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ABSTRACT
Polylactic acid (PLA) is a biodegradable polymer synthesized from renewable raw material. It has 
numerous biomedical applications and is a promising substitute for petroleum based packaging 
material. Metal oxides, traditionally used as fillers in polymers, are finding novel applications in their 
nanoform. In this review we summarize recent researches in PLA/ metal oxide nanocomposite 
synthesis and their applications. Literature related to oxides of zinc, titanium, iron, calcium, 
magnesium, manganese and cerium etc. is discussed. Effect of metal oxide on the thermal and 
mechanical properties of PLA along with valuable antibacterial, magnetic and catalytic properties is 
explored.
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1. Introduction

Polymers rule the modern world to such an extent that 
life without them is unimaginable and manufacture of 
different types of plastics increases every year.[1] Most 
synthetic polymers are slow to degrade and 
a noteworthy quantity of these is introduced in the 
ecosystem as waste products.[2] Besides most of these 
synthetic polymers are derived from petrochemicals 
which are non-renewable. Continuous use of these poly
mers have caused environment pollution and harmed 
life in general. Usage of such polymers in fields like food 
packaging and medicine is not advisable.[3] Hence, there 
is continuous shift towards natural biodegradable poly
mers or polymers for which raw material can be derived 
from renewable sources.[4,5]

Polylactic acid (PLA) or poly-L-lactide (PLLA) an 
α-hydroxyl polyester, is a colorless, thermoplastic 
polymer with properties comparable to those of poly
styrene. It is biodegradable and is a strong contender 

for renewable packaging material. Owing to its bio
compatibility with human body it’s also being used in 
medical implants, drug delivery vehicles and surgical 
sutures.[6–9] It is considered as ‘Generally Recognized 
as Safe’ (GRAS) material by the US Food and Drug 
Administration (FDA) and used in many biomedical 
applications. Poly (lactic acid) homopolymers are 
prepared by condensation and have a glass transition 
temperature and melting point 55°C and 175°C, 
respectively. They require processing temperatures 
in excess of 185–190°C. The amorphous PLA is solu
ble in organic solvents such as tetrahydrofuran 
(THF), chlorinated solvents, benzene, acetonitrile, 
and dioxane. Inorganic fillers are added to PLA to 
enhance various properties and melt extrusion is the 
most common method for preparing polymer films [10] 

of PLA. Table 1 shows a few examples of PLA applica
tions with different fillers and their effects on 
properties.
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In the last few decades the place of bulk fillers has 
been taken by nano-materials and nanocomposites of 
polymers are being synthesized either to enhance the 
thermal and mechanical properties of polymers or to 

add some value added medicinal, magnetic or sensing 
properties .[34] Figure 1 shows diverse applications of 
polymeric nanocomposites.

PLA has been also widely explored in the field of 
nanocomposite for various applications. Many reviews 
are written about synthesis and applications of PLA, its 
medical applications with copolymers and the field is 
expanding exponentially.[35–38] Addition of nanoparti
cles can enhance both the stability of polymer and their 
degradation properties which can help in recycling.[39,40] 

Metal oxides such as SiO2, Clay, talc etc. are routinely 
added as fillers in polymers to improve their properties 
and reduce cost as shown in table 1. However, it is the 
inclusion of metal oxide of zinc, titanium, iron, calcium, 
magnesium etc. which are currently gaining the atten
tion of researchers all over the world. Unique character
istics of these oxides are adding valuable properties to 
these polymers. Addition of ZnO and TiO2 which are 
semiconductors can enhance their applications in the 
field photocatalysis, UV filters, antibacterial and many 
more. Addition of Fe3O4 (ferrite) can impart novel 
magnetic properties to PLA which is being exploited 
for its drug delivery. Oxides such as CaO, MgO at 
nanoscale can not only enhance the crystalline proper
ties of PLA but can also enhance degradation properties. 
Latter may help in the recycling of polymer. Herein, we 
review the literature related to vast number of 

Table 1. Key role of fillers in PLA’s properties.
Filler Beneficial effects into PLA Ref.

