(Meril Life, India) artery disease years)
NeoVas Coronary stent for artery disease Inhibit the proliferation (3 years) [164]
(Lepu Medical, China)
Xinsorb Coronary stent for artery disease Biodegradable rapsmycin eluting [165-171]
(HUAAN Biotechnology, China) stent (2 to 3 years)
PDLA Sysorb Bioresorbable Interference Offers secure juxtaarticular fixation Altraumatic, blunt thread ensure [172,173]
Screw ideal force transmission and
(Sysorb, Switzerland) prevents injury to graft (1.5 years)
Contour Meniscus Arrow Used in suture-type fixation cases Begins to degrade in 4 to 6 months [174-176]
(ConMed, USA) (1.5 to 2 years)
PDLLA SonicWeld Rx Provide stable fixation in the cranial Degraded in controlled manner [173-176]
(KLS Martin, Germany) region and eliminate the need for (2to 2.5 years)
second surgery.
ART BRS Used in porcine coronary artery Fast and controlled degradation [177,178]

(Arterial Remodeling Technologies,
France)

model

(0.5 to 1.5 years)

Blending PLA with natural fibers, derived from renewable plant
sources, offers numerous advantages while being environmentally
friendly. These natural fibers can enhance the performance of
PLA-based materials and are biodegradable, posing no harm to
the environment [202]. Starch, a widespread biomass filler found
in various plant tissues, can be used to improve PLA’s properties
[203-205]. To make starch thermoplastic, it is essential to break
its crystalline structure. This process results in thermoplastic

starch. However, starch is hydrophilic, while PLA is somewhat
hydrophobic, making direct blending challenging. Oligo(LA)-
grafted starch (OLA-g-starch) acts as a compatible additive for
PLA blend with thermoplastic (TPS) [206]. By adding OLA-g-
starch, the TPS phase is dispersed more uniformly, enhancing
the compatibility between PLA and TPS. This addition improves
ductility, melt flow, gas barrier properties, and thermal stability.
Waste materials like wood leachate (WL), a byproduct from
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Table 5

Summary of results on different type of PLA-based copolymers and blends.

Matrix
Ref. material Filler material  Fabrication method Biocompatibility Degradation results Mechanical results
[200] PLA poly (butylene  Electrospinning MTT assay at 14 days  Enzymatic hydrolysis  1.65 times increased Tensile strength
(50:50) succinate) (PBS) showed 70.59% results showed
increase in cell slower but gradual
proliferation as biodegradation.
compared to Pure Approx. 30% of
PLA weight loss in 14
days.
[219] PLA Starch Extrusion Not Reported Not Reported Tensile strength — 42 MPa
(60:40) Modulus - 3230 MPa
Elongation - 2%
Modulus increases while tensile
strength and elongation decreases.
[220,221]1 PLA PGA Electrospinning Improved cell increased Improved tensile and flexural strength
75:25 adhesion and degradation rate
osteoblast
regeneration
[222-224] PLA PBAT Solution casting EG improves the Decreases the Tensile strength reduces but elongation
(10 wt.%) Electrospinning biocompatibility and  biodegradability increases
help for cell
proliferation and
oxygenation
[225] PLA Chitosan Melt compounding Less cell recognition  Facilitate PLA 55%a and 60% and in elongation and
2.5t0 10 php sites but good for biodegradation tensile strength at 2.5 php sample and
wound healing. brittleness increases with further
addition of chitosan
[226-229] PLA PCL 3D printing allowed good cell Reabsorbing of A decrease in displacement flexural
80:20 Electrospinning adhesion on neat Degradation strength. Improvement in compression
and foamed PLA/PCL  products. Blends are  and torsion strength
blends less hydrophobic and
have less resistance
to traction
[230] PLA Polypropylene  Solution casting Electrically stimulate ~ Decreases the Modulus and Tensile strength was
50:50 the proliferation, cell  biodegradability increased while elongation was
growth and cell decreased
adhesion in
electroactive sites
[231] PLA Cellulose Grafting Wound healing thermal stability and  38.24%, and 484% increase intear
properties were hydrophilic strength and elongation
improved properties were
reduced
[232,233] PLA Lignin Melt extrusion Enhanced Help in Small change in Young’s modulus and
1to 10% antioxidant activity, decomposition tensile strength of the PLA matrix
and steady
biocompatibility
[234] PLLA 10% PGA - 5% Delta Resorbable No inflammation or Gradual degradation, Attractive strength and contourability.
PDLA Screw by Stryker, USA  bone tissues damage. Degraded in 8to 13 Retain 75% of its initial strength at 12
(85:10:5) month weeks of the implantation.
[235] PLLA PLGA LactoSorb RapidFlap  Low incidence of Degradedin 12to 18  Retain 70% of its initial strength at 8
18% by Zimmer Biomet, infection and months weeks of the implantation.
USA inflammation
[66] PLLA PGA RapidSorb No inflammatory Degraded in 12 Retains 85% of its initial bending
15% Orthomesh by DePuy complication months strength after 8 weeks
Synthes, USA
[236] PLLA PHBV Melt Extrusion Not Reported Degraded faster than  Reduced brittleness as compared to
60% pure PHBV pure PLLA
[237] PLLA PDLLA and Inion Hexalon Screw  Exhibit no Degraded PLLA provides high strength, PDLLA
Trimethylene by Inion, Finland inflammation completely in 2 years and TMC provides required ductility
carbonate and degradation.

Retain strength for 12 weeks and
gradual loss of strength after 12 weeks.
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fiberboard production, can also be utilized by extracting its
solid components for blending with PLA. The lignin, phenol,
and tannin in wood leachate (WL) can contribute to adhesive,
antibacterial, and mechanical properties of PLA composites.

PLA/PCL blend finds applications in electronics, toys and
mobile phones. In energy storage applications, a blend of
70 wt% PLA with PHB shows promise for gel polymer
electrolytes in Li-ion batteries, offering high conductivity,
and electrochemical stability. Blends like PLA/PEVA/carbon
back exhibit potential for semiconductor-based materials due
to their exceptional electrical properties. PLA’s durability is
improved by incorporating polycarbonate (PC). Blends with
poly-methyl-methacrylate (PMMA) or acrylonitrile butadiene
styrene (ABS), demonstrate improved durability as compared
to pure PLA. Moreover, PLA/PC and PLA/ABS blends are
emerging environmentally friendly alternatives for automotive
and electronic applications [207,208]. Practical applications, such
as Samsung’s use of a 60 wt% PC and 40 wt% PLA blend for mobile
phone casings, showcase the feasibility of PLA blends in electronic
devices [24]. Organizations like PEGA Design & Engineering
successfully apply PLA in electronics, blending recycled medical-
grade PC with PLA for environmentally friendly materials
comparable to novel mid-grade PC. PLA bends have the potential
to use as a shape-memory polymer. Researchers have developed
a PLA-based thermoplastic elastomer (PLAE) by combining PLA
with PCL and introducing a polyurethane (PU) structure. PLAE,
known for its softness and toughness, can be blended with PLA
to create PLA-based shape memory materials with impressive
shape memory and recovery characteristics. PLA blends with
polyolefins like polypropylene (PP) and polyethylene (PE) offer
durable solutions for furniture and the automotive industry, with
the combination of PP and PLA exhibiting exceptional barrier
properties suitable for medical product packaging [209-211].

