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1 Introduction

The eco-friendly polymers which are also known as green polymers comprise the
materials which are either biodegradable or derived from biobased renewable sources.
Therefore, these polymers and their corresponding composites trim down the negative
human footprint on the environment. In the current scenario, due to the growing
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environmental issues; it is indeed necessary to put together the great importance for
developing “green materials” in both R&D as well as in industries [1]. Photosynthetic
components extracted from plants and wood biomass; such as starch, cellulose,
hemicellulose, lignin produced from atmospheric carbon dioxide, can be used as
renewable carbon resources [2]. Based on the concept of “carbon neutrality”; when
biodegradable polymers such as polylactic acid (PLA), polyhydroxyalkanoate
(PHA), polysaccharide derivatives are burnt, they are considered as green materials,
because the liberated carbon dioxide is again transformed into biomass [3].

NCs are known as the materials of the 21st century; having a unique design and
different properties which are lacking in conventional composites [4]. A number of
biodegradable polymers and their layered silicate NCs are widely being used for
different applications. NCs, as the term indicates are the composites in which at
least one of the dimensions falls under nanometre range (1–100 nm). NCs consist
of one or more discontinuous phases which are distributed over single continuous
phase. The continuous phase is known as matrix whereas discontinuous phase as
reinforcing material. Mechanically, NCs are having high aspect ratio and high
surface to volume ratio of the reinforcing material. Green composites are made from
both renewable sources based on biopolymers and biofillers (including nano-type
fillers), with a positive environmental impact.

NCs are the alternative materials for overcoming the lacunae of microcomposites
and monolithic; however, NCs may go through the formulation challenges related
to the control of elemental composition in nanocluster. NCs possess multifunctional
advantages due to some unique properties like smaller filler size, improved ductility
with the same strength, light transmission characteristics, flame retardancy, thermal
stability and chemical resistance. Three different techniques are usually followed to
prepare eco-friendly polymer NCs (EFPNC) which include solution casting, in situ
polymerization, and melt processing. Additionally, as dimension reaches the
nanometre level, interactions at phase interfaces improved significantly, and this is
important to enhance the properties of the material [1].

Polymers which are used as NCs can be classified based on their (a) native
biomass such as plants, animals, microbial and synthetic based and (b) chemical
structure (polysaccharide and polypeptide based). Eco-friendly polymers can be
extracted from the natural sources mainly by chemical treatment and mechanical
method including grinding, milling, sonication, and ultrasonication. The prepared
polymer NCs are very useful in making lightweight sensors, producing structural
components with a high strength to weight ratio, aerospace, automotive, electronics,
biotech, and pharmaceutical industries [3].

2 Isolation of Eco-friendly Polymers

This part of the chapter briefly describes different processes used for the isolation of
eco-friendly polymers from their natural sources. The described eco-friendly
polymers were classified according to their origin viz., plant, animal, microbial and
synthetic based (Scheme 1).
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2.1 Eco-friendly Polymers of Plant Origin

Plant-based polymers have gained tremendous attention in recent years due to their
high sustainability. In the next section, attempts have been made to concisely report
different extraction techniques available in the literature for isolation of plant-based
biopolymers.

2.1.1 Cellulose Extraction

Cellulose, with *1011 tons of annual turnover, is the most abundant natural poly-
mer, containing vital skeletal polysaccharide component, composed of the b(1–4)
glycosidic bond [5]. The biosynthesis of cellulose takes place not only in the plant
but also in bacteria viz. Acetobacter, Acanthamoeba, Achromobacter and fungi
[6, 7]. Cellulose is an extensive linear-chain polymer with a large number of hydroxy
groups (three per anhydroglucose unit). Cellulose from its natural precursor sources

Scheme 1 a Pictorial representation of different eco-friendly polymers classified according to
their source. b Schematic representation of different components of polymer nanocomposites and
their characterization techniques
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can be isolated in two stages. The first stage involves pretreatment of raw material for
purification and homogenization depending on the source material and desired
morphology of cellulose particles. The pretreatments for plant biomass involve the
complete or partial removal of matrix materials (hemicellulose, lignin etc.) and the
isolation of individual complete fibers. Detailed descriptions of several of these
pretreatment methods are already available in literature [8, 9]. The plant cellulose
extraction methods include chemical and mechanical treatment as well as a com-
bination of both. The chemical treatment involves acid hydrolysis [8, 10, 11]
whereas the mechanical treatment includes high pressure homogenization [12, 13],
grinding, cryo-crushing [14] and sonication [15]. Appropriate treatment of cellulose
fibers leads to increase in the inner surface, alters degree of crystallinity, breaks
hydrogen bonding and increases the reactivity of the cellulose to further facilitate the
process of nanocellulose formation [10].

2.1.2 Hemicellulose Extraction

The hemicelluloses usually comprise off 20–30% of the dry weight of wood. It is
the monomer of mixed sugar of short polymer length, consist mainly of mannose
along with xylose, glucose, galactose and arabinose, where the main chain is
connected to b(1–4) glycosidic bonds. The presence of hydroxyl group on the
backbone of hemicellulose creates an opportunity for the chemical modification and
can lead to the development of new nanobiocomposite. Lignin content was
removed from plant biomass using concentrated NaOH and ethanol, and the
resulting holocellulose solids were then extracted using NaOH (10%) to provide a
filterate rich in hemicellulose. After the addition of ethanol, the precipitates were
collected which predominantly contain xylose based hemicellulose [16, 17].