Talc - It has nucleating effect on crystallization of 
PLA 

- Very effective nucleating agent 
- Adding 30 wt. % talc increases Young’s 

modulus from 4.1 GPa (neat PLA) to 9.8 GPa

[11–14]

CNT - Good/improved thermal and mechanical 
properties (tensile strength and modulus), 
flame-retardant, crystallization, etc.

[15–20]

CNT and CB - increases electrical conductivity [21]

Graphite 
derivatives

- Percolation threshold and electrical 
conductivity adding exfoliated graphite 

- Addition of expanded graphite: higher 
rigidity, improved crystallization kinetics, 
slight increase in thermal stability

[22–24]

layered 
silicates

- Stiffness, high tensile, flame-retardant 
properties, better processing (kinetics of 
crystallization), barrier properties, etc.

[15,16,25– 

29]

Hydroxyapatite - Composites made for biomedical applications 
with specific end-use properties 
(osteoconductivity), reinforcing effects 

- HA neutralizes the acidic species formed by 
degradation of PLA

[30–32]

Calcium 
carbonate

Addition of 30 wt.% micro- and nanosized  
CaCO3 formerly cured with calcium stearate 
improved PLA mechanical properties

[33]

PLA (Polylactic acid) CNT (carbon nano tube) CB (carbon black) Gpa (Giga 
pascal)

Figure 1. Possible marketable applications of nanocomposite in different fields.
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nanocomposites of PLA with various metal oxides. 
Special attention is paid to the methods used for their 
preparation and enhancement in properties is discussed. 
Tables are prepared to show comparisons between var
ious researches.

2. Synthesis of PLA

PLA is synthesized by polycondensation of lactic acid 
which is obtained as a product of fermentation of starch 
from plants such as corn, sugarcane, potato, and beet. 
The first effort to synthesize PLA is attributed to 
Pelouze, who in 1845 synthesized it by condensing 
L-lactic acid while eliminating water constantly, forming 
low molecular weight PLA. However, as this reaction is 
reversible, the polycondensation method has several 
drawbacks: such as: it needs high temperature, removal 
of by-products continuously and long reaction time. 
Later on, ring-opening polymerization (ROP) was 
invented in which lactic acid is first converted to 
a lactide (cyclic dimer of lactic acid, Figure 2) and than 
polymerized using initiator such as tin (II) octoate (Sn 
(Oct)). This process is suitable to prepare high molecular 
weight PLA in bulk.[6] Both the processes have been 
used for synthesis of nanocomposites. Synthesis of PLA 
has been reviewed in many articles.[41,42]

3. Synthesis and applications of PLA 
nanocomposites

Nanocomposites are composites in which at least one of 
the phases shows dimensions in the nanometre range 
(1 nm = 10–9m). In general, there are four main 

techniques that are used for the inclusion of metal oxides 
nanoparticles or any other nanomaterial into the poly
mer matrix. These are: (i) Solution method: the dissolu
tion of polymers in appropriate solvent along with 
nanoscale particles followed by evaporation of solvent 
or precipitation of polymer; (ii) Melt-mixing: This 
involves melting the polymer and direct mixing with 
nano material; (iii) In-situ polymerization: In this the 
nanoparticles are dispersed into monomer solution, fol
lowed by polymerization using suitable catalyst (iv) 
Template synthesis where the nanoparticles are synthe
sized from precursor solution in the presence of 
a polymer which also acts as template. Last is not very 
popular as not all kind of nanoparticles, especially oxi
des, can be synthesized by this technique. Synthesis of 
nanocomposite by melt or solution mixing is not easy as 
due to high surface-to-volume ratio, nanoparticles tend 
to agglomerates. This causes coagulation and loss of 
their attractive properties. Also, in the absence of proper 
dispersion, the mechanical properties of nanomaterial 
are not much better than that of conventional compo
sites. In fact, this could lead to poor mechanical proper
ties. In order to improve dispersion surface modification 
of the inorganic nanoparticles is carried out which can 
involve physical or chemical tethering of polymer 
chains.[43] Chemical attachment of polymer chain to 
nanoparticles is also called grafting.[44] Using nanoma
terial as catalyst, grafting of polymers onto nanoparticles 
surface can be done which very effectively improves 
their dispersion in polymer matrix. Figure 3 represents 
how grafting is done. All of above mentioned methods 
have been used for the synthesis of nanocomposites of 
PLA with different metal oxides nanoparticles.

