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Biodegradable Nanocomposite Foams: e
Processing, Structure, and Properties
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Abstract The biodegradable nanocomposite foams can be developed using differ-
ent fabrication techniques where the use of various kinds of bio-based nanofillers
helps in tailoring the foam properties. A brief discussion on different techniques of
fabrication, their economic viability, and industrial feasibility in regards to the poly-
meric foams is made in this chapter. Moreover, the available different biodegradable
polymeric foams and their processing in the recent past years is detailed. However,
the chapter mainly focuses on the biodegradable poly (lactic acid) (PLA)-based
nanocomposite foams and their recent developments and breakthroughs. The addi-
tion of nanofillers for fabricating the foam greatly affects various foam properties
such as cell size, cell density, and porosity. Other important properties such as thermal
properties, mechanical properties, and wettability are also affected by the nanofiller
materials. The degradation of PLA-based nanocomposite foams is greatly influenced
due to the addition of various bio-based nanofiller materials. In this regard, the tailor-
made properties of various biodegradable foams make them promising candidate in
different areas of research.

Keywords Poly (lactic acid) + Biodegradable + Foams - Fabrication -
Characterization

1 Introduction

Foam is an entity consisting of gaseous voids (75-95%) in liquid or solids. Synthetic
foams can be developed from various materials including glass, metals, ceramic,
polymer, and rubber. Among various available foams, the polymeric foams have
some unique properties and some added advantages such as low weight, low density,
and less usage of materials compared to non-foam materials. Further, the cost of
production can also be reduced by the specified factors. The elastomeric foams have
been widely utilized in different fields of applications such as insulation materials,
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sound-absorbing materials, and cushioning. Thus, the polymeric foaming technology
is growing day by day and has established as one of the major areas of research.
Further, the development of porous material is gaining importance day by day with
the discovery of new areas of applications [1].

The polymeric foam industry was initially developed during 1930s to 1950s,
where polystyrene (PS) foam was firstly developed in 1931. The development and
use of foam took an established shape in 1980s. The recent area of research is focused
on improving the properties of the foam, which is the driving force for developing
new foam-based materials. The polymeric foams are generally classified according to
different parameters such as material use, structure, nature, mechanism, cell size, and
others as shownin Fig. 1. However, the polymeric foams can also be broadly classified
into two major parts: non-degradable foams and biodegradable foams [2]. Non-
degradable polymeric foams mainly dominate the current market share of the total
polymeric foams. However, a continuous effort has been made to replace the available
non-degradable foams by biodegradable foams due to the increasing market share of
polymer foams. The recent shares by volume in various applications of polymeric
foams are shown in Fig. 2 (based on a market report of Smithers Rapra, 2015).
According to this, the polymer foams have major application in construction materials
and find applications in furniture, automobiles, packaging, refrigeration, and others.
A recent market survey suggests that the use of high-performance polymeric foams
will increase ~4.8% annually due to the growth in emerging technologies (based on
the market survey of Smithers Rapra, 2018). However, the above foam market is
mainly dominated by the non-degradable conventional foams.

Moreover, the demand for the biodegradable polymeric foams in different new
areas is rapidly increasing day by day. Researchers are also trying to find new areas
of replacement to the conventional non-foamed polymers by developing compos-
ites, blends of biodegradable foams. As the ultimate disposal of non-degradable
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Fig.1 Classifications of polymeric foams based on different parameters
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Fig. 2 Global market shares of polymeric foams in different segments

polymer foams is a major concern in the environmental point of view, the environ-
mentally friendly technologies are now a primary requisite in this regard followed
by the international agreements like the Kyoto protocol, Montreal protocol, and so
on. Hence, the need for bio-based and biodegradable foams is gaining attention in
recent years. Bio-based and biodegradable foams show a tremendous and promising
impact in different fields like biomedical, food packaging, industrial, engineering,
and advance applications. Some of the recently used biodegradable polymeric foams
include starch, poly(hydroxyalkanoates) (PHAs), poly(3-hydroxybutyrate) (PHB),
poly (lactic acid) (PLA), poly(e-caprolactone) (PCL), and poly(3-hydroxybutyrate-
co-hydroxyvalerate) (PHBV). The first developed biodegradable polymeric foam
is starch, which is further improved for various properties. Biodegradable poly-
mer foams have some inferior properties, which need to be modified to compete
with the non-degradable polymeric foam materials for targeted applications. In this
regard, the major differences between the biodegradable and non-degradable foams
are illustrated in Fig. 3, where biodegradable foam-based materials provide non-
toxicity, biocompatibility, and eco-friendly nature causing no harmful effect to the
environment.