2.1.3 Lignin Extraction

Lignin is one of the abundant biopolymers after cellulose which is derived from
plants and their wastes [18] and acts as connecting bridge between cellulose and
hemicellulose. Lignin with cellulose combines to form large lignocellulosic bio-
mass which has a high potential for production of biomaterials and chemicals [18–
20]. Lignin can be isolated via different techniques viz., physical and chemical
pretreatments and oxidation [21], enzymatic cellulose hydrolysis [22], acidification
of black liquors (liquid-lignin) through sequential liquid lignin recovery process
(SLRP) [23], pre-hydrolysis using kraft pulping [24] and microwave-assisted aci-
dolysis [25]. Lignin has also been isolated from reed straw via thermomechanical
process through attritor-type laboratory ball mill [26].
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2.1.4 Starch Extraction

Starch is one of the major dietary sources of carbohydrates and it is found abun-
dantly in the form of polysaccharide in plants. This is an important polymer, formed
from long chains of a-glucose units joined together by glycosidic linkages con-
taining two types of molecules i.e. amylose and amylopectin [27]. It is commonly
found in roots, tubers, cereal grains and also occurs in a variety of foods, fruits and
vegetable tissues etc. Starch and its derivatives have been used as capping and
reducing agents for the synthesis of many metallic nanoparticles [28]. Starch is
mostly isolated from white rice through alkali extraction method [27]. Acid
hydrolysis at 37 °C was used to extract starch from peas to form pea starch
nanocomposite [29]. Similarly, starch nanocrystals were also prepared from native
pea granules through acid hydrolysis using mild stirring [30]. Enzymatic treatment
of waxy maize through a-amylase hydrolysis was also one of the approaches used
for starch isolation [31]. Few other techniques include ultrasonication [32], com-
bined enzymatic hydrolysis couple with chemical or physical treatment and acidic
treatment was also used for starch isolation [33, 34].

2.1.5 Alginate Extraction

Alginate is the derivative of alginic acid widely distributed in the cell wall of brown
algae in the form of calcium, magnesium and sodium salt of alginic acid. These are
anionic linear polysaccharides containing b-D mannuronic and a-L-guluronic acid
residues linked by b 1–4 glycosidic bond forming homo- and heteropolymeric
structures. Alginate biopolymer and its NCs are biocompatible and inexpensive
which allows them to be used for various biomedical applications [35]. Alginate
extraction was done using broken seaweed pieces, which was then stirred with a hot
solution of an alkali, usually sodium carbonate. Alginate nanocomposite can be
prepared in a two-step procedure based on the ionotropic pre-gelation of polyanion
with calcium chloride salt followed by polycationic crosslinking [36].

2.1.6 Zein Extraction

Maize, a major cereal grain throughout the world, is being used for the isolation of
zein. Zein is a protein that is exclusively found in corn. However, there are some
other proteins with similar prolamin characteristics, which can be isolated from
common cereals such as wheat, barley, rye, and sorghum [37]. Zein extractions
require a complex balance between yield, quality, and purity. Dry-milled corn
(DMC), acts as a good material to extract zein. Wet milling of corns can also be
used to create a co-product that is rich in zein [38].
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2.1.7 Soy Extraction

The consumption of soy has gained popularity in the world during recent decades
due to (i) increased awareness of the consumer, (ii) drive for a healthier lifestyle,
(iii) predominance of lactose intolerance cases and (iv) improved processing of
soybeans with reduced off-flavors. Common process of soy extraction steps
involves soaking of the soybeans, followed by grinding of the materials in cold
water. Subsequently, these materials were then filtered and cooked at 100 °C for
30 min. This method can be further modified by grinding the soy extracts in hot
water, which has the advantage of lipoxygenase (LOX) inactivation in the final
extract [39].

2.2 Animal-Based Eco-friendly Polymers

This section includes different biopolymers isolated from animal origin viz., col-
lagen, gelatin, chitin and chitosan, casein and hyaluronan.

2.2.1 Collagen Extraction

Collagen is a fibrous protein which is predominantly present in the connective
tissues of animals. It offers a wide range of applications in the food, pharmaceu-
ticals, cosmeceuticals and photographic industries. Before the extraction of colla-
gen, a pretreatment is performed using an acid or alkaline process which depends
on the origin of the raw material. Collagen can be extracted by both chemical and
enzymatic hydrolysis process. Although, chemical hydrolysis is frequently used in
many industries, enzymatic hydrolysis shows more potential in obtaining products
having high nutritional significance and improved functionality. Furthermore, the
enzymatic processes require less processing time and have the advantage of min-
imal waste generation [40].

2.2.2 Gelatin Extraction

Gelatin is a fibrous denatured polymer derived from collagen protein. It is an
important biodegradable polymer having a broad range of applications in food and
pharmaceutical industries. Due to its inherent cross-linking property, it has been
widely used for nanoparticle synthesis [41]. There are mainly two types of gelatin
viz., Type A and Type B which can be obtained via acid and base treatment [42]
respectively in combination with thermomechanical process [43].
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2.2.3 Chitin Extraction

Chitin is the second most abundant naturally occurring polysaccharide after cel-
lulose and mostly found in crustaceous shell or in cell walls of fungi. Chitin is
consisted of repeated homopolymeric b(1!4) linked N-acetyl-D-glucosamine units
[44]. It has limited industrial application due to its insolubility in commonly used
solvents. Further, the isolation of pure chitin from natural sources is difficult. The
general methodologies for isolation of chitin involves three main processes viz.,
demineralization, decolourisation followed by deacetylation. After initial washing
and drying, the raw scales were soaked in HCl (1%) solution for 36 h. These were
then washed, dried in oven and kept in NaOH (2N) solution for 36 h to complete
demineralization. Finally, these scales were immersed in potassium permanganate
solution for 1 h, followed by addition of oxalic acid to achieve decolorization.
Chitin isolated from the above process was further subjected to NaOH treatment
(50% w/v) to obtain deacetylated chitin [45].