3.1. PLA/ZnO nanocomposites

ZnO is a wide band gap semiconductor having a large 
exciton binding energy at room temperature[43] 

Nanosized ZnO is used widely in preparation of 
solar cells,[45] gas sensors,[46,47] varistors,[48,49] 

catalysts,[50,51] electrical and optical devices,[52,53] elec
trostatic dissipative coatings[54] and in biomedical 
applications.[55–57] The nanoparticles, which are sig
nificantly different from the microparticles, have 

Figure 2. Types of lactides.

Figure 3. Grafting process to synthesize nanocomposite.
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several outstanding characteristics originating from 
finite-size effect and high surface to volume ratio. In 
most of the reports pre synthesized ZnO nanoparticles 
were used either as such or after surface modification. 
Some of the methods commonly used for synthesis of 
ZnO are sol gel,[56–59] mechanical milling,[60] spray 
pyrolysis[61] etc. Methods used for surface modifica
tion were either simple coating or surface grafting of 
ZnO. Melt mixing was the most common method 
used for the synthesis of nanocomposites of ZnO 
with PLA. Some of the important reports are dis
cussed here and overall review of the various nano
composites and salient features observed in them are 
summarized in Table 2.

Lizundia et al. reported polylactide (PLA) and zinc 
oxide (ZnO) nanocomposite for packaging and biome
dical applications. Dynamic Mechanical Analysis 
(DMA) showed increase in glass transition temperature 
(Tg) with addition of nanoparticles. The structural 
relaxation of nanocomposite was reduced by 3.6 times 
after the addition of 0.25 wt.% of zinc oxide. Overall, 
PLA/ZnO nanocomposites were found useful for mak
ing antibacterial porous structures with tunable degra
dation rates that can be used as a substrate to grow 
different kind of cells and tissues.[73]

Recently, Goncharova et al. reported membranes of 
PLLA and ZnO nanoparticles in which ZnO was pro
duced by laser ablation method. Quantity of ZnO was 
changed from 5–40 % and it was reported that addition 
of ZnO upto 10 % enhanced the mechanical properties 
of PLLA membrane whereas further addition deterio
rated its strength. On the other hand antibacterial prop
erties of PLLA membrane which were evaluated for 
S. aureus and E. coli were enhanced as the quantity of 
ZnO was increased.[84]

Kaur et. al. reported ring opening polymerization of 
L-lactide using ZnO nanoparticles as catalyst [Figure 4]. 
This method gave a very good dispersion of nanoparti
cles as observed from TEM analysis. The nanocomposite 
was found to have fluorescence and antibacterial proper
ties. Mass of the polymer chains was not ascertained 
properly as chains were bound to nanoparticles strongly 
and the composite did not show any Tg even at very 
low percent of ZnO nanoparticles.[71]

Murariu et al. prepared PLA/ZnO nanocomposite 
appropriate for the extrusion of films by melt- 
compounding PLA with upto 5 wt % ZnO rod-like 
nanoparticles. The nano-filler were previously sur
face-treated with silane (triethoxycaprylsilane). In 
order to improve the processing and performances 
of nanocomposites addition of a chain-extender 
(epoxy functional styrene-acrylate oligomeric) was 
also considered.[72]

In general, from the large number of nanocomposites 
of ZnO with PLA reports in literature it was observed 
that inclusion of ZnO nanoparticles improves mechan
ical strength and thermal stability of PLA. Besides, pre
sence of ZnO nanoparticles imparts value addition in 
terms of antibacterial properties which enhances their 
packaging properties.