In recent years, a variety of biodegradable polymer materials are gaining impor-
tance for the fabrication of tailor-made foam materials for multifaceted advanced
applications. However, one of the promising biodegradable polymers, which are
gaining attention among the scientific community for the replacement of conven-
tional polymeric foam, is PLA. Recent researches on bio-based foams are mainly
focused on the development of PLA-based foams. Besides, PLA, the other biodegrad-
able polymeric foams include PCL, polybutylene succinate (PBS), PHBYV, cellulose,
their blends, composites, etc., which are being used for wide application.
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Fig. 3 Degradable and non-degradable foams

1.1 Poly (Lactic Acid) (PLA)

PLA is a bio-based and biodegradable polymer synthesized from natural resources
including corn and carbohydrate-based feedstock. PLA has the properties comparable
to some non-degradable petroleum-based polymers. The schematic illustration of the
life cycle of biodegradable PLA can be observed in Fig. 4, where the composting and
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Fig. 4 Life cycle of poly (lactic acid)
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biodegradation processes reduce environmental waste. Additionally, PLA has good
processability which increases the market value of PLA-based foam materials. PLA
is mainly synthesized by ring opening polymerization (ROP) of lactide monomer
[3]. PLA is a thermoplastic which is glossy, transparent, and semi-crystalline in
nature. The production of PLA requires less energy (up to 25-55%) compared to the
energy consumed in the production of petroleum-based non-degradable foams. The
content of D-isomer present in PLA influences its ultimate properties. The thermal
degradation of PLA leads to the release of non-toxic materials such as CO,, H,0O, and
lactic acid due to hydrolysis of ester linkages. The mechanical and other properties
of PLA are comparable with most of the petroleum-based conventional polymers.
The properties of PLA can be improved by tuning it with the addition of different
nanofillers, plasticizers, chain extenders, etc. [4].

However, one of the limitations of PLA is its low melt strength. The short degrada-
tion time of PLA makes it unsuitable for engineering applications. Another limitation
of PLA is low thermal properties. The current researches on PLA are mainly focused
in the directions to tune these limitations. PLA-based foams are mainly utilized
in sophisticated bio-based medical applications like cell culture, tissue engineer-
ing, and so on due to its biodegradability. Simultaneously, it can be useful in other
advanced applications by tailoring its properties for specific applications. The other
applications include packaging, housewares, automobile parts, cushioning applica-
tions, insulation, furniture, high-grade decorative items, and electrical appliances. A
focused study has to be performed to make it suitable for different applications [5].

2 Fabrication of Polymeric Foams

Polymer foaming can broadly be carried out in different established processes classi-
fied as batch foaming process and continuous foaming process. The batch process is
mainly limited to the research in development fields to investigate the newly devel-
oped materials and their foaming behavior. On the other hand, the continuous process
is an economically and industrially viable scale-up process in larger magnitude. A
continuous process is achieved by an extrusion technique, consisting of steps like
mixing with additives and pressurization of inert gases [6].

2.1 Batch Foaming Process

Fabrication of polymeric foams can be performed by using batch process. In this
process of fabrication, foamed samples are prepared batch-wise. It is a discontinuous
foaming process, and the reproducibility of this process is very good by maintaining
exact process parameters. This process is mainly utilized to investigate the initial
foaming behavior of polymers and composite systems. The process is also industrially
viable with some limitations. In this process, carbon dioxide or nitrogen is mainly
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Fig. 5 A schematic representation of batch foaming process

used as physical blowing agent (PhyBA). A schematic diagram of the process is
represented in Fig. 5. Since earlier days, two different methods have been generally
utilized in the batch foaming process. In the first process, the pressure drop initiates
the foaming in the polymer sample resulting in thermodynamic disequilibrium. The
method is very useful to understand the different foaming parameters as well as the
influence of additives or blending on cell nucleation. In the second technique, the
thermodynamic disequilibrium is reached due to the increasing temperature. From
this method, the foaming temperature and processing window of the foam can be
evaluated for foam extrusion process.