2.2.4 Casein Extraction

Casein is an essential protein which approximately counts for 80% of the total
protein content of cow milk. Casein is also termed as globular protein, because it
generally forms globules in the milk, and is mainly responsible for white color of
the milk. Casein in its native form exists as calcium salt, hence termed as calcium
caseinate. Casein can be extracted from reconstituted nonfat powdered milk using
acetic acid treatment. This procedure allows the extraction of casein in the form of
precipitated mass [46].

2.2.5 Hyaluronan (HA) Extraction

HA is a high-molecular-weight unsulfated polysaccharide. HA is mainly composed
of subunits of D-glucuronic acid and N-acetyl glucosamine which is coupled by
b(1–3) and b(1–4) glycosidic linkages. High water-retention capacity, mucoadhe-
sion property, viscoelasticity, non-immunogenicity and biocompatibility make it an
ideal candidate for healthcare applications [47]. HA can be obtained from various
animal sources, such as umbilical cords, rooster combs, bovine submaxillary glands
and zones of maturing chondrocytes. Muscle and skeleton comprises off *35% of
human HA. Extraction procedure of HA mainly includes dissection of bigeye tuna,
followed by repeated thawing and filtration of vitreous at 4 °C to isolate the car-
bohydrate content which was further precipitated by adding cetylpyridinium
chloride (CPC) to the filtrate. The HA-CPC complex was separated by
re-suspending the precipitated mass in sodium chloride solution followed by cen-
trifugation. Using a series of continued chemical followed by centrifugation process
HA was finally isolated as freeze-dried material [48].
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2.3 Bacterial-Based Eco-friendly Polymers

2.3.1 Bacterial Cellulose Extraction

Bacterial cellulose shares almost identical chemical structure as that of
plant-derived cellulose, though it possesses high degree of polymerization, purity,
crystallinity, water holding capacity compared to the later one [49]. This interesting
biopolymer has been widely used in food, pharma, paper industry etc. [50]. For the
successful production and isolation of BC, several factors such as physiological and
nutritional conditions, temperature, incubation time, agitation etc. plays an impor-
tant role. Standard static condition of bacterial growth is required for the isolation of
bacterial cellulose. Glycerol improved the dry mass production of bacterial cellu-
lose approximately 2–3 times as compared to when mannitol and glycerol in
combination was used as carbon source [51].

2.3.2 Pullulan Extraction

Pullulan is an extracellular hydrophilic polysaccharide produced by different strains
of yeast-like fungus e.g., Aureobasidium pullulans. It is synthesized intracellularly
at the cell wall and secreted out to the cell surface to form a loose and slimy layer. It
comprises of mixed linear linkage of a-D-glucan which consist mainly maltotriose
units coupled by a-(1!6) linkages [52]. Pullulanase, is an enzyme belonging to the
a-amylase family, identified as glycoside hydrolase and breaks a-(1!6) linkages
present in various biopolymers like pullulan, starch and amylopectin [53].
Extraction of pullulan involves the use of fermenter; in which production medium
was inoculated with 10% seed culture. Finally, the fermentation was performed at
an optimized temperature (27 °C) and air flow condition under optimized revolu-
tion (*210 rpm) for one week to isolate pullulan [52].

2.4 Synthetic Eco-friendly Polymers

2.4.1 PLA Synthesis

PLA is a synthetic biodegradable polymer of lactic acid with two optically active
stereoisomers viz., L(+) and D(−). Isolation of lactic acid in industry is mainly
accomplished by fermentation process using bacterial strains of Lactobacillus genus
viz., Lactobacillus delbrueckii, L. amylophilus, L. bulgaricus and L. leichmanii at a
pH range between 5.4–6.4 and temperature range of 38–42 °C. PLA can be sub-
sequently produced from lactic acid through polymerization process [54].
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2.4.2 PLGA Synthesis

Poly(D,L-lactide-co-glycolide) (PLGA) is amongst the most widely used FDA
approved biodegradable polymer for bio-applications since it produces metabolite
monomers lactic acid and glycolic acid, after its hydrolysis. This copolymer can be
synthesized by treating D, L-lactide and glycolide at 175 °C in the presence of
stannous octoate and lauryl alcohol. PLGA-nanoparticles are internalized in cells
partly through fluid phase pinocytosis and also through clathrin-mediated endo-
cytosis process [55, 56].

2.4.3 Polyesters Synthesis

Polyesters are a class of polymers which can be synthesized as a result of poly-
condensation (step-growth polymerization) reaction between dialcohol and diacid/
or diester. Unsaturated polyester (UP) resin is widely used in various industrial
applications such as marine, automotive, coatings, storage tanks, piping and con-
struction [57].