3.2. PLA/TiO2 nanocomposites

TiO2 is another very important metal oxide which is well 
known for its semiconductor properties. It has been 
extensively used in numerous fields like photo catalysis, 
fuel cell, gas sensing, pigment etc.[85] It is a promising 
functional material in environmental purification too. 
Its wide band gap (3.2 eV), non-toxic nature, easy avail
ability and cheap nature makes it an attractive filler and 
modifier in polymer applications. It has been used most 
widely in paints, cosmetics, food packing materials, bio
material as well as catalyst/photocatalyst in waste water 
treatment.[86,87] TiO2 nanoparticles can be synthesized 
by a variety of techniques such as sol-gel, co- 
precipitation, solvent evaporation etc. and exists in two 
crystalline phases namely anatase and rutile.[88]

Kamand et al. carried out surface grafting of TiO2 

nanoparticles by grafting PLA chains to prevent their 
agglomeration while mixing with PLA. The nanocom
posite films displayed high antibacterial properties 
against E-coli gram negative bacteria and S. aureous 
gram positive bacteria.[89] The pictorial representation 
is in Figure 5.

Kaur et al. studied azeotropic condensation polymer
ization of lactic acid in presence of TiO2 nanoparticles. 
The process resulted in grafting of TiO2 by PLA leading 
to hairy particle brushes which were utilized as hybrid 
support for synthesizing copper nanoparticles and used 
in catalysis.[90] The hairy particles absorbed dyes 
(Figure 6) and when exposed to sunlight the dye decom
poses leaving behind colourless nanoparticles.[91]

Luyt et al. studied the influence of TiO2 nanoparticles 
on the morphology, crystallinity and kinetics of neat 
PLA, and on different blends of PLA/PCL. It was 
reported that the nanoparticles dispersed well only in 
the PLA phase of the blends, with only a few particles at 
the interface or in the PCL phase. They strongly influ
enced the rate of cold crystallization of PLA, but had 
little influence on this parameter in the blends.[92] The 
data gathered for a large number of PLA/TIO2 nano
composites is illustrated in Table 3.

It has been generally observed that mechanical and 
thermal properties of PLA are greatly influenced by 
the presence of TiO2 nanoparticles. Though, the 
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extent greatly depends upon the quantity and disper
sion of nanoparticles. Further, presence of TiO2 

enhances the antibacterial properties. The composite 
can also be used for degradation of different dyes. 
A further insight of application can be seen in 
a recent report.[115]

3.3. PLA/ Fe3O4 nanocomposites

Iron oxide is another important transition metal oxide, 
especially Fe3O4, which has attracted much interest 
owing to its superparamagnetic properties in 
nanoform.[116] Fe3O4 nanocomposites or SPIONS have 
shown many potential applications in areas of magnetic 

Table 2. Processing and applications of PLA/ZnO nanocomposites.
Sr. 
No Processing Technique Uses/change in properties Ref.

1 Mixing with surface treated ZnO Mechanical properties of nanocomposite improved [62]

2 Mixing, melt blending Mechanical and degradation properties of PLA improved [63]

3 Melt compounding Active against both Gram-positive and Gram-negative bacteria [64]

4 Solution casting method Improvement in mechanical, morphological and thermal behavior [65]

5 Melt blending using twin screw extruders Adding triethoxycaprylylsilane treated ZnO into PLA matrix delays the 
degradation of PLA

[66]

6 Solvent volatilizing method Water vapor permeability (WVP) and opacity of the PLA nano-composite films 
improves also significantly. Antimicrobial activity (inhibits the growth of 
Escherichia coli)

[67]

7 Solvent volatilizing method Improved water vapour permeability (WVP) elongation at break, thermal stability 
and lower oxygen permeability. Antimicrobial, packaging for fruit investigated

[68]

8 Melt blending in twin extruder ZnO NPs function as the heterogeneous catalysts that accelerate the hydrolytic 
degradation of PLA in water at temperatures below its Tg

[69]

9 Solvent evaporation method Anti-microbial packaging material [70]

10 Ring opening polymerization using nanomaterial as catalyst Catalyst for degradation of methylene blue [71]

11 Melt compounding during film and fiber extrusion Anti-UV and antibacterial properties. [72]

12 Solvent- precipitation followed by compression moulding. Developing efficient and cost-effective transparent UV-shielding coatings [73]

13 Melt compounding UV filter, antibacterial, gas barrier, and self-cleaning properties. [74]

14 Melt mixing before extrusion Photocatalytic degradation of PLA by ZnO and the UV screening effect of the ZnO 
nanoparticles

[75]