2.2 Continuous Foaming Process

This process of fabrication of polymeric foam generally consists of extrusion (Fig. 6)
and injection techniques. Different zones of the extruder can be operated at different
temperatures, which make it possible to use temperature sensitive additives along
with the polymer. This is one of the most beneficial CO,-based foaming process
techniques for the addition of different additives to the bio-based polymeric foams.
In the die section of the extruder, the pressure is released and ultimately the polymer
foam is generated. In this continuous process, the process parameters such as screw
speed, saturation pressure, type and amount of additives (clay, plasticizer etc.), etc.,
can be optimized for obtaining tuned foam properties. The influence of the die geom-
etry and temperature on the nucleation rate or the expansion ratio of the fabricated
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Fig. 6 A schematic representation of continuous foaming process

foams can be investigated by this process. In this process, the main advantage is the
continuous high-speed production and scale-up of the technology. Different parame-
ters like melt strength, viscosity, solubility, end groups, glass transition temperature,
etc., affect the properties of the polymeric foams.

3 Polymer Foaming Technology

Polymer foaming is mainly achieved by two different techniques: physical foaming
and reactive foaming.

3.1 Physical Foaming

In physical foaming, PBAs are used in the polymer melt. It also permits high-speed
continuous foaming of the polymer by using extrusion and injection molding.
Physical foaming can be performed by using the following methods:

(a) Casting and leaching (C/L)
(b) Gas foaming
(c) Thermally induced phase separation (TIPS).

C/L Methods In C/L technique, the polymer is dissolved in a highly volatile solvent
and cast in a bed of porogen. After evaporation of the solvent, the sample is placed
in water for leaching out the porogens followed by drying. The leaching of porogens
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Fig. 7 Casting and leaching (C/L) technique of foam fabrication

ultimately leaves a porous structure. The selection of porogen is very important as it
must be easily available and non-toxic in nature. Additionally, the porogen must be
easily leached out after the solvent is evaporated. Mostly used porogens include salts
like NaCl, KCl, etc. The size and amount of the porogen have the ultimate effect in
cell size and cell density of the foams [7]. This technique is one of the cost-effective
and easy methods to fabricate foams. The C/L method is represented in Fig. 7.

Gas Foaming Method In the gas foaming technique, different gases like nitro-
gen, carbon dioxide, etc., are used as PBA in the polymer melt. One of the greener
approaches for gas foaming is using it in a supercritical state. Many investigations on
polymer foam fabrication are reported using this technique. There are some criteria
regarding the selection of PBA which includes safety, non-toxicity, transportation,
reactivity, volatility, and economic viability.

TIPS Method Generally, two steps are followed for TIPS method of fabrication
of foams. In the TIPS process of fabrication of foams, polymer pellets are partially
foamed in the first step using PBA. These partially foamed pellets are transferred to
a mold and again foaming has been performed using steam and low boiling liquid
for extra foaming in the second step. Finally, a foamed structure is obtained taking
the shape of the mold, and foamed beads are sticked to one another [8].

3.2 Reactive Foaming

In the reactive foaming technique, chemical reactions are carried out for the foaming
of polymers. The production of gases in the chemical reactions fabricates the foamed
structure. In this method of fabrication, the chemical blowing agents (CBA) are
utilized for foaming of polymers. The selection of CBA has some minimum criteria
including by-products, nucleating effects, processability with the base polymer, and
color left-over in the polymer matrix.
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4 Recent Advances in Biodegradable PLA-Based Foams

Generally, biodegradable polymeric foams like starch, PHBYV, etc., are mainly used
in food packaging applications. However, biodegradable PLA-based foams have the
potential to replace the major market players (polypropylene, PS, etc.) in differ-
ent commodity applications due to its unique properties. Recently, researchers are
focusing toward the development of PLA-based sustainable foams due to its greener
routes and comparable properties with some non-degradable foams. However, some
improvements in the properties of PLA-based foams are still lacking compared to
non-degradable foams. The improvement in the properties of PLA-based foams can
be achieved by the incorporation of additives, flame retardants, plasticizers, and so on
according to the ultimate application. Some investigations on PLA-based foams are
found to be path-breaking towards the development of greener environment. Mainly,
itis observed that PLA-based foams are developed using continuous extrusion foam-
ing technique in the scale-up process. However, the investigations are also carried out
in batch foaming to understand the parameters for improvements. PLA-based foams
are used in various fields of biomedical applications including tissue engineering
and cell culture. It is observed in the literature that most of the PLA-based foams
used in bio-based sophisticated applications are fabricated by C/L technique due to
its cost-effectiveness and less usage of machinery. Some of the recent developments
observed in PLA-based foams are discussed in this section. The improvement in
the thermal stability and crystallinity in PLA-based foams can be achieved by using
additives like nanofillers, nanoclays, etc. The mechanical properties of PLA-based
foams are very much dependent on the amount of closed and open cells present
in the PLA foam matrix. Therefore, the increase in the closed cell percentage can
easily achieve mechanical strength. The plasticizers in PLA-based foams improve
the flexibility, which is a requirement in some sophisticated bio-based applications
[9]. Recent studies reveal that for some applications related to cell proliferation, the
large surface area is favorable along with wettability requirements, and PLA-based
foams can be tuned to the desired properties by utilizing nanobiofillers [10].