3 Spectroscopic and Microscopic Characterization
of Biopolymers and Their NCs

This part of the chapter includes different spectroscopic and microscopic techniques
which were used for the characterization of the described eco-friendly polymers and
their corresponding NCs. For the ease of understanding, the discussion in this
section was classified based on the chemical structure of the polymers viz.,
polysaccharide, polypeptide and synthetic based materials.

3.1 Polysaccharide-Based Biopolymers

Polysaccharide-based biopolymers are composed of long chains of monosaccharide
units, which are connected by glycosidic bonds. Polysaccharide NCs have become
increasingly important materials over the past decade, since these offer a green
alternative to synthetic polymers. These have also been used as composites with
hard nanomaterials, such as metal nanoparticles and carbon-based nanomaterials
(Fig. 1).
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3.1.1 CHNS Analysis

The elemental analysis of lignin suggested that organosolv and kraft lignin have
higher percentage of carbon and lower percentage of nitrogen content compared to
other sources of lignin. However, the nitrogen content was higher for aminated
lignin of epoxy resin polymer [58]. It was also reported that corn straw and wheat
straw contains approximately equal amount carbon, hydrogen, nitrogen, and sulfur
[59]. CHNS analysis of modified nanocrystalline cellulose (CNC) revealed higher
amount of carbon content and less amount of sulphur and oxygen content as
compared to native CNC [60].

3.1.2 FT-IR Spectroscopy

FT-IR has been one of the most common spectroscopic techniques that were used
for the identification of different chemical functional groups present in the
biopolymers. Numerous studies were already performed on natural fibers by FT-IR

Fig. 1 Chemical structures of different polysaccharide based biopolymers
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[61]. The peak observed at 3349 cm−1 represents the stretching vibration of O–H,
related to hydroxyl groups present in lignin, hemicelluloses and cellulose [10]. The
C–H stretching vibrations in cellulose, hemicelluloses and lignin were identified at
the spectrum range of *2900 cm−1. The transmittance peak observed at
*1645 cm−1 was attributed to the O–H bending vibration which resulted from the
interaction between cellulose and the absorbed water molecules [62]. The peak
position at *1462 cm−1 present in the spectrum was attributed to the symmetric
bending of –CH2 present in sugar backbone whereas the peak at *1313 cm−1 was
due to the existence of bending vibration from C–H and C–O bonds in the
polysaccharide aromatic rings of cellulose. The peaks observed at*1216 cm−1 and
1157 cm−1 were assigned to C–O–C of arylalkyl ether present in lignin and C–H
rocking vibration, respectively. The characteristic anhydroglucose chains showed
peak at *1047 cm−1 due to C–O stretching. Further, the peak at *898 cm−1 was
identified as C–H glycosidic deformation or b-glycosidic linkage and was also
known as the amorphous band [10]. Spiridonov et al. [63] reported decrease in
–COO– peak in presence of Fe3+ coordination for maghemite carboxymethylcel-
lulose NCs. Further, FT-IR studies were also used to evaluate cellulose stability for
TiO2-cellulose nanocomposite prepared by microwave solvothermal process [64].
In another report, a hemicellulose-diethylenetriaminepentaacetic acid (DTPA)-
chitosan nanocomposite was characterized by FT-IR studies. The corresponding
spectra showed new peaks at *3030 and 2780 cm−1 which indicated the car-
boxylic acids present in DTPA [65]. The FT-IR spectra of bacterial cellulose almost
correspond to the peaks already mentioned for other cellulose species [66]. Foong
et al. [67] reported appearance of new IR peaks at *1720 and 1449 cm−1 which
corresponds to acetyl and CH3 groups of PLA and indicated conjugation of PLA on
bacterial cellulose surface. A mixed nanocomposite of chitosan and alginate
nanoparticles was prepared in presence of glutaraldehyde and characterized using
FT-IR. The bands obtained at *3360–3440 cm−1 were assigned as N–H and O–H
stretching modes of vibrations for chitosan/alginate NCs. Further, the broadening of
IR band confirmed the formation of intermolecular hydrogen bonding for chitosan/
alginate NCs [68]. FT-IR spectroscopic analysis of chitin/chitosan revealed that the
absorption bands of chitosan were similar to those for standard chitin. IR bands
observed in the range of *3425–2881 cm−1 were assigned to N–H stretching for
primary amines whereas the bands at *3425–3422 cm−1 were indicative of dif-
ferent vibrations of N–H, O–H and NH2, present in chitin. When chitin undergoes
deacetylation, a higher intensity peak was observed at *1597 cm−1 which sug-
gested effective deacetylation and prevalence of NH2 group [45]. The chitin and
chitosan isolated from Fusarium solani present in marine soil revealed the presence
of amide I region (*1657–1642 cm−1), amide II stretching with C–O group
(*1560–1550 cm−1) and amide III region (1381–1375 cm−1) [69]. The herbal
nanocomposite of chitosan showed IR peaks of lower intensity at *3474/
3468 cm−1 and 1745/1654 cm−1, possibly due to the presence of intermolecular
hydrogen bonding between chitosan and corresponding active ingredients [70].
Pullulan nanocomposite prepared using lysozyme nanofibres (LNF) and polysac-
charide solutions were characterized by FT-IR and showed characteristic bands for
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both the reactants [71]. The existence of both a-(1!4) and a-(1!6) glycosidic
linkages in the pullulan structure was confirmed by the presence of IR band at
935 cm−1 [72]. Chemometric analysis of lignin isolated from different sources was
also studied using infrared spectroscopy [73]. Although there are various sources of
lignin or lignocellulosic biomass, the best quality material can be screened by
monitoring characteristic FT-IR spectra [74, 75]. IR peaks at *800, 1350, 1540
and 3300–3500 cm−1 were assigned for N–H vibration, C–N vibration, N–H
bending vibration, and N–H stretching vibration of aminated lignin respectively.
Further, the peak at *3400 cm−1 was assigned for O–H stretching of demethylated
lignin [58] while the peak at*1270 cm−1 was designated for aromatic ring
vibration of guaiacyl lignin [74, 76].