One approach involves combining PLA with Acrylonitrile-
butadiene-styrene (ABS), along with a compatibilizer. The
addition of calcium carbonate (CaCOj3) has been particularly
effective in improving compatibility, thermal stability, and
mechanical properties of the composites [212]. PBS, known
for its thermal resistance and mechanical properties, can be
used alone to reinforce PLA. However, PBS and PLA are both
hydrophobic materials with non-polar surfaces. To improve
interfacial compatibility, bulking agents have been employed.
The resulting PLA/PBS/straw powder composites demonstrated
optimal mechanical properties when the straw content was less
than 5% [213]. Polypropylene carbonate (PPC), an aliphatic
polycarbonate, can enhance the energy absorption capabilities
and toughness of PLA while addressing PPC’s thermal stability
issues. Blending PPC with PLA results in partially compatible
blends, but modifications using tert-butyldimethylchlorosilane,
curcumin, ethylacetate, halloysite nanotubes, polyvinyl alcohol,
and alkali lignin have improved their compatibility [214-218].
This modification, in turn, has led to optimized barrier and
mechanical properties in packaging films.

Despite the potential of PLA, challenges remain for widespread
PLA adoption, with ongoing efforts to enhance biodegradability
and recyclability. Blending PLA with other biodegradable
materials holds promise for improving its properties, provided

the challenge of maintaining solution viscosity is addressed.
The focus on biodegradability and recyclability aligns with the
growing emphasis on sustainable solutions. PLA’s applicability
extends to wide-surface products, overcoming brittleness and
stickiness challenges through innovative blends. In summary,
blending PLA with polymers and natural fibers offers a wide range
of possibilities for enhancing its properties while promoting
sustainability and reducing environmental impact.

7 Composites of PLA

PLA-based composites exhibit improved properties as compared
to PLA copolymers and used in several applications. PLA is
often combined with other materials to enhance its quality
and properties. Cytocompatibility, the compatibility of these
materials with living cells, is a critical factor when evaluating
biomaterials for tissue engineering applications. In recent years,
there has been a growing interest in incorporating nanoparticles
into PLA to create advanced nanocomposites. PLA composites
are gaining importance for biomedical applications. A variety of
composites have been fabricated in recent years. Other inorganic
reinforcements such as metals [238,239], metal oxides and carbon-
based materials are also used to enhance the mechanical properties
of PLA. Metal-based reinforcements such as Mg, Zr, Ca, and Zn,
and metal oxide-based reinforcements such as MgO, TiO;, ZnO,
SiO;, and CaO have also been used for improving the properties
of PLA. The incorporation of carbon-based nanomaterials, such as
carbon nanotubes (CNTs) or graphene, into PLA composites have
shown several significant effects on the properties of the resulting
material. These nanomaterials have shown promise in biomedical
applications, particularly in improving the performance of
PLA-based materials. These advanced materials hold promise
in addressing specific requirements and advancing medical
treatments.

7.1 Calcium-phosphate-based reinforcements

Calcium-phosphate-based  materials have  higher  bio-
compatibility and bio-activity and structural similarities to
the bone, as well as high bio-restorability [240-243]. Calcium-
phosphate-based reinforcements such as hydroxyapatite (HA) and
tricalcium phosphate (TCP) have been incorporated into PLA-
based composites for improving the mechanical and bioactivity
properties of these PLA-based materials. Calcium-phosphate-
based materials are the most widely used materials for the
preparation of PLA composites even on the commercial scale
[244-248]. The results on different biomedical devices made
of PLA-based materials and calcium-phosphate-based materials
are summarized in Table 6. TCP is better in terms of absorption
than HA and has low strength. Several compounds lately are
employed for bone and implants. Most recently, a variety of PLA
composites have been developed [249,250]. These composites
exhibit improved biocompatibility and mechanical properties
[251-257]. PLA/HA, PLA/PCL/HA, and PLA/chitosan scaffolds
have been developed in recent years [135,258,259]. Rad et al.
[260] fabricated the scaffold of PDLLA and B-TCP utilizing a 3D
printing technique with 40% B-TCP and 60% PDLLA. Then, the
created portrayed were tested for their mechanical properties
to compare their properties with real bone construction. The
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Table 6

Summary of results on different commercial PLA-based devices.

Matrix Filler
Ref. material material Device Name Manufacturer Name Results/Features
[264] PLA TCP Bio-INTRAFIX screw DePuy Synthes, USA Enough stiffness and strength
No instability, swelling or pain was
reported
[265-269] PLLA HA Biosteon screw and Stryker, USA HA prevents the premature degradation.
25% pins New bone formation confirms high
biocompatibility.
[270] PLDLA B-TCP ComposiTCP Zimmer Biomet, USA B-TCP decreases the inflammatory
30% Suture anchors response in vivo.
Exhibit 267 N fixation strength.
[271] PLA B-TCP EUROSCREW TCP Teknimed, France B-TCP promotes bone growth and
30% maintain neutral pH by buffer effect.
Degraded in 2 years
[272,273] PLA B-TCP FastThread Arthrex, USA 22% degradation without losing strength,
30% Interference Screw 98% degradation in 3 years.
[274,275] PLLA HA OSTEOTRANS-MX Takiron, Japan Bioresorbable and High strength
40% plate, screw and
mesh
[276,277] PLDLA B-TCP LIGAFIX 30 screws Anstem Medical, Exhibit good mechanical properties and no
30% South Africa inflammatory reaction, completely
degraded in 2 to 3 years
[278-280] PLDLA B-TCP GENESYS Matryx ConMed, USA B-TCP promotes bone growth and increase
245 strength.
[281,282] PLGA B-TCP MILAGRO ADVANCE DePuy Synthes, USA 90% degradation within 12 months, Resorb
30% screw completely within 3 years
[277] PLDLA B-TCP Translig Anstem Medical, No inflammatory reaction and strong
30% SouthAfrica fexation
[283] 65% 20% BIOSURE Smith & Nephew, UK Replaced by bone within 3 to 24 months
PLGA calciumsulfate REGENESORB
and 15%
B-TCP

preparation of PDLLA/B-TCP composite was carried out using the
solution casting method. Associations among PDLLA and TCP
brought about superior compressive strength and elastic modulus
of the composite. A biocompatibility test of the prepared scaffold
was carried out showing satisfying results for its usage in bone
generation engineering. Different types of PLGA materials are
used for orthopedic applications [249,250]. In comparison with
PLGA, PLGA/HA blends show good mechanical characteristics
and biocompatibility [251-257].

Calcium phosphate, bioactive glass, HA, and TCP are also
added with inorganic ingredients to improve mechanical
strengths [238,239]. Owji et al. [261] investigated the
incorporation of calcium phosphate into printable PLA for
reconstructing craniofacial defects. Light-curable methacrylate-
based polymers were explored as potential materials for bone
repair, offering the ideal properties for this purpose and
compatibility with 3D printing technology. The research involved
the synthesis of a specific polymer (CSMA) and the fabrication
of discs using a digital printing method. The study assessed
various aspects, including the flow behavior of the polymer with
different calcium phosphate-based additions, remineralization
potential, in vitro cell culture, and ex-ovo angiogenic response.
Consequently, the findings suggest that such polymeric systems
offer promising features for designing 3D printed scaffolds

tailored to maxillofacial defect reconstruction without the need
for calcium phosphate inclusion.