A representative field emission scanning electron microscopy (FESEM) image of
PLA-based foam is shown in Fig. 8, where the interconnected pores with cell walls
are clearly visible in the micrograph. Generally, for the improvement in mechanical
properties, foams are fabricated using extrusion or injection molding process using
supercritical carbon dioxide as PBA. Some investigations on the improvements in
mechanical properties of PLA-based foams suggest that using nanoclay (montmo-
rillonite (MMT)) at lower concentrations in the PLA matrix improves the tensile
strength of PLA foam. The nanoclay also helps in the generation of more nucleat-
ing cites which are also responsible for smaller pores in the matrix [11]. Similarly,
an increase of specific tensile strength of PLA-based foams is also observed under
foaming with compressed CO,. The elongation at break increases up to ~15 times
on foaming compared to unfoamed counterpart [12]. The reduction in cell size and
increase in the cell density can also be achieved in PLA-based foams using a mix-
ture of compressed CO, and N, (20:80 ratio) as PBA. Sequential addition of chain
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Fig. 8 FESEM micrographs of PLA-based foams fabricated at the Centre of Excellence for
Sustainable Polymers (CoE-SusPol), IIT Guwahati

extenders such as 1, 4-butanediol and 1,4-butane di isocyanate in PLA gives high
melt viscosity and elasticity to the PLA foam. Addition of crosslinkers in the PLA
matrix improves the glass transition temperature (T';) and thus affects the thermal
properties [13]. Foaming of PLA in the presence of chain extender such as Joncryl
4368, which influences the polymer viscosity and crystallinity. Chain extender helps
in the generation of smaller pores and improvement in cold crystallization temper-
ature [14]. PS/poly(glycidyl methacrylate) random copolymer has also been used
as chain extender in PLA matrix, which improves the viscous and elastic properties
along with smaller cell generation in PLA foam using supercritical CO, as PBA [15].

Investigations are also observed for the fabrication of PLA-based foams for tis-
sue engineering applications with very high interconnectivity of the pores. This is
achieved by using foaming of PLA/PS blend and then extracting the PS phase, which
leads to a highly interconnected porous PLA-foamed structure. The high intercon-
nectivity of pores is suitable for the growing of human cells in the PLA foam matrix
[16]. Similar types of PLA-based tissue engineering scaffolds can also be fabricated
by using a solvent-free method. PLA and sucrose immiscible blends are first obtained
from the extruder followed by solid-state foaming. The leaching of sucrose particles
ultimately leaves a foamed PLA structure. A highly porous (porosity: 90%) structure
with pore size ranging from 25 to 200 pwm can be achieved by this process [17]. Some
researchers utilize injection molding technique for the fabrication of high void frac-
tion polylactide foams. Incorporation of talc in the PLA foaming process is under N,
as PBA. They observed that talc/clay provides a more uniform cell structure with cell
size <50 wm. The crystallization kinetics of PLA is also affected by different param-
eters like the pressure of the gas, the presence of nanoclay/talc, mold opening, and
so on [18]. The continuous process of fabrication of low-density, microcellular PLA
foams with crystallinity and well-controlled cell morphology has demonstrated by
Wang et al. [19]. They have developed a tandem system utilizing CO, as PBA. They
systematically investigated the extrusion foaming behaviors of linear and branched
PLAs. They have concluded that molecular branching in PLA is responsible for
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melt strength and elasticity. The integrity of the cells and cell density increases with
branching. The extrusion foaming of PLA with endothermic chemical foaming agent
(CFA) has demonstrated by Matuana et al. [20]. They observed that void fraction is
closely related to the melt flow index of PLA. Various other parameters like process-
ing speed, CFA concentration, and melt flow index affected the cellular morphology
of PLA foam. Hence, by maintaining these parameters we can tune the PLA-based
foam morphology according to the desired applications. Improvements in cell den-
sity, reduction in cell size and increase in bulk compressibility of PLA-based foams
can also be achieved by using tapioca starch and cloisite Na* in the PLA matrix by
melt intercalation techniques. The PLA-based nanocomposite foams have superior
and excellent properties compared to neat PLA foam due to the possible interca-
lation of nanoclays in the PLA matrix [21]. The average pore size of PLA-based
foams can be achieved up to ~5 pm utilizing PLA/starch composite foaming by
supercritical CO; in batch foaming process. The increase in crystallinity is observed
in PLA/starch foams compared to neat PLA foam, which influences the mechani-
cal properties along with the expansion ratio [22]. Similar kind of improvements in
flexural and tensile strength in PLA/starch foams are noticed with the addition of
plasticizers like glycerol, urea, and so on [23]. The maximum expansion ratio of ~50
for PLA-based foam can be achieved by using extrusion foaming of semi-crystalline
PLA and thermoplastic starch blends. This system gives the minimum average pore
size as ~25 wm [24].