Similarly, FT-IR spectra were used for the chemical characterization of corn
starch, starch nanoparticles (SN) and citric acid modified starch nanoparticles
(CASN). The key difference between CASN compared to corn starch and SN was
the appearance of a new peak at *1738 cm−1 for an ester group and at
*1017 cm−1 for C–O bond stretching of the C–O–C group of the anhydroglucose
ring which was exclusively present in CASN. It was being inferred that in corn
starch and SN, the oxygen of the C–O–C group could form the hydrogen-bond with
the hydroxyl groups and the ester bonds in CASN, shifting C–O bond stretching of
the C–O–C group to 1026 cm−1 [77].

3.1.3 Powder XRD

Powder XRD technique has been used widely for the identification of crystalline
and amorphous nature of the concerned polymers and their composites. The XRD
was used to investigate the crystalline structure of the raw fibers, mercerized cel-
lulose, and CNS. It was observed that the XRD patterns of raw fibers and com-
mercial cellulose were clearly different compared to the mercerized cellulose and
cellulose nanoparticles. For the raw fibers, a characteristic 2h band between
13° (101), 17° (101) along with a broad peak at 22.5° (002) were observed, which
corresponds to the cellulose-I structure. These results were in agreement with those
observed for native cellulose [78]. It was also observed that the peaks for the
amorphous region at 14° and 16° were hard to distinguish due to their close
proximity [79]. Further, it was found that in case of mercerized cellulose and CNS,
the corresponding peaks were shifted to 12°, 20°, and 22° and were related to same
crystal planes mentioned earlier. The crystallinity index for raw material, mercer-
ized cellulose and CNS were found to be *68, 64 and 88%, respectively [80]. In
case of TiO2–cellulose nanocomposite additional peaks at 34.3° (004), 38.2° (004),
48.0° (200) and 70.11° (220) were observed corresponding to the tetragonal
structure of TiO2 and reflected no change in the crystalline structure of the wood
cellulose fibers [64]. Observation of a broad peak at 19° in powder XRD indicated
the conversion of hemicellulose to xylitol [81]. Xylan hemicellulose (XH)/cellulose
fiber NCs showed the presence of crystalline peaks whereas freeze-dried XH
powder showed no distinct crystalline peaks [82]. Bacterial cellulose showed three
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characteristic peaks of cellulose at 2h = 14.7° [39], 16.4° [39] and 22.6°
(200) which were attributed to the elementary cellulose crystalline structure. Carbon
sources used for bacterial growth can also affect the degree of crystallinity in
bacterial cellulose. Further, the crystallinity of bacterial cellulose produced in
agitated condition was found to be lower than the static culture due to the presence
of structural disorder [83]. XRD studies of the bacterial cellulose (BC) and
drug-loaded BC matrices were carried out by varying the scanning angle in the
range of 10° to 60°. The distinct peaks observed in the diffractogram for BC at
14.12°, 16.8°, and 22.72° demonstrated the crystalline structure of BC. The surface
modified BC showed peak pattern similar to as-synthesized BC with lower inten-
sity, indicating a reduction in the crystallinity as a result of acetylation. Apart from
the peaks at 26.90°, 28.54° and 29.82°, BC-famotidine matrices have strong peaks
at 11.58° and 17.76°, confirming the entrapment of drug into matrices. The
appearance of distinct peaks in the pattern for BC-tizanidine matrices at 25.06° and
26.46° showed lower crystal growth of the drug nanocomposite [84]. XRD patterns
of calcium alginate/graphene oxide NCs revealed an amorphous structure, whereas
those of barium alginate/graphene oxide composites indicated the presence of
semi-crystalline structure which might have resulted from the preferential binding
of barium ions to mannuronic acid blocks [85]. The XRD patterns of chitin and
hydrolyzed chitosan confirmed that all chitin samples exhibited strong reflections at
a 2h value between 9 and 10°. XRD spectra further suggested that chitin is
amorphous in nature whereas chitosan is crystalline [45]. Chitin/cashew gum
(CT/CG) nanocomposite showed sharp peaks at 2h = 9.28° and 17.54° corre-
sponding to diffractions of CT and CG segments respectively when blended with
metal oxide nanoparticles. Furthermore, peaks at 2h corresponding to 21.65° and
26.13°, indicated the semi-crystalline nature of the blend matrix [86]. The XRD
patterns of carbonized lignin showed peaks at 26.7° (002), 43.2° (100/101),
54.7° (004) and 78.1° (110) confirming the structural changes happened in lignin
after carbonization whereas untreated lignin did not show above-mentioned peaks,
which revealed its non-crystalline nature [87]. Pure pullulan has no crystalline
peaks implying that the material is fully amorphous [88]. Unfilled glycerol plasti-
cized and non-plasticized pullulan films were characterized by a broad peak cen-
tered at around 19°, typical of fully amorphous materials [89]. Rice starch showed
A-type diffraction pattern peaks at a 2h value of 9.9°, 15.0°, 17.0°, 18.1° and 23.5°.
Extensive hydrolysis of rice starch showed less intensity diffraction patterns which
indicated that hydrolysis occurred in the amorphous region [31]. A native starch
granule was pre-treated with b-amylase and glucoamylase and found that pretreated
starch granules have semi-crystalline nature as compared to native starch [33].