3D printing technologies are used for the fabrication of
PLA/HA or PLA/TCP composites. Wang et al. [262] used the
3D printing using FDM technology to fabricate scaffolds for
bone defects. The scaffolds were composed of PLA and n-HA.
The study involved optimizing the composite scaffold through
mechanical testing, and in vitro biocompatibility assessments
using bone marrow mesenchymal stem cells. Subsequently, the
researchers established a rabbit model to evaluate the osteogenic
potential of composite scaffolds in vivo. The results demonstrated
the high printability of the proposed PLA/n-HA composites,
with tunable mechanical property based on the fraction ofn-
HA components. Moreover, the cytotoxicity and osteogenic
properties of the printed scaffolds surpassed those of pure PLA
scaffolds. Harb et al. [263] prepared the 3D printing filaments
made of PLA and B-TCP by melt extrusion to print 3D porous
scaffolds. Approximate 20% improved in crystallization degree
was recorded for PLA/TCP samples as compared to pure PLA.
The tensile results showed that the elastic modulus of composite
scaffold was improved from 73 MPa to 83 MPa. The cell viability
results in osteobalst and mecenchymal cells showed that PLA/TCP
composites exhibit improved cell viability as compared to
pure PLA.
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7.2 Metal-based reinforcements

Various metal-based reinforcements are used to improve the
properties of PLA. Various scientists used Mg for the fabrication
of PLA composites. PLA/Mg composites, have demonstrated
superior biological and mechanical properties compared to pure
PLA scaffolds, enhancing bone formation. The incorporation of
Mg micro-particles into the PLA matrix alters its mechanical
properties, with a weaker binding between PLA and Mg particles.
The release of Mg particles into saline affects pH levels, which
can influence bone formation. Osteoclasts are sensitive to pH
changes, and a slightly alkaline pH is crucial for bone formation.
Mg?*t plays a role in osteoblast growth and bone formation.
Optimal composite formulations exhibit pH values favorable for
osteogenesis. Molecular mechanisms suggest that Mg?* enhances
osteoblast activity and bone formation through various pathways.
However, excessively high Mg?* concentrations may be toxic
to osteoblasts. The release rate of Mgt from composites is
linear, and higher Mg particle ratios promote cell migration.
In vivo studies confirm enhanced bone formation around
PLA/Mg implants without affecting serum Mg?* concentration.
Zhao et al. [284] prepared the PLA/Mg composite by solution
casting and investigated the biomineralization and degradation
behavior of these composites. Magnesium particles with 2 and 5%
concentrations were selected as reinforcements in the PLA-based
composite. In vitro, the immersion test was used to check the
pH behavior and for vitro cell biocompatibility, mouse osteoblast
cells were used to check the biocompatibility of prepared samples.
SEM results revealed the uniform distribution of Mg in composite.
The crystallinity of PLA was decreased due to the addition of
PLA. The degradation test exposed that Mg particles neutralize
the acidic behavior of PLA; hence it might be possible that
the degradation of PLA is controlled by the percentage of Mg
particles. The degradation tests showed the decrease in molecular
weight of composites as compared to pure PLA. The study
demonstrates that the incorporation of Mg into PLA improves
the mechanical strength and promotes cell proliferation due to its
osteoconductivity and biodegradability. The results of the study
are presented in Fig. 4. The results in figure clearly indicate that the
PLA/Mg composites exhibit improved cell viability as compared to
pure PLA.

Yu et al. [285] prepared the PLLA/Mg composites by
injection molding. First the acid-washed Mg powder was put
in silane coupling agent 3-(Trimethoxysilyl) propyl methacrylate
for surface modification of Mg particles. Propylamine and
cyclohexane were used as the auxiliary materials for the
fabrication of PLLA/Mg composites by injection molding. Rod
samples with different diameters were prepared and tested under
degradation and mechanical testing. The results of the study
showed that the Mg/PLLA composites had good biocompatibility
and cell viability, indicating their potential for use in orthopaedic
implants. The mechanical properties of the composites were
also found to be suitable for use in load-bearing applications,
with the Young’s modulus of the composites being lower than
that of pure Mg. Li et al. [286] processed PLA/Mg composite
by using a laminating method, then investigated the impact of
the Mg on the mechanical properties and degradation behavior
of PLA. 10% and 20% volume fractions of Mg wires were used

for the preparation of composites. Prepared samples were then
characterized for tensile and degradation testing. The result
presented that due to the incorporation of Mg wires pH of PLA
decrease down, however, mechanical properties like strength and
modulus of 20% volume fraction showed maximum increment.
The behavior of nanocomposites differs in vitro testing affected
by the type of external loading (external and internal). Zhang et
al. [287] investigated the mechanical and biocompatible behavior
of PLA/Zn-Li biodegradable composites with traces of Ag and Mg.
The preparation of samples was carried out by the casting process.
Zn-Li-Ag alloy exhibits promising elongation at the break while
Zn-Li-Mg characterized the optimal tensile properties. In vitro
degradation tests were carried out in Ringer solution for 35 days.
PLA/Zn-Li-Mg composite showed a maximum corrosion resistance
rate. PLA/Zn-Li-Ag composites exhibit capable mechanical,
biocompatible behavior for biomedical applications.

Many researchers focused on the modification of
microstructure and nanostructure of Mg reinforcements for
PLA. Li et al. [286] performed a study on PLA-based biocomposite,
reinforced with Mg alloy wires, designed for bone fixation
implants. They investigated how the content of magnesium wires
and different load modes influenced the degradation behavior
of the composite and its components. The results showed that
the presence of Mg wires in the composite slowed down the
decrease in pH resulting from PLA degradation. Additionally, a
higher fraction of Mg wires in the PLA led to a reduction in the
degradation rate of the Mg wires themselves. Dynamic loading
significantly accelerated the mechanical deterioration of the
specimens. After 30 days of immersion, the retention in strength
was lower under dynamic load conditions compared to no load
conditions, indicating that dynamic load helped mitigate the
degradation of Mg wires by enhancing the removal of acidic
products from the composite through convective transport. Cai
et al. [288] prepared the PLA/Mg-2 Zn composites by hot press
and hot drawn method. First the Mg-2 Zn wires were wounded
around Al plate and covered with solution of PLA and dichloride.
Then the PLA laminae were stacked with Mg-2 Zn wires. The
laminae were placed in a mold for hot press at 165 °C for 20 min
and cold down to 80 °C for hot drawn. Further, the effect of
number of passes of hot drawn and hot press was studied.

Many other metals such as Ti, Cu etc. have been used
to improve the mechanical properties of PLA. Lee et al.
[289] employed a fused filament fabrication method for the
preparation of PLA/Ti composite scaffolds. The composites were
characterized to check the effect of Ti on the mechanical
properties and biocompatibility of PLA. Compressive test results
revealed that the incorporation of 5-10 wt.% of Ti increased
the compressive properties of PLA, but the trend for higher
concentrations was different. The tensile modulus of PLA
amplified for 5-15% of titanium incorporation, but other
properties decreased within this concentration of Ti. Integration
of Ti enhanced the vitro biocompatibility in terms of the
underlying connection, expansion, and separation of pre-
osteoblast cells. Barczewski et al. [290] investigated the impact
of incorporating copper slag (CS) into a PLA matrix for the
production of composite materials using rotational molding
technology. The inclusion of copper slag (CS) into the PLA matrix
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Fig. 4

Cell viability test results and corresponding images of confocal microscopy showing different cells such as actin nuclei (blue),vinculin(green) and filament (red) (a)
Cell viability (%) after 24 hr and 72 hr (b) Confocal microscopy image of PLA, (c) Confocal microscopy image of PLA/2Mg and (d) confocal microscopy image of

PLA/5Mg. Reprinted with changes and permission from [284].

for rotational molding technology led to several positive effects.
It resulted in composite materials with improved stiffness and
hardness while maintaining good adhesion between PLA and CS.
Additionally, CS concentrations up to 20 wt% did not negatively
impact the structural integrity of the composites, making them
promising for various applications where enhanced mechanical
properties are desired. Kottasmy et al. [291] focused on the
development of PLA/Cu composites using FDM 3D printing.
Mehbob et al. [292] performed a numerical analysis on PGA/Ti
bone plates using 3D printing. The study found that the effective
Young’s moduli varied over time.