15 Melt blending process Good mechanical properties, thermal properties, barrier to ultraviolet light, water 
vapour, oxygen, carbon dioxide and antibacterial activity

[76]

16 Melt mixing before spinning process PLA/ZnO nanocomposite was tested as Anti-bacterial coating on textiles [77]

17 Grafting of nanoparticles Microwave assisted one pot formation of nanocomposite [78]

18 Melt mixing before electrospinning and combination with 
electro spraying

UV-active filtering material, photodegradation of electrospun mat. [79]

19 Combination of electrospinning of polymer solutions with 
electrospraying of nano ZnO dispersions.

Inhibition study of the Gram negative Escherichia coli and the Gram-positive 
Staphylococcus aureus bacteria on lectrospun mats

[80]

20 Microwave-assisted ring-opening polymerization High conversion values, molar masses of PLA, and high degree of grafting PLA 
onto ZnO nanoparticles.

[81]

21 Crystallization induced phase separation PLLA/ZnO@KH570 with potential application in oil water separation [82]

22 Solution mixing Enhanced dispersion by mixing of PDLLA with ZnO-g-PLLA [83]

23 Mixing PLA with surface treated ZnO Change in permeating properties of membrane and antibacterial properties 
towards gram positive and gram negative bacteria.

[84]

24 Mixing PLA with silane treated ZnO Enhancement in tensile strength and improvement in thermal stability of films 
and fibers prepared

[72]

Figure 4. Ring opening polymerization of L-lactide using ZnO nanoparticles as catalyst [reproduced from ref.63].
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recordings, toners and inks etc. Other highly promising 
and researched applications in the field of medicine are 
magnetic separation, imaging and drug delivery.[117]

Zheng et al. synthesized nanocomposite PDLLA and 
Fe3O4 (average size 20 nm) nanoparticles by chemical 
co-precipitation method. The synthesized nanocompo
site showed uniform distribution of nanoparticles in 
PDLLA matrix. The shape memory behavior of the 
nanocomposite produced by an ultrasonic alternating 
magnetic field was observed. The PDLLA/Fe3O4 nano
composites displayed a desirable shape memory effect. 
In general, these biocompatible and shape memory 
nanocomposites showed potential for application as 
magnetically controlled smart implants in the biomedi
cal field.[118] PLA/Fe3O4 nanomagnetic microsphere 
were synthesized by Xiang et al. and tested for their 
drug delivery properties.[119] They were tested as drug 

carriers against liver cancer cells (HePG2). Many PLA 
composites of iron oxides are synthesized and 
a literature survey of these is compiled in Table 4.

Overall it was noted that mixing PLA with magnetic 
nanoparticles can induce magnetic properties to the com
posite that can be exploited for targeted drug delivery.

3.4. PLA/ miscellaneous metal oxides 
nanocomposites

Other metal oxides that have created interest among the 
polymer researcher are those of calcium, magnesium, 
manganese and cerium. Many techniques are available 
for synthesis of these oxide nanoparticles.[127,128] Oxides 
of calcium and magnesium are hydrophilic in nature 
and they have been used either as such or after surface 
modifications. U.S. Food and Drug Administration 
(FDA) generally recognize the use of MgO as safe for 
food application. MgO occurs naturally as a colorless, 
crystalline mineral periclase and is reproducible as well 
as economical for large-scale production. Magnesium 
oxide (MgO) possesses good antibacterial properties 
and their nano-order reinforcement into polymers 
enables long shelf life of packaged food by suppressing 
pathogenic activity along with improved mechanical 
properties, thermal stability and permeability. These 
features make MgO suitable candidate for reinforcement 
in biopolymers like PLA.[129] Li and Sunet al. synthe
sized Poly (lactic acid) (PLA)/MgO nanocomposites by 
in situ melt polycondensation of L-lactic acid. Using 
various concentration of surface-hydroxylated 

Figure 5. Synthesis of PLA/TiO2 with surface treated nanoparticles and anti-bacterial activity.