3.1.4 NMR

NMR is a one of the strongest technique which is used for characterization of
chemical moiety present in most of the compounds. Microcrystalline cellulose
(MCC) biopolymer was converted into spherical cellulose container (SCC) by the
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sonochemical method and investigated by 13C MAS NMR. The spectra depicted
that peak of different carbon atoms of the glucose pyranose repeating unit in MCC
and SCC were quite similar [90]. 1H-NMR spectra of acetylated and demethylated
lignin showed peaks corresponding to 6.0 and 8.0 ppm for two of its important
aromatic precursor’s viz., syringyl and guaiacyl respectively. Further, the peak at
6.96 ppm was assigned for a proton of C5 position in the 9 carbon units of lignin
while 3.82 ppm peak was designated for a proton of methoxy group of the same
material [91]. 13C NMR spectrum of the aminated lignin was observed and showed
a peak around 130 ppm which corresponds to ortho- and para- positions of the
aromatic ring. Further, peaks were observed at d value 16.5, 17.8, 59.5, 82.2, 136.8
and 137.3 ppm for methyl groups, CH group of the aromatic ring and amine, CH
connected to oxygen and amine connected aromatic carbon atoms respectively [58].
2D NMR analysis of mild wood lignin showed typical lignin substructures such as
b-O-4, b-b, b-5, benzaldehyde and cinnamaldehyde units [92]. 31P NMR is a
powerful tool for hydroxyl group analysis in lignin biomass. Softwood lignin
showed characteristic peaks of hydroxyl groups present in an aromatic moiety of
lignin [93].

3.1.5 DLS and Zeta Potential

The stability of CNS is mainly related to the ions present during the acid hydrolysis.
For sulfuric acid treatment, the formation of sulfate ester groups allows water
dispersion of CNSs and prevents aggregation. The zeta potential of 0.1% CNS in
water indicated an average zeta potential of −23.3 ± 3.2 mV [94]. The DLS size of
CNSs was found to be in the broad range 30 nm to 1 µm which indicated the
anisotropic properties of the CNS suspension which were attributed to the different
aggregate states CNSs in solution [95]. Similarly, for hemicellulose broad particle
size distribution ranging from 50 to 400 nm was observed. Further, hemicellulose
showed negative zeta potential value which can be due to the presence of pectic
substances (anionic polysaccharides) and oxidized lignin structure on hemicellulose
surface [96]. Silver-chitosan nanocomposite showed particle diameter of *1553
nm whereas, simple chitosan showed the diameter of 78.8 nm. The zeta potential
analysis of silver chitosan nanocomposite revealed that the prepared nanocomposite
was negatively charged (−3.4 mV at neutral pH) [97]. Zeta potential and particle
size of chitin nanocomposite was found to increase as the amount of chitin (wt%)
were enhanced in the corresponding NCs [98]. The hydrodynamic diameter of
magnetic nanoparticles coated by a series of carboxymethylated polysaccharides,
such as dextran, cellulose, and pullulan was found to be 229, 719, and 330 nm,
respectively. The f potential in all of these cases had slightly negative values, which
increased with increasing magnetite content present in the composite [99].
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3.1.6 UV-Vis

The formation of gold-carboxymethylcellulose (CMC) NCs was confirmed by
UV-Vis spectroscopy by monitoring the appearance of Au surface plasmon band at
522 nm which was otherwise absent in case of both the precursors [100]. The
absorption intensity of Au was found to gradually increase with increasing CMC
concentrations in NCs. Moreover, absorption peak width became narrower sug-
gesting uniform size distribution of synthesized Au nanoparticles in presence of
carboxymethyl cellulose [101]. The absorption peak of chitosan ZnO nanocom-
posite was observed at 360 nm, which was having lesser intensity than macro-
crystalline ZnO absorption found at 372 nm. This was attributed to the quantum
size effect of chitosan-ZnO nanoparticles [102].

3.1.7 SAXS

SAXS was used to determine pair distances distribution function (PDDF) profile
related to the shape and the conformational arrangement of macromolecules.
The PDDF profile of the CNS before sonication (CNS-BS) and after sonication
(CNS-AS) showed different geometries. Interestingly, the non-sonicated CNS
exhibited an elongated curve due to agglomerated particles, whereas the CNS-AS
exhibited a Gaussian curve corresponding to spherical particles [103].