The results of the different studies showed that biodegradable
metals such as Mg, Fe, Zn, Zr, Ca etc. are more suitable
reinforcements for biomedical applications. Jiang et al.
[293] investigated the additive manufacturing of biodegradable
scaffolds for bone defects using PLA as the matrix reinforced with
two different Fe-based particles: 316 L stainless steel and pure
Fe. Employing fused filament fabrication (FFF), the researchers
optimized printing parameters to achieve scaffolds with accurate

pore dimensions. The results demonstrated that the PLA/Fe
and PLA/316 L scaffolds exhibited improved compressive and
flexural modulus, compressive strength, and compressive fatigue
resistance upon the addition of iron-based powders. The PLA/Iron
scaffold, in particular, displayed higher in-vitro degradation,
and enhanced cytocompatibility compared to PLA/316 L. This
suggests that PLA/iron composite scaffolds hold considerable
promise for bone defects.

7.3 Metal-oxide-based reinforcements

Metal oxide-based reinforcements such as MgO, TiO;, ZnO, SiO,,
and CaO have also been used for improving the properties of PLA.
Among these ZnO showed high applicability for the fabrication
of PLA composites with improved mechanical, degradable and
antibacterial properties. PLA/ZnO composites, combining PLA
and ZnO nanoparticles, show immense potential for biomedical
applications but confront several critical challenges. Boro et al.
[294] prepared PLA/ZnO nanocomposites through solvent casting
and investigated the effects of ZnO nanoflowers fraction on the
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performance of PLA. Two types of PLA nanocomposites were
synthesized with two different types of ZnO nanofillers: nanorods
and nanoflowers. FE-SEM images confirmed the morphology of
the ZnO flower-like structure. The tensile test results showed that
PLA/0.5ZnO samples exhibit high tensile strength approximately
32.75 MPa as compared to pure PLA. The results of elastic
modulus values of prepared nanocomposite samples showed that
PLA/0.5ZnO showed a maximum value of 912 MPa. Elongation at
break (%) results showed the maximum rise for the PLA/0.5ZnO.
Its maximum value was recorded at approximately 4.8%. The
increase in the concentration of ZnO nanofiller from 0.5 wt.% in
PLA decreased the mechanical properties. Dispersion of nanofiller
in the PLA played a vital role in the limitation of physical
properties.

The nanocomposites containing ZnO nanoflowers exhibited
better dispersion of the nanofiller in the PLA matrix, resulting
in improved mechanical properties compared to those containing
ZnO nanorods. It was also found that the sonochemical method
used to synthesize the nanocomposites led to the formation
of smaller ZnO nanoparticles, which enhanced the interaction
between the nanofiller and the PLA matrix, further improving
the physical properties of the nanocomposites. These composites
exhibit improved mechanical, antimicrobial and antibacterial
properties as compared to pure PLA. Heydari et al. [295] prepared
the PLA/ZnO composites by solution casting methods. Two
types of essential oils including Mentha piperita L. and Zataria
multiflora L. were used to improve the interaction between PLA
and ZnO. The results showed that the incorporation of ZnO
nanoparticles and essential oils into the PLA matrix improved the
mechanical properties of the bionanocomposites. The addition of
ZnO enhanced the mechanical properties up to 9.93%, and elastic
modulus up 0 10.31%, but a decrement was noticed in elongation
at break. The antibacterial activity, tensile and thermal properties
were improved with the addition of nanoparticles. Restrepo et al.
[296] fabricated PLA/ZnO composites by high melt processing.
Comparative studies were conducted to investigate the effect
of ZnO nanoparticles coated with polyvinyl alcohol (PVA) and
uncoated ZnO. Polyvinyl alcohol was used as a stabilizing agent. A
tensile test was performed using UTM. The mechanical properties
were enhanced due to the incorporation of ZnO nanoparticles
in PLA. The chosen concentration of ZnO was 1 wt.%, 3 wt.%,
and 5 wt.% in PLA for both coated and uncoated nanoparticles.
Due to the incorporation of ZnO ductile behavior of PLA was
changed into brittle. No significant changes in Young’s Modulus
of PLA/ZnO nanocomposite films were observed as compared to
neat PLA. Stress-strain curves showed no substantial variations
in the values of tensile strength of PLA/nZnO film as compared
to neat PLA films. The results of the study showed that the
addition of PVA to the PLA matrix improved the dispersion of the
ZnO nanoparticles in the nanocomposites, resulting in enhanced
mechanical and thermal properties. Swaroop et al. [297] fabricated
PLA/MgO nanocomposite films by melt processing and improved
their mechanical properties. Prepared films were characterized
in terms of mechanical properties and surface morphology. FE-
SEM, FTIR, and Tensile Testing were used for characterizations.
Films were prepared with 1%, 2%, and 3% concentrations of
MgO in PLA. FE-SEM analysis illustrated that neat PLA film

possessed a smooth and uniform surface, while a rough surface
was observed due to the incorporation of MgO. Tensile testing
revealed that young’s modulus of PLA boost up to 26%, and
tensile strength up to 22% by the addition of 2% nanoparticles
of MgO. An increase in elastic modulus emerged as nano MgO
particles determine the movement of the PLA chain resulting in
the expansion of stiffness (elastic modulus). Upgrading of tensile
strength was noticed due to effective stress transmission between
PLA and nano MgO particles. The 2% of MgO elongation at break
was increased up to 181% as compared to pure PLA film. FTIR
analysis demonstrated that no new type of bond formation has
arisen between the functional group of PLA and nanoparticles.
The barrier properties of the nanocomposite films increased with
increasing MgO nanoparticle content. Zhang et al. [298] employed
a solution casting technique for the preparation of PLA/nZnO
composites. SEM was performed to check the surface morphology
of prepared samples. Images revealed the homogenous dispersion
of ZnO nanoparticles in the PLA matrix layer. Images exemplified
that PLA/nZnO layer is well spread on paper, resulting in a smooth
surface of prepared samples.

Lizundia et al. [299] fabricated PLLA/ZnO nanocomposite films
by using the solvent precipitation method with chloroform as
solvent. ZnO nanoparticle concentrations ranging from 0.25wt%
to 5wt% of PLLA were used for film preparation. A tensile test
was performed according to ASTM standards. The tesile modulus
was improved for the 1 wt.% nanocomposite with growth in
brittleness. ZnO played a crucial role in both structural recreation
and mechanical properties of the nanocomposite. Tang et al.
[300] processed PLA/ZnO nanocomposites by solvent evaporation
method. The films were characterized to determine the change
in mechanical properties and surface morphology. Different
fractions such as Owt%, 1wt%, 3wt%, Swt%,7wt%,9wt%, and
15wt% of ZnO were added for the nanocomposite films formation.
FTIR spectra of PLA/ZnO nanocomposite films displayed similar
absorption bands to pure PLA (PLA-0) as shown in Fig. 1.
PLA/7ZnO (PLA-7) and PLA/9ZnO (PLA-9) showed variation as
compared to PLA spectra. Tensile testing results revealed that
Tensile strength increased from PLA-1 to PLA-7 but dropped
down drastically for the nanocomposites containing a high
concentration of ZnO. Elastic modulus values show an increment
from PLA-1 to PLA-7 and then a decrement for PLA-9 and
PLA-15 as compared to PLA-O. Elongation at break displayed a
decline from PLA-1 to PLA-7, which means the ductile behavior
of PLA became fragile. But for PLA-9 and PLA-15 ductility of
PLA becomes limited. SEM analysis concluded that by adding
a more concentration of ZnO in PLA surface became coarse
due to the heterogeneous distribution of nanoparticles. Pantani
et al. [301] prepared PLA/ZnO nanocomposite films by melt
compounding in a twin extruder. Nanorod like the structure
of zinc oxide was used in film formation. 0.5, 1, 2, and 3%
concentrations of ZnO were chosen for composite making. These
films were then characterized for mechanical properties, and
surface morphology. A tensile test was performed on ambient
temperature to evaluate mechanical properties. Elastic modulus
got significantly enhanced by the incorporation of ZnO as
compared to pure PLA. Maximum elastic modulus was noted for
PLA/2ZnO nanocomposite. Decline behavior was observed for
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the tensile stress in yield as compared to pure PLA. TEM images
confirmed the shape of zinc oxide which was exactly nanorod-
like. Nonato et al. [302] conducted a study on nanocomposites of
PLA/ZnO nanofibers for potential medical applications, focusing
on their antimicrobial effect, thermal behavior, and mechanical
performance under cyclic stress. The study suggests that PLA/ZnO
nanocomposites have potential for use in bone implants due to
their antimicrobial activity and fatigue resistance.