Some improvements in PLA-based foams can also be accomplished by blend-
ing it with different other materials and subsequent foaming of the system. Blend-
ing of PLA with polymers like poly(butylene adipate-co-butylene terephthalate),
poly(butylene adipate-co-terephthalate), PHBV, and so on has been demonstrated in
recent past [25-27]. Extrusion foaming of the above PLA-based polymeric blends
improves the mechanical and other properties of PLA foam. The decrease in the cell
size (up to ~10 wm) and increase in the cell density is observed. The degree of crys-
tallinity in PLA-based foams can also be improved by using flex-fiber composites
and coupling agent [28]. Introduction of stereocomplex crystallites in the PLA matrix
helps to improve the heat resistance property of microcellular PLA-based foam. A
significant increase in cell density and decrement in cell size is also reported on
the incorporation of stereocomplex crystallites [29]. Flame retardant property of
PLA-based foams can be improved by using starch as a natural charring agent [30].

Introduction of hyperbranched polyester (HBP)/nanoclay in the PLA matrix by
an injection molding process using N, as PBA has been reported by Pilla et al. [31].
They have achieved a maximum expansion ratio as 1.2 and minimum average cell
size as ~10 wm. The addition of HBPs and nanoclay decreased the average cell
size and increased the cell density of PLA-based foam. The development of first
nanocellular PLA-based foams has been demonstrated by Fujimoto et al. [32]. They
have fabricated PLA/layered silicate nanocomposite foam utilizing supercritical CO,
as PBA in batch foaming technology. The expansion ratio of ~2.7 and average cell size
of 360 nm can be achieved by this technique. The fabricated foam mainly consists of
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a closed cellular structure which enhances the mechanical properties of PLA-based
foams.

Some improvements in the nanocellular PLA-based foam technology has been
carried out by Ema et al. [33], where foam processing and cellular structure of
polylactide-based nanocomposites has been studied. They used an autoclave for
foaming and utilized the batch foaming technique using supercritical carbon dioxide
(CO,) as a foaming agent. They investigated the foam processing of neat polylactide
(PLA) and two different types of PLA-based nanocomposites (PLACNs). The max-
imum expansion ratio of ~5 and minimum average cell size as ~200 nm is achieved
by this technique. The dispersed nanoclay particles acted as nucleating sites for cell
formation and the cell growth occurs on the surfaces of the clays. The PLACNs
provided excellent nanocomposite foams having high cell density.

The degradation of PLA-based foams is a very important phenomenon. Some
investigations on the degradation behavior of PLA-based foams can be observed in
the literature. The enzymatic degradation of PLA-based foams can be enhanced by
changing the pore size. It is observed that the degradation rate of nanocellular PLA-
based foam is ~2 times higher than the microcellular foam with the same crystallinity.
This phenomenon is due to the large surface area of the nanocellular foam which can
accommodate a large amount of water facilitating the enzymatic degradation faster
than microcellular foam [34].