Figure 6. Surface grafting of TiO2 nanoparticles with PLA and its 
dye degradation properties.
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nanoparticles magnesium oxide (MgO), nanocompo
sites were synthesized. These synthesized PLA-MgO 
nanocomposites displayed improved thermal stability 
in comparison to pure PLA. Thermo gravimetric analy
sis reveals that more than 42.5% PLA was effectively 
grafted onto PLA- MgO.[130]

Swaroop et al. first prepared PLA coated MgO 
nanoparticles as filler for PLA films by solvent cast
ing method. The MgO nanoparticles with various 
concentrations (up to 5 wt %) were mixed with 
PLA biopolymer in order to make bio films for 
food packaging. They reported better mechanical, 
barrier, thermal and antibacterial properties for the 
nanocomposites film in comparison to pristine 
PLA.[131,132] Oxides of calcium though a common 
polymer filler is highly hygroscopic and has poor 
barrier properties. Luo et al. used them in PLA 
nanocomposites after surface modification.[133]

Nanostructures of manganese oxide too have gained 
huge attention owing to their variable oxidation state 
that imparts unique catalytic properties to its oxides. 
Mn3O4 is magnetic in nature and has found applications 
as imaging material[134] as it can provide bright contrast 
on MRI whereas iron based particles generate dark con
trast. Margaret et al synthesized pH-sensitive poly (lac
tic-co-glycolic acid) (PLGA)-encapsulated manganese 
oxide nanocrystals using a single emulsion technique 
with different sizes [Figure 7]. It was reported that 

Intact particles at physiological pH cause little contrast 
in MRI, but following endocytosis into low pH compart
ments within the cells, the particles erode and MnO 
dissolves to release Mn+2 that caused the cells to appear 
bright on MRI images. The magnitude of the change in 
MRI properties was as high as 35-fold, making it the 
most dynamic “smart” MRI contrast agent yet 

Table 3. Synthesis and applications of PLA/TiO2 nanocomposites.
Sr. No Processing Technique Uses/change in properties Ref.

1 Direct melt blending Improves toughness and UV resistance [93]
2 Mixing using twin-screw mixer and 

compression moulding.
good UV absorption and increased thermal stability [94]

3 In situ melt polycondensation TiO2 was successfully grafted on PLA [95]
4 Solution mixing with blow spinning Degradation of Rhodamine B under UV C lamp [96]
5 Solvent casting method Food packaging material as an economical, functional and environmentally friendly alternative [97]
6 Melting mixing and melt extrusion Crystallinity and barrier properties of PLA enhanced, degradation of methyl orange [98]
7 Twin screw extruder Photo catalyst for degradation of dichloromethane at trace level concentrations [99]
8 Thermally induced phase-separation Improvement in thermal properties [100]
9 Grafting on TiO2 NPs Improvement in tensile strength [101]
10 Melt intercalation Antibacterial activity against Klebsiella pneumoniae (ATCC 4352) and Staphylococcus aureus 

(ATCC 6538) bacterium
[102]

11 Solution mixing of PLA with TiO2 NPs 
prepared by sol gel process

The thermal stability of the composites was shifted to lower temperatures due to 
photodegradation induced by the metal oxide on the PLA chain.

[103]

12 Melt mixing Photocatalytic discolouration of dye [104]
13 Solution blending method Brittleness of the films increased with increasing content of nanoparticles [105]
14 Solution casting method Catalytic effect of TiO2 nanoparticles on degradation process under UV light exposure 

(Λ = 365 nm) and hydrolytic degradation was confirmed with the increase of the filler content.
[106]

15 In situ polymerization in presence of NPs Exhibit remarkable activity against bacteria [107]
16 Melt Mixing Efficiently photodegraded by UV irradiation in comparison to pure PLA [108]
17 Melt Mixing It shows anti-bacterial activity against Escherichia coli and Aspergillus fumigatus [109]
18 Melt Mixing Improves the mechanical properties and reduces the complex viscosity of the nanocomposites [110]
19 Melt blending Toughness and UV resistance of composites were also enhanced by adding TiO2, hence its applied 

in food packaging and agriculture applications.
[111]

20 Mixing and Spraying Mechanism of decomposition of lactic acid and polylactic acid/ TiO2 nanocomposite [112]
21 Grafting onto TiO2 NPs by In-situ 

polycondensation
Degradation of dyes under UV and solar light. Improved thermal stability [90,91]

22 Solvent evaporation method Solar photocatalytic decolorization and detoxification of batik dye wastewater [113]
23 Solution mixing followed by evaporation Migration of nanoparticles during food packaging [114]

Table 4. Synthesis and applications of PLA/ Fe3O4 nanocomposites.
Sr. No. Processing Technique Uses/change in properties Ref.