Akshaykranth et al. [303] prepared the PLA/ZnO composites
by a solution casting and studied the antibacterial activity of
the prepared composites. The surface elemental and morphology
composition of three distinct films, namely pure PLA (Film A),
PLA/ZnO composites (Film B), and PLA/ZnO nanorods (Film
C), provides valuable insights into the structural and chemical
characteristics of these materials. Film A, composed of pure PLA,
exhibited a remarkably smooth surface, indicative of a uniform
and relatively featureless texture. SEM images of PLA filmsis
shown in Fig. 5 (a to g). In Film A, consisting of pure PLA,
the EDS spectrum revealed only carbon and oxygen elemental
peaks, consistent with the chemical formula of PLA (C3H40,).
Notably, hydrogen, a low atomic weight element, was not
detected in the spectrum, likely due to instrument sensitivity
limitations.Conversely, Film B, the PLA/ZnO blend, displayed a
minor atomic percentage of zinc (7.52%) in the EDS spectrum.
This presence of zinc can be attributed to the ZnO powder
particles dispersed within the film matrix. Intriguingly, in Film C,
which featured PLA/ZnO nanorods, the EDS spectrum exhibited a
significantly higher atomic percentage of zinc (36.78%) compared
to Film B. This substantial increase in zinc content is primarily
attributed to the extensive growth of ZnO nanorods on the film'’s
surface, coupled with the presence of ZnO particles within the PLA
film’s structure. The results of different antibacterial studies are
presented in Fig. 5g.

Agglomeration and uneven dispersion of ZnO nanoparticles
within PLA matrices are common issues, particularly at higher
filler loadings, which can hinder their antibacterial effectiveness.
The weak interfacial bonding between PLA and ZnO due to
surface functional groups like -OH affects mechanical and
barrier properties, especially tensile strength. Moreover, PLA-
ZnO nanocomposites are susceptible to thermal degradation,
even below their glass transition temperature, primarily at
elevated ZnO loadings, which can compromise their integrity. To
tackle these challenges, various strategies have been proposed.
The masterbatch technique involves a two-step process to
create PLA-ZnO nanocomposites, reducing thermal exposure
to PLA and enhancing ZnO dispersion. Surface treatments
of ZnO nanoparticles, particularly with silane, have shown
promise, acting as coupling agents, improving dispersion, and
protecting PLA from hydrolysis. Other surface treatments,
such as using PVA or in-situ aminolysis reactions, have
also exhibited positive effects. Additionally, additives and
processing approaches play a vital role in optimizing PLA-ZnO
nanocomposites for various applications. Thermal stabilizers,
oligomeric chain extenders, nucleating agents, and plasticizers
are introduced to enhance thermal stability, processability,
crystallinity, and mechanical properties. Surface location of
ZnO nanoparticles, electrospinning, electrospraying, and growth

of ZnO on other fillers offer versatile methods to improve
interfacial interactions and tailor properties.Additionally,
engineering the surface properties of these nanocomposites
offers a promising route to enhancing therapeutic effects and
conferring antibacterial properties without solely relying on
escalating ZnO concentrations. These advances underscore the
potential of PLA/ZnO composites as a promising and safer option
for various biomedical applications.

7.4 Carbon-based reinforcements

Carbon-based nanoparticles such as graphene oxide (GO),
graphene nanoplateletes (GNP), carbon nanotubes (CNT) etc.
have showed outstanding properties. Therefore many researchers
used these nanoparticles as a reinforcement into PLA to
improvethe properties of PLA. Wang et al. [304] prepared
PLA/CNT composites by emulsion and masterbatch blending.
First the CNTs and PLA were dispersed to develop water/oil
interface. Regenerated cellulose (RC) was used as a mediator
to achieve the uniform dispersion of CNTs in water. Then
the prepared masterbatch was dispersed in a PLA by melt
blending. This study demonstrates that the use of functionalized
CNTs and a two-step dispersion approach leads to a significant
increase in electrical conductivity while maintaining the desirable
mechanical and thermal properties of PLA. The study also
highlights the importance of surface functionalization of CNTs
to improve their dispersion in the PLA matrix. The succinic
anhydride treatment functionalizes the CNTs, making them
more hydrophilic and reactive to the PLA matrix. The two-
step dispersion approach ensures uniform dispersion of the
functionalized CNTs throughout the PLA matrix, leading to
enhanced electrical conductivity.

Keramati et al. [305] prepared PLA/GNPs nanocomposite
film by means of solution casting method. Prepared film were
characterized to check the influence of graphene nanoparticles
dispersion on the mechanical properties of PLA. 3 wt.% of
graphene nanoparticles was added for the fabrication of PLA
nanocomposite. Tensile test results showed that the incorporation
of GNPs in PLA result in the enhancement of mechanical
properties, like elastic modulus of PLA/GNP was increased up
to 11.36% as compared to neat PLA film. 4.76% increment was
recorded in the tensile strength of PLA/GNPs nanocomposite
with respect to neat PLA. 31.57% decrement was recorded
in% elongation at breakin nanocomposite relative to neat PLA
film.Due to increase in the elastic modulus the crystallinity of PLA
gotimproved. Al Saleh et al. [306] investigated the surface area and
size of GNPs impact on PLA composites. It was found that larger
surface area and smaller GNPs improved electrical conductivity
and electromagnetic interference attenuation by absorption, but
at high GNP loading (30 wt%), these properties decreased due
to increased contact resistance between GNPs. Ansari et al.
[307] investigated the influence of carbon nanofibers (CNFs)
into PLA matrix. The specimens were prepared via 3D printing.
The results revealed that the impact strength is significantly
influenced by infill density and print speed. The addition of
carbon fiber notably enhanced hardness, with a maximum value
of 79.6 (Shore D), marking a 37.95% improvement over pure
PLA. This improvement is attributed to the presence of CF in
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Elemental analysis and antibacterial activity of PLA, PLA/ZnO and PLA/ZnO nano rods composites. Reprinted with changes and permission from [303].

the composite material. Babu et al. [308] prepared PLA/CNFs
composites and investigated the effect of printing parameters on
mechanical properties of composites. Garcia et al. [309] fabricated
the PLA/GNPs composites by 3D printing and investigated the
effect of geometric perameterson PLA-basedcomposites. Wei et al.
[310] prepared the PLA/CNTs composites and investigated their
mechanical and morphological properties. These interactions
played a crucial role in adsorption processes, affecting the
interfacial interaction, overall structure, and properties of the
composite materials.