5 Nanostructured Materials in PLA-Based Foams

The addition of nanobiofillers in the polymer matrix for tuning of various properties is
also a growing field of PLA-based foams. Some investigations have been reported in
literature about the usage of nanobiofillers like silk, cellulose, chitosan, gum Arabic
(GA), nanoclay, etc., in the PLA-based foams. These nanofillers are derived from
bio-sources and are abundantly available in nature. Therefore, the utilization of these
fillers in the PLA foam matrix has economic and environmental aspects.

5.1 PLA- and Silk Fibroin-Based Nanocomposite Foams

Silk is a widely used material for improving the properties of PLA-based foam
materials. The fabrication of microcellular biodegradable PLA/silk composite foams
using supercritical CO, has been reported by Kang et al. The reduction in cell size
and increase in cell density is observed with the increase in silk fibroins in the PLA
matrix. By utilizing this technique, average cell size up to ~15 pm can be achieved
[35].
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5.2 PLA and Nanocellulose-Based Nanocomposite Foams

Cyclic tensile properties of PLA-based foams can be tuned by using cellulose
nanocrystals (CNC) as demonstrated by Qiu et al. [36] using high-pressure batch
foaming process. Improvement in the cell density and decrement in wall thickness is
observed for PLA/CNC-based foams. Incorporation of cellulose nanofibers (CNF) in
the PLA foam matrix has been reported in some of the investigations. Improvements
in strain at break and high tensile toughness in PLA/CNF-based microcellular foams
have been demonstrated in past years [37]. Viscosity of the fabricated PLA/CNF-
based foams is also influenced by CNF content as reported by Youn Cho et al. [38].
They used supercritical carbon dioxide as a PBA. They also found that compared to
neat PLA foam, the PLA/CNF nanocomposite foams exhibited decreased cell size as
well as increased cell density and foam density due to the improved viscous proper-
ties. CNF mainly acts as a nucleating agent in the PLA matrix at low concentrations;
however, at higher concentration, it hinders the chain movement of PLA. The intro-
duction of CNFs significantly improves the morphology of PLA foams. Both the
amount of CNFs and surface acetylation contribute to the reduction in cell size and
an increase in cell density of PLA-based foam [39]. Improvements in mechanical,
thermal, and wettability properties of PLA/CNC-based microcellular foams fabri-
cated by C/L technique utilizing sucrose as porogen medium has been reported. The
bionanofiller mainly acts as a nucleating agent in the PLA matrix in lower loadings
and acts as a physical barrier for chain folding in higher loading. CNC nanobiofillers
also help in crystallization of PLA-based foams. CNC also influences the thermal
stability of the fabricated PLA-based foams. The cell density increases, and cell size
decreases with increasing CNC content. The hydrophobicity of PLA-based foams
improves with increase in CNC due to the change in morphology and the effect of
nanofiller. CNC also helps in increasing the surface area of PLA-based foams. The
energy of crystallization also increases with CNC loading. The thermal degradation
investigation of PLA/CNC-based foams reveals the increase in activation energy
with CNC at lower loadings indicating an increase in thermostability by uniform
dispersion of CNC nanobiofillers in PLA foam matrix. A change of ~40-50 kJ/mol
in activation energy has been reported for PLA/CNC foam system compared to
PLA/CNC film system due to the generation of more surface area and more cites of
degradation in PLA/CNC-based foams. However, CNC has no significant effect on
the mechanism of degradation of PLA-based foams [40, 41].

5.3 PLA- and Nanochitosan-Based Nanocomposite Foams

Nanobiofillers like chitosan and GA act as plasticizing agents in the PLA matrix.
Chitosan is abundantly available in nature. It comes from natural resources. Chitosan
is a very useful bionanofiller. It has the approval of the Food and Drug Administra-
tion (FDA) as a non-toxic material and can be utilized in foods and other biomedical