3.1.8 TGA

TGA was used to characterize the thermal behaviour of raw fibers, mercerized
cellulose and CNS and the values were found to be dependent on components
present in the plant cell wall. In fact, the cellulose decomposition was reported in
the range of 315–400 °C whereas for hemicellulose and lignin it was found to be
between 200–315 °C and 160–900 °C respectively [104]. For the raw fiber,
mercerized cellulose and CNS, decomposition started at 218, 223 and 209 °C and
the maximum degradation was observed at 346, 342 and 326 °C respectively. It
was found that compared to the CNS, the thermal stability of raw fibers and
mercerized cellulose was higher, possibly because of the presence of sulfate group
at the surface of the CNS. The difference in thermal behaviour between mercerized
cellulose and raw fibers was explained based on the presence of hemicellulose and
lignin material in the raw fibers [105]. Further, it was found that TiO2–cellulose
nanocomposite was more stable than pure cellulose [64]. Xylan-rich hemicellulose
(XH) and cellulose nanocomposite showed good thermal stability than freeze-dried
XH powder because of the presence of crystal structure [82]. Further, hemicellulose
Fe3O4 hydrogel NCs were also studied using TGA [106]. Similarly, bacterial cel-
lulose and its NCs were also evaluated for their thermal stability using TGA studies
and found that it resembles quite well with the thermal properties of the plant
cellulose. Literature reports suggested that the presence of mineral phase has
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changed the thermal degradation profiles of the bimetallic–alginate nanocomposite
samples when compared with the non-mineralized composite. This might have
resulted from the presence of mineral phase which improved the thermal stability of
the NCs by lowering the rate of alginate decomposition [107]. TGA thermogram of
AgCl/chitin nanocomposite suggested a reduction in the area under endothermic
peak in DSC and weight loss in TGA; thus confirming better stability for NCs
[108]. The aminated lignins were studied in detail to evaluate their thermal stability
[58]. TGA curves for freeze-dried raw starch samples suggested that the maximum
loss of mass happened around 260–330 °C and for the same composite, it was
noticed at *300 °C [32].

3.1.9 TGMS

Thermogravimetric- mass spectroscopy (TGMS) has been used to understand the
pyrolysis mechanism for hemicellulose. Under inert atmosphere and elevated
temperature condition carbonaceous material undergo aromatization. The decom-
position of the hemicellulose was observed between 200 and 580 °C and the mass
spectroscopy (MS) result showed peaks for CO2 (m/z = 44), CO (m/z = 28), CH4

(m/z = 16), and H2O (m/z = 18) [109].

3.1.10 DSC

DSC is one of the best analytical techniques to find the polymer crystallinity. The
same technique can also be used to study oxidation reaction as well as other chemical
reactions. DSC thermogram of chitosan-alginate (CS-AL) NCs prepared with glu-
taraldehyde showed one broad endothermic peak at *112.1 °C for crystallization
temperature whereas the glass transition temperature was found to be *350 °C. The
studies suggested that the crosslinker increases the thermal stability of the corre-
sponding NCs [110]. In a different study, glass-rubber transition (Tg), melting point
(Tm), and the degree of crystallinity for the synthetic poly (caprolactone) (PCL) was
found to be around *60, 69 °C, and 58%, respectively. For the developed chitin
whiskers/PCL composites, it was found that both Tg and Tm was almost independent
of the whiskers concentration [111]. Thermal analysis of developed lignin-epoxy
resin suggested enthalpy values were directly proportional to the amine content
present in the composites [58]. Further, it was also observed that the enthalpy values
of lignin may vary depending on their biomass [18].

3.1.11 ICP-MS

Inductive coupled plasma mass spectroscopy is used to determine the concentration
of metallic nanoparticles absorbed on the surface of the nanocomposite. In case of
silver/cellulose NCs, prepared by different concentration of silver nitrate in presence
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of a-cellulose, carboxymethyl cellulose and amino-cellulose as stabilizers, showed
that the quantity of silver nanocluster present on cellulose sample was directly
proportional to the concentration of silver nitrate in the precursor solution [112].

3.1.12 SEM

SEM was used to understand the surface morphology of raw fibers before and after
each treatment for cellulose extraction. The morphology of the fibers changed due
to the purification process. In general, the raw fibers are constituted by bundles of
cellulose microfibrils and are covered by different layers. The structural morphol-
ogy of microfibrils cannot be visualized, as they are still buried inside lignin and
hemicellulose [113]. For mercerized cellulose, the surface was found to be more
clean, smooth and the available microfibrils can be clearly seen. Thus, SEM
characterization clearly distinct between raw fibers and the mercerized cellulose.
Similarly, CNSs obtained after the acid hydrolysis showed a narrow size distri-
bution of particle size in the range of 46 ± 17 nm. SEM image revealed the
three-dimensional structure of hemicellulose/chitosan nanocomposite having con-
tinuous cell pore structure [106]. Similarly, the SEM studies on BC showed
structure composed of a random network of cellulose nanofibers. It was reported
that the outer surface consists of dense layers covering an internal microstructure in
the shape of honeycombs whereas the inner region is composed of fibers forming
large pores [114]. SEM images of the alginate-zinc oxide NCs appeared to be rough
which may have resulted from the interaction between the nanoparticles and the
alginate matrix. The presence of ZnO-NPs in the alginate matrix was observed as
bright spots with a moderate degree of agglomeration. The presence of elemental
Zn was also confirmed by EDS analysis. [115]. The diameter of chitin nanowhisker
determined by SEM was found to be much higher compared to the actual whiskers
diameter. This resulted from a charge concentration effect due to the emergence of
chitin whiskers [116]. Drug-loaded pullulan films appeared to have a random
distribution of drug particles with no sign of complete phase separation, thus
indicating a nanocomposite structure in the films [117]. Carbon microparticles
derived from lignin were analyzed using SEM and the data were compared with
untreated lignin, thermo-stabilised lignin and carbonized lignin. The average par-
ticle size for untreated, thermostabilised and carbonized lignin was found to be 9.1,
7.0 and 5.3 µm respectively [87]. SEM analysis of dilute acid pretreated corn stover
revealed the formation of semispherical and spherical structures on its surface
which led to the hypothesis that the droplet formations evolved from the ligno-
cellulosic matrix of corn stover during pre-acid treatment [118]. The microstruc-
tures of maize, mango, and banana starch granules were observed by SEM imaging.
Mango starch granules were found to be spherical and domeshaped with some
non-uniform growth and spoting having 5–10 µm particles size, which clearly
indicated that the starch particles may have collapsed during drying. In case of
maize and starch granules, regular spherical shaped particles were observed.
Banana starch granules were elongated and lenticular in shape, and the average
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longitudinal dimension was found to be 40 µm with a radius around 20 µm [34].
Citric acid modified starch nanoparticles (CASN) and native starch nanoparticles
(SN) was found to have a size range between 50–100 nm and 50–300 nm
respectively [77]. In one of the reports, the fractured structure of lamella indicated
the homogenous dispersity of SN on soy protein matrix [30].