—

7.5 Multi-reinforcement system
Many hybrid composites of PLA containing polymers, natural
fibers, metals, metal oxides, and carbon-based nanoparticles have

been studied for different applications. Ali et al. [311] prepared the
PLA/Mg/BG composites by solution casting and hot compression.
First, PLA/chloroform was poured on Mg wires, then chloroform
was evaporated which left PLA/Mg lamina. Next, PLA/chloroform
was sprayed on BG fibers and PLA/BG lamina was prepared.
Finally, PLA/MG/BG composites with various volume fraction
of Mg and BG were prepared by hot compression process.
25% enhancement in tensile strength was recorded with the
addition of 30 vol.% of Mg wires and 10 vol.% of BG fibers.
The novel composite material exhibited excellent mechanical and
biocompatibility properties, making it a promising alternative
to traditional metallic implants that are associated with long-
term health risks. Bakina et al. [312] prepared the PLA/Fe;04
composites to increase the mechanical and biocompatibility
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of composites as compared to pure PLA. Basheer et al.
[313] developed the hybrid composite by reinforcing PLA with
1 wt% carbon fiber and 1 wt% graphene. Mechanical testing
revealed that the 3D printed hybrid PLA material exhibited a
significantly higher tensile strength of 63 MPa compared to
31 MPa for the non-3D printed material. This enhanced material
holds promise for applications in the automotive and consumer
product industries due to its improved mechanical properties.

Rashidi et al. [314] prepared PLA/ZnO, PLA/Ag3;PO, and
PLA/Ag3PO4 /ZnO nanocomposites by using the solution casting
method. SEM analysis was conducted to check the surface
morphology. The hydrolytic degradation method was employed
to check weight loss behavior in prepared samples. The uniform
distribution of nanoparticles at their low concentrations in PLA
was observed in SEM images. Hydrolytic degradation results
showed that ZnO nanoparticles accelerated the degradation
property of nanocomposites, while Agz;PO4 retarded the
degradation property. The catalytic behavior of ZnO could
be the main reason for the reduction in the hydrolytic constancy
of PLA. Wang et al. [315] prepared the PLLA/MgssZn3sCas
composites by the hot Injection process. In the first step,
PLLA/MggsZn3sCas composites were prepared by solvent casting
using dichloromethane solvent. Then As-casted composite pieces
were cut into the mold and heated to 180 °C for 5 min and
then injected into a copper mold. The corrosion properties of
composites were improved while mechanical properties were
decreased.

Canales et al. [316] conducted a study focused on the
development of electrospun fibers for potential use in bone tissue
engineering. They created PLA fibers containing 10 and 20 wt.% of
BG and MgO nanoparticles, each with specific sizes (27 nm for n-
BG and 23 nm for n-MgO). The incorporation of both n-BG and
n-MgO nanoparticles into PLA was found to have a synergistic
effect, enhancing the material’s bioactivity and antimicrobial
properties. While neat PLA and PLA/n-MgO scaffolds exhibited
an average fiber diameter of approximately 1.7 pum, PLA/n-
BG and PLA/n-BG/n-MgO fibers showed a significant diameter
increase to around 3.1 um. Chen et al. [317] fabricated the
PLA/wheat straw composites to improve compatibility and
mechanical properties. Dadashi et al. [318] investigated the effect
of ZnO on the degradation PLA. Eichers et al. [319] incorporated
biobased materials such as cellulose nanocrystals (CNC), distillers
dried grains with solubles (DDGS), PEG, and maleic anhydride
(MA) into PLA composites. Gama et al. [320] investigated
the effect of cellulose fibers into PLA. Goni-Ciaurriz et al.
[321] studied the effect of cellulose acetate (CA) on PLA. They
prepared composite films of PLA and CA incorporating TiO,
nanoparticles and B-cyclodextrin grafted TiO, particles. Photo
and thermo-degradation studies were conducted, revealing that
higher TiO, concentrations led to increased color variations,
structural modifications, and weight loss in both CA and PLA
films. The maximum weight loss observed was 9.3% for CA with
5% TiO2 and 5.1% for PLA with the same TiO2 content. B-
cyclodextrin-modified TiO, NPs showed a lesser impact on photo-
degradation compared to unmodified TiO, NPs. To enhance
antibacterial properties, benzoic acid (BA) and sorbic acid (SA)
were incorporated into g-cyclodextrin-TiO, NPs. The composite

films, particularly CA with 5% TiO, NPs, exhibited strong
antibacterial activity, achieving a 71% inhibition of Escherichia
coli and an 88% inhibition of Staphylococcus aureus. Jafari et al.
[322] fabricated the 3D scaffolds using PLA, poly(e-caprolactone)
and zirconia nanoparticles (n-ZrO,) through freeze-drying.
Kananathan et al. [323] prepared the composites of PLA and
coconut wood using 3D printing. Kuang et al. [324] used shish-
kebabs techniques to improve the properties of PLA. Arastouei
et al. [325] fabricated the PLA/akermanite porous scaffolds for
bone defects using FDM. These scaffolds were further coated with
gentamicin-loaded gelatin microspheres. Morphological studies
assessment through SEM revealed interconnected pores with
diameters ranging from 200 to 400 um. Cell culture studies
using the MG-63 cell line demonstrated that increasing amounts
of akermanite led to enhanced cell proliferation, growth, and
viability. Alizarin red assay indicated a significant increase in
calcium deposition with higher levels of akermanite. The activity
of alkaline phosphatase (ALP) showed a notable increase over
time in scaffolds containing akermanite compared to pure PLA
scaffolds, suggesting a positive influence on cellular activity.
Evaluation of gentamicin release from gelatin microspheres, cross-
linked for different durations and soaked in SBF, indicated an
increasing release of the drug over time, although it decreased with
longer cross-linking durations.

Li et al. [326] developed a novel approach to create fully
bio-based PLA composites with enhanced flame retardancy,
and accelerated degradation in soil. They synthesized a
biodegradable additive, PA/CHTM, comprising phytic acids
and chitosan microspheres. The incorporation of PA/CHTM into
PLA improved its tensile properties, flame retardancy, and UV-
blocking capabilities. The tensile strength was well-maintained,
and elastic modulus significantly increased. Moreover, PA/CHTM
effectively delayed the photoaging of PLA by quenching free
radicals, resulting in less than 10% UV light penetration and a
substantially higher ultraviolet protection factor. Importantly,
the presence of PA/CHTM accelerated the degradation of PLA,
which is advantageous for biodegradable materials. Liao et al.
[327] prepared the PLA/TiO,/wheat strawcomposites and studied
the effect of TiO, on mechanical properties of PLA. Nguyen
et al. [328] prepared the PLA-starch nanocomposites. Qiu
et al. [329] enhanced the properties of PLA a bioplastic that is
flammable, UV-sensitive, and slow to degrade naturally. To address
these limitations, the researchers prepared a multifunctional
bioderived additive called PA/TA-CS. This additive was created
through a grafting reaction involving tannic acid (TA) and
chitosan (CS), with a coating of phytic acid (PA) to improve
PLA comprehensively. The findings showed that incorporating
only 3% PA/TA-CS into PLA resulted in several significant
improvements. It increased the Limiting Oxygen Index (LOI)
value to 26.9%, elevated the UL-94 flammability rating to V-
0, and blocked nearly 99% of UV light. This study represents
a nature-inspired approach to enhance the performance and
extend the service life of bioplastics. Shahar et al. [330] prepared
the kenaf/PLA composite with varying filler concentrations
(3%, 5%, and 7% by weight), and composite filaments were
extruded and utilized in 3D printing to create test specimens.
The study focused on evaluating crucial factors such as density,
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Table 7

Summary of results on different type of composites of PLA.