284 S. S. Borkotoky et al.

applications. However, due to its hydrophilic nature, some modifications in the sur-
face have to be conducted to make it compatible with hydrophobic biopolymers.
Chitosan microspheres have been utilized in PLA foam matrix for application of
peptide carrier in biomedical fields [42]. Some investigations demonstrated the fab-
rication of PLA-based foams with chitosan for breast cancer cells [43]. Chitosan
nanofiller has been widely utilized in poly (L-lactic acid) foam matrix for cell pro-
liferation investigations [44]. On the other hand, poly (chitosan-grafted-lactic acid)
scaffolds have been utilized for biocompatibility investigations [45]. PLA/modified
chitosan (MC)-based microcellular foams have been fabricated by C/L technique.
The ~2.3-fold increase in cell density and ~1.3-fold decrease in cell size have been
demonstrated compared to neat PLA foams. The MC (oligomer-grafted-chitosan)
improves the hydrophobicity of the fabricated PLA-based foams. The increase in
the surface area has been reported with an increase in MC concentration due to the
generation of smaller pores. MC acts as a nucleating agent in the PLA matrix. How-
ever, due to the presence of low-molecular-weight oligomers in MC, the thermal
properties slightly decrease. The activation energy decreases with an increase in MC
loading due to its plasticizing effect in PLA foam matrix [46].

5.4 PLA- and Nanogum-Based Nanocomposite Foams

GA is a polysaccharide obtained from trees like Acacia senegal and Acacia seyal. It
has some added advantages like non-toxicity, biodegradability, and easy availability
as it comes from natural resources. GA has Generally Recognized as Safe (GRAS)
certification by United States Food and Drug Administration (USFDA). A recent
investigation on PLA/modified GA (MG)-based microcellular foam demonstrated
that MG acts as a plasticizer in the PLA foam matrix due to the presence of oligomer.
MG helps in the generation of smaller pores in the matrix. From the porosimetric
investigation, an increase in cell density and a decrease in cell size in PLA foam have
been reported. The hydrophobicity of PLA-based foam increases with the increase
in MG due to the change in surface morphology of PLA foam. However, a decrease
in thermostability and thermo-mechanical properties has been reported [47].

From the above discussion, it can be concluded that the bio-based nanofillers can
be effectively used in the PLA foam matrix to improve various properties. The use
of bionanofillers in PLA foam matrix leads to the opening of a wider window of
applications in the field of tissue engineering and cell proliferation for PLA-based
foam.

6 Other Bio-based Sustainable Foams

Apart from PLA-based foams, some important and useful bio-based sustainable
foam includes starch foam, cellulose foam, polyvinyl alcohol (PVOH), PCL, and
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ethylene vinyl alcohol (EVOH). Starch is the first developed biodegradable foam
in the history of biopolymer foams. The starch foam was first developed in 1964
(US patent 3137592) and further modified as a hydrophobic porous starch foam in
1975 (US patent 3891624). Water-soluble PVOH foams were developed in 1992
(US Patent 5089535). The applications of these biodegradable sustainable foams are
limited. The starch foam is mainly utilized in the food packaging industry. PVOH and
EVOH are the two water-soluble foams mainly utilized in packaging, oxygen barrier,
and multilayer packaging applications. The water solubility of these two foams makes
it environmentally friendly in nature, and disposal after end life is very easy. PCL
is also used in packaging applications, tissue engineering, high engineering advance
application with the aid of various bio-based materials such as chitosan, cellulose,
and others. The bio-based sustainable foams have some limitations in properties like
low mechanical and thermal properties [48].

The improvement in the properties of these biopolymers is the current need. A
wide range of applications needs to be investigated for these biopolymers. Among
these biopolymer foams, starch attracts the scientific community due to its agricul-
tural routes. As discussed in the earlier section, improvements in PLA-based foams
can be carried out using starch as an additive. Starch foam has the capability to
compete with PS foam in the loose-fill market. Biodegradable Green Cell® foam
(GCF) can be fabricated from the proprietary corn—starch blend [49]. It is mainly
targeted for protective packaging applications. Starch foam is already an established
player in the loose-fill global market. Starch-based packaging peanuts are made from
crop-based sources and are non-toxic in nature. The biodegradable peanut for pack-
aging brand, Biofoam, can be fabricated from grain sorghum. Starch-based loose-fill
biodegradable peanuts are soluble in water, whereas PS-based loose-fill packaging
is not soluble in water. Therefore, a significant research is required to improve the
starch-based foam to make it comparable with PS-based foams. The improvements
in the technology are required to overcome the drawbacks like higher weight, dust
creation, high cost, and lower resilience of starch-based foams for different packag-
ing applications. On the other hand, some important factors like life cycle analysis,
testing, new processing technique, and proper disposal methodology need to be prop-
erly addressed for these bio-based polymer foams to make it more applicable and
cost-effective in the near future.
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