1 Nanoparticles mixed during 
acid catalysed 
polymerization.

Quick and easy acquisition of 
reliable magnetic force and 
susceptiability.

[120]

2 PLLA mixed Spions in CHCl3 

used in spin coating 
machine to prepare 
membranes

Nanocomposites are super 
paramagnetic behavior. 
These are promising 
candidates for many 
potential applications in 
the biomedical field.

[121]

3 Mixing PLA with 
tetraheptylammonium- 
capped Fe3O4

Enhance the permeation and 
drug uptake of anticancer 
agents in the cancer cells.

[122]

4. Melt compounding of PLLA 
and surface coated Fe3 

O4

Superpara magntic behaviour 
with almost zero remnance

[123]

5. Electrospun TCH/Fe3O4- 
COOH/PLA nanofiber 
membranes

Antibacterial properties [124]

6. PLA/Fe3O4 by consecutive 
reaction route

Saturation magnetization 
values of PLA have 
increased from 0.33 to 5.06 
emu/g

[125]

7 PLA/ Fe3O4 g-PLLA The composite sheets were 
used for air purification

[126]

PLA (polylactic acid PLLA (poly L-lactide)
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reported.[135] Kaur et al. used Mn3O4 nanoparticles for 
ring opening polymerization of L- lactide. This method 
resulted in uniform dispersion of nanoparticles inside 
the polymer matrix.[136]

Ahmad et al studied the metal oxide NPs such as 
FeOx, NiOx, and CoOx NPs on fermentative LA 
production from actual food waste using indigenous 
microbiota [Figure 8]. Metal oxide NPs increased 
LA production at their respective optimal dosage 
by using the hydrothermal technique. The novel 
FePO4 nanocatalyst for PLA synthesis from LA was 
developed and investigated. The low molecular 

weight PLA prepared with FePO4 exhibited better 
polymer and thermal properties compared to com
mercial PLA. The results indicated that LA produc
tion from food waste by metal oxide-assisted dark 
fermentation is a promising approach for the bio
polymer industry. These metal oxide-based NPs cat
alysts have the potential to significantly impact 
biochemical production from organic waste in 
biorefineries.[137]

Oxides of Cerium have catalytic properties. In a very 
recent 2022 publication, Milawer and Chatterjee 
reported surface coating of a bone tissue scaffold with 

Figure 7. Synthesizing PLGA/MnO nanoparticles using single emulsion method [reproduced from 134].

Figure 8. Polymerization of lactic acid produced from food waste by metal oxide-assisted dark fermentation [reproduced from ref.137].
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CeO2 nanoparticles. They were used as scavengers of 
reactive oxygen species which is major cause of bone 
related diseases.[138] A summary of all researches in 
miscellaneous category is described in Table 5.

4. Conclusion

Applications of PLA are increasing day by day 
owing to its biodegradable nature and renewable 
raw material. Initially it was used only for biomedi
cal applications but now it is being investigated as 
a sustainable packaging material that can match the 
mechanical properties of petrochemical based poly
mers such as polyethene.[141] Addition of various 
oxide nanoparticles enhances both mechanical and 
thermal properties of the commercial PLA. Besides, 
addition of oxides of zinc and titanium can add 
antibacterial properties to the film. All the 
researches show that dispersion of nanoparticles 
can be enhanced by surface grafting or coating of 
the oxides nanoparticles by appropriate groups. 
Oxides themselves can be used to initiate polymer
ization of PLA and enhance their dispersion into 
polymer matrix. But till date not enough work has 
been done in this direction. Addition of Fe3O4 into 
PLA for drug delivery and addition of CeO2 for 
making useful biomedical devices are other promis
ing applications. Future of nanocomposite of PLA 
with metal oxide nanoparticles looks bright and 
promising.
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