Ref. Matrix material Reinforcement material Fabrication method Biocompatibility Degradation results Mechanical results
[284] PLA pellets Mg particles Solvent casting Cell viability was reached to pH value of PLA/Mg composite ~ M,, was decreased to 35017with
M,,— 39,089 Weight%- 5% (3.6 vol.%) The composite was melted at 102.4% after 4 days incubation.  was 7.675, while the pH value of  the addition of 5% Mg which
Density - 1.24 g/cm? 170 °C in vacuum furnace and PLA was 7.54 after the 4 weeks ~ show decreased crystallinity.
n-1226 recast into mold immersion in PBS solution.
Tm— 160 °C 3.49% weight gain due to the
Shenzhen Esun apatite deposition.
Industrial Co., Ltd 47% retention in My,
[285] PLLA Mg particles Injection molding Exhibit improved cell viability Showed increased weight loss Exhibit improved tensile
Size — 45 pym (87%) with 0.22 mg/day strength (58 MPa), and
Acid-washed Mg powder bending strength (100 MPa)
was put in silane coupling
agent for surface
modifications
Weight%- 1 to 5%
[311] PLA pellets Mg alloy (AZ31) wires and Solution casting& Not reported 10% retention in strength after  Tensile strength was improved
M,,- 90,000 to BG fibers hot compression process the 7 days immersion in PBS from 60 to 108.7 MPaby adding
120,000 Diameter - 313 um and 20 to 30% Mg and then increased to
Tm—170.9°C 40 pm 135.9 MPa with the addition of
Tg-61.3°C Volume fraction — 30% and 10% BG
10%
[334] PLA pellets Mg alloy (AZ31) wires Solvent casting Not reported 28% and 75% retention in 3 times increase in tensile
M,,- 90,000 to Prepared laminae were stacked tensile modulus and strength strength and significant increase
120,000 inside a cavity, preheated to after the 56 days immersion. in modulus.
Tm— 18810210 °C melt temperature and pressure
Tg— 551060 °C of 4 MPa is applied
[315] PLLA MgesZn3zoCaspowder Hot Injection Cell viability — 80% of control Showed high corrosion Decreased mechanical strength
Weight%- 5% Solvent Casting using Milder cell growth environment  resistance as compared to PLLA
dichloromethane solvent
As-casted composite pieces
were cut into the mold and
heated to 180 °C for 5 min and
then injected into copper mold.
[288] PLA Mg-2 Zn (98 wt.% of Mg and  Hot press+ Not reported Not reported Bending strength - 207 MPa
Number average 2 wt.% of Zn) wires Hot drawn Mechanical properties were
M, - 78,000 Diameter — 0.3 mm 5 vol.% increased by increasing the
Wires were treated by Three hot drawn passes content of Mg-2 Zn roads and
microarc oxidation number of passes.
[239] PLGA TCP powder and Mg powder Low temperature rapid Bone formation was prom 7% volume change exhibit fast  Improvement in elastic modulus
(75:25) prototyping degradation and compressive strength.
3D printing
Wight ratio of PLGA/TCP/Mg
was 16/2/1 and 16/2/2
[295] PLA ZnO nanoflowers Solvent casting % Reduction of bacterial For PLA 10% weight loss was at ~ Tensile strength — 32.2 MPa
Tm—-150°C Weight% - 0.5 colonies 99.33 after 24 h against  323.1 °C Elastic modulus - 912.2 MPa
Tg-61°C bacteria Listeria While for PLA/ZnO same weight = Tensile strength was increased

monocytogenes and E. coli

loss was at 253.7 °C

from 26.5 to 32.2 by
addding0.5 wt.% ZnO.

(continued on next page)

L9Z00L ‘¥T0T ‘gl ‘uen



(114

Table 7 (continued)

Ref. Matrix material Reinforcement material Fabrication method Biocompatibility Degradation results Mechanical results
[335] PLA Cubic ZnO nanoparticles Solvent casting Not reported Composites showed stronger Tensile strength - 58.4 MPa
M,,— 200 kDa Size - 50to 100 nm 53 um film was prepared antimicrobial activity against E.  Elastic modulus - 2570 MPa
Tg-54.3°C Average diameter - 56.1 nm coli and L. monocytogenes Elongation - 4.5%
Tm-167.3°C Weight% - 0.5t0 1.5 Tensile strength was increased
Biomer Inc from 42.5 to 58.4 by
addding0.5 wt.% ZnO.

[295] PLA pellets ZnO powder Solvent casting Not reported Melting temperature was Tensile strength - 55.56 MPa

My,— 74,000 Density - 5.606 g/cm3 Resulting surfaces were stored maintained Elastic modulus - 2460 MPa
Density — 1.24 g/cm®  Diameter - 10 to 30 nm inside a desiccator containing Elongation - 2.53%

Tm— 147 °C Length - 100 nm magnesium nitride solution

Tg-54°C Weight% -0.5to 1.5

[196] 2Chitosen/PLA Extrusion 4+ Annealing — Not reported Not reported Showed reduced tensile and
compressive strength but
annealing increased the
mechanical properties.

[252] 10.7PLGA/HA —_ Direct grafting method —_ Not reported Significant improvement in
modulus, elongation at break
and tensile strengths.

[200] PLA/PBS CNF Melt extrusion MTT assay at 14 days showed Did not significantly affect Tensile strength - 3.46 MPa

(50/50) Diameter - 409 nm 94.12% increase in cell enzymatic hydrolysis as Elongation modulus -
proliferation as compared to compared to PLA/PBS 119.6 MPa
Pure PLA Elongation - 115.6%
[262] PLA HA (10 to 50 wt.%) 3D printing CT scans were performed at 3 The results showed significant PLA/HA composites becomes
Diameter — 50 nm months after implantation in the improvement in bone tissue brittle and approx. 35%

rabbit femur. PLA/TCP samples  volume and mineral density. decrease in compression

exhibit improved cell activity. PLA/30TCP composites approx  strength (25 MPa) with the
50% improvement in addition of 30% HA
degradation.

[325] PLA Akarmanite 3D printing Cell viability results of MG-63 Exhibit higher resistance to Lower permeability and higher

(10, 20 & 30 wt.%) cells showed higher level of cell degradation porosity decreases strength.
viability as compared to pure
PLA. The scaffolds containing
20% and 30% akarmanite
presented a cell viability of
97.72% and 96.88%.

[293] PLA 316 L stainless steel Fused filament fabrication PLA/316 L exhibit 80% less cell Immersion test in PBS solution Approx. 2 times increase in
(diameter — 20 um) and viability, while PLA/Fe exhibit showed, the 12.4% increase in strength and compressive
Iron (diameter - 20 to 45 pm) 14.1% increase in cells viability. ~ weight loss. modulus as compared to pure

PLA. Fatigue life increases for
both composites.

[336] PLA HA 3D bioplotter Bigger efficiency for the Not Reported Not Reported

(70:30) treatment of larger bone defects
Particle size - 50 um

[262] PLA HA 3D bioplotter Enhances the ontogenesis in Not Reported Does not significantly influence

(70:30) vivo the mechanical properties

Particle size - 50 um

(continued on next page)
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Table 7 (continued)

Ref. Matrix material Reinforcement material Fabrication method Biocompatibility Degradation results Mechanical results
[337] PLA HA FDM Bone growth is significantly Enhanced degradation rate Compressive strength - 25 MPa
(70:30) higher than pure PLA Decrease in compressive as
Particle size - 50 to 80 nm compressive pure PLA
[338] PLA HA FDM Vascular bundles allows the Not Reported Compressive strength —
(50:50) construction of large volume 17.8 MPa
Particle size - 75 nm bone tissues in vivo trails Decrease in compressive as
compressive pure PLA
[339] PLA HA MDS Allow cellsgrowth around the Not Reported Not Reported
(85:15) composites
Particle size — 21 um
[340] PLA HA FFF Improved bone forming ability ~ Not Reported Not Reported
(90:10)
Particle size - 50 um
[341] PLA CaP coating FDM Promotes new bone formation ~ Not Reported Elastic modulus - 0.510 GPa
98:2 Compressive strength —
18.22 MPa
Small decrease in mechanical
properties
[342] PLA HA FDM Presents the best bone Not Reported Elastic modulus - 10.12 MPa
(80:20) integration Compressive strength -
Particle size - 50 um 31.18 MPa
Improvement in Mechanical
properties
[343] PLLA B-TCP 3D Bioplotter Tests in MG-63 showed 71% remaining scaffold after the Compressive strength — 349 MPa
improved bone tissue growth 12 weeks
due to the use of B-TCP
[344] PLA Apatite Wollastonite 3D printing Promote growth of new bone Not reported Match to bone properties
50:50 and showed improved
osseointegration.
[345] PLA HA MDS Promotes cell proliferation and  Good biodegradation activity Not Reported
85:15 no inflammation reaction.
[346] PLA Ostacalcium phosphate MEB Stimulated the osteogenic Not Reported Approx. similar properties to

40:60

co-precipitation method

differentiation

bone
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impact strength, and fatigue resistance. Zhao et al. [331]improved
the cross linking of PLA to decrease the brittleness of PLA.
The UV-crosslinked PLA nanofibrils greatly enhanced foaming
ability and outstanding thermal insulation properties with a low
thermal conductivity. This innovative approach offers potential
applications where lightweight, thermally insulating materials
with improved mechanical strength are desired.

Liu et al. [332] conducted a study involving the preparation
of PLA/PBAT composites modified by polyvinyl alcohol (PVA) and
cellulose nanocrystals (CNC). They began by preparing CNC from
bagasse pulp through sulfuric acid hydrolysis and characterized
its properties. Next, they used a complex plasticizer to prepare
thermoplastic polyvinyl alcohol (TPVA) and CNC-modified TPVA.
These materials were blended with PBAT and PLA composite
material (COM) using high melt extrusion and blown film
techniques. The study focused on assessing the impact of CNC
on the UV aging properties of the materials. The results showed
that CNC improved the bonding, and anti-aging performance
of the composites. Yiga et al. [333]. suggested that modified
rice husks, especially those treated with alkali, are preferable
as reinforcement materials in flame-retardant fiber-reinforced
PLA composites compared to unmodified rice husks. These
modifications enhance their thermal stability and flame-retardant
properties, making them valuable for various applications. To
improve the antimicrobial properties of PLA-based composites,
metal nanoparticles like copper-zinc alloy particles and carbon-
based nanoparticles have been used as additives [205]. These
particles enhance the antimicrobial and mechanical properties
with improved thermal stability.

The results on different PLA-based composites are summarized
in Table 7. Various methods are employed for the fabrication
of PLA-based composites, each with its own set of advantages,
disadvantages, and limitations. These methods include solution
casting, extrusion, injection molding, and 3D printing, each
serving different purposes and applications [347-349]. Solution
casting, entails the dissolution of PLA in a suitable solvent,
such as chloroform, through overnight stirring [350]. To ensure
complete dispersion of nanoparticles, they are incorporated into
the solution and further homogenized through sonication. The
mixed solution is then poured into a petri dish, where it undergoes
a 24-hour drying process, culminating in the formation of a
thin film composed of PLA nanocomposite. This technique is
notable for its ability to precisely control nanoparticle dispersion
within the PLA matrix, achieving a high degree of material
uniformity. It adheres to Stokes’ Law for solute and solvent
mixing. However, solution casting is relatively time-consuming,
involves the use of hazardous solvents like THF, and is best suited
for thin film fabrication rather than complex shapes or bulk
materials. Widely employed for bulk PLA composite production,
molding is a technique that starts with the compression of PLA
granules using a ram or screw. These granules are then heated to
the point of melting and subsequently injected under pressure
into a cold, split mold. The polymer solidifies within the mold
and is subsequently ejected upon mold opening. This solution
forms the foundation for the subsequent electrospinning process
[351]. The electrospinning setup comprises essential components,
including a syringe housing the composite solution, a metal

needle or nozzle connected to the syringe, a grounded collector
(typically a rotating drum or stationary plate), a power supply
and an adjustable platform to control the distance between the
collector and needle tip. The electrospinning process is initiated
by applying a high voltage to the needle or nozzle, generating
an electric field that causes the composite solution at the needle’s
tip to form a distinctive Taylor cone shape—an indicator that the
solution is ready for electrospinning [352,353]. Within this electric
field, a jet of the composite solution is expelled from the Taylor
cone toward the grounded collector. During this journey, rapid
solvent evaporation occurs, leading to the solidification of PLA
and other additives. This solidification transpires before the fibers
reach the collector, resulting in the creation of ultrafine fibers with
diameters spanning from nanometers to micrometers.

8 Conclusion

Designing PLA-based biomedical devices requires a brief
understanding of some important characteristics of PLA-based
biomaterials such as biodegradability, biocompatibility and
mechanical properties. Proper selection of synthesis route
and the improvement in polymerization process with the use
compatibilizer and catalysts expand the range of biomedical
applications of PLA in various fields, including orthopedics and
cardiology. Preparation of copolymers, blends or composites is a
common practice for adjusting the degradation and mechanical
properties of PLA for required applications. This review article
summarizes the degradation behavior, biocompatibility and
mechanical properties of PLA-based biomaterials and biomedical
devices. The potential of PLA-based biomaterials in others
applications is briefly discussed.

In vitro and in vivo results on different devices made of
PLA-based biomaterials make them suitable as compared to
conventional biomedical devices due to the their complete
resorption or degradation in human body. Biomedical grade
PLLA is most widely used biodegradable or bioabsorbable
biopolymer for biomedical devices. Copolymers or blends of
PLA-based biodegradable materials such as PLA/PGA, PLA/PHBY,
PLA/PCL, PLA/starch showed improved properties for biomedical
applications.

PLA composites showed excellent potential for variety of
next-generation biomedical applications due to their unique
combinations of mechanical strength, biodegradability and
biocompatibility. Calcium-phosphate-based reinforcements such
as HA and TCP are the most widely used materials for the
preparation of PLA-based composites for innovative biomedical
devices. PLA/B-TCP composites exhibit improved strength,
biocompatibility and the more similar properties to the bone.
The addition of various metal-based particles such as Mg, Ca,
Zr, and Zn has been instrumental in significantly augmenting
both the mechanical and degradation properties of PLA. Oxide
nanoparticles such as ZnO, and Fe3;O4, TiO, also exhibit the
intriguing ability to initiate PLA polymerization and enhance
their distribution within the polymer matrix. Composites of PLA
containing carbon-based nanoparticles such as PLA/GNP exhibit
improved antibacterial and mechanical properties. Many hybrid
composites containing polymers, calcium phosphate-based
materials, metals, natural fibers, and metal oxide reinforcements
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have been fabricated and exhibit improved properties. Overall,
the fabrication of PLA-based composites is an important research
area with a potential in the biomedical field.

Various factors, including polymerization reactions,
rheological, mechanical, thermal, and barrier properties, impact
the performance of PLA polymers. Additive manufacturing,
particularly 3D printing, is emerging as a promising avenue for
PLA nanocomposites. It allows for the efficient production of
complex and customized structures, expanding their potential
applications, especially in the biomedical field and the post-
pandemic additive manufacturing industry. Further, research is
required to address the challenges and limitations of PLA-based
materials. The research and development for the preparation
high-strength PLA-based materials is required to replace the
conventional orthopedic materials like titanium.
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