3.1.13 TEM

In TEM, CNS samples showed mainly the presence of aggregates created during the
slow drying process [119]. Interestingly, white regions were observed inside the
particles and have been related to the entanglement or local twist of the crystalline
regions [120]. TEM studies were performed for alginate-ZnO nanocomposite to
monitor size, morphology and dispersion of ZnO NPs on the nanocomposite. It was
observed that the polymer conjugated ZnO NPs represented an irregular spherical
shape with size variations between 20 and 100 nm which was almost comparable to
the bare ZnO NPs [115]. Interfacial adhesion between lignin nanoparticles and PVA
matrix was observed through TEM. Lignin nanoparticles showed no change in
aggregation states even after incorporation of PVA matrix which suggested an
interaction of lignin hydroxyl groups with PVA [121]. The TEM images of super-
paramagnetic nanoparticles coated by pullalan revealed that the average size for all
of the samples varied between 3.4 and 9 nm depending on the amount of magnetite
present in the nanocomposite [99]. TEM image of chitosan-ZnO NCs revealed that
the particles possess mostly rod-like structure with a size close to 100 nm [102].
HRTEM studies were also used for such characterization [86]. TEM images of pea
starch nanoparticles suggested aggregated NPs having a length of *60–150 nm and
width of 15–30 nm [30]. Another report suggested the formation of well dispersed
and spherical shaped starch colloids of sizes *200 nm [32].

3.1.14 AFM

AFM is an imaging technique used for characterizing the surface topology of solid
materials. AFM based morphological studies reflected the existence of absorbed
nanoparticles on the surface of hemicellulose NCs [96]. Films formed by xylan
hemicellulose and chitosan showed a very smooth surface with few nodules.
Studies further suggested that cellulose nanofilm have higher roughness factor as
compared to cellulose nanofibers [82, 122]. AFM images of GO-alginate
biopolymer suggested an average thickness of the sheets was about 1.0 nm,
which indicated the formation of single-layered exfoliated GO for the nanocom-
posite [123]. AFM has been directly applied for the surface analysis of lignin and its
polymer composites. The AFM images of hydrothermally pretreated wheat straw
and corn stover revealed that the parenchyma cell lining has an aggregate of cel-
lulose fibers and the integrity of microfibers remained intact. The AFM images of
pullalan nanocomposite of magnetite nanoparticles revealed that the magnetite
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nanoparticles had a strong tendency to form agglomerate in the dry state. The
magnetite nanoparticles were found uniformly distributed throughout the samples;
whereas the aggregation was observed at a higher concentration of magnetite [99].
The AFM images of cross-linked chitosan/chitin NCs showed well isolated
nanometer-scale crystals of chitin. The diameter of chitin nanocrystals was found to
vary between 13 and 20 nm [124]. In another literature report, the homogeneity of
regenerated chitin (RChi) films was investigated by AFM [125].

3.2 Polypeptide-Based Biopolymers

Peptides are emerging as a new class of biomaterials due to their unique chemical,
physical, and biological properties. The development of peptide-based biomaterials
is driven by the convergence of protein engineering and macromolecular
self-assembly. The next section focuses on different spectroscopic and microscopic
techniques used for characterization of polypeptide-based polymers (Fig. 2).

3.2.1 CHNS Analysis

Elemental analysis of the collagen waste from goat skins revealed the % of C, N, H
and S to be approximately 41.5, 14.7, 7.1 and 0.2%, respectively. Further, XPS and

Fig. 2 Chemical structures of different polypeptide based biopolymers
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CHNS analysis of carbon materials derived from collagen waste at elevated tem-
perature abundantly showed the presence of carbon, oxygen and nitrogen in the
range of 72–82, 6.2–15.4 and 2.9–13.6%, respectively [126]. The amount of zein
adsorbed on the surface of montmorillonite (MMT) was determined by CHNS
analysis; and it was found that biohybrids based on extracted phase (EXT) showed
a lower amount of adsorbed protein than those prepared from precipitate [127].

3.2.2 FT-IR

Collagen is the principal structural constituent present in tissues; found most
abundantly in the body. FT-IR spectra of type 1 collagen obtained from bone and
skin tissues showed peaks of amide I at 1690, 1660, 1630 cm−1 corresponding to
stretching vibration of C=O and amide III peak at 1235 cm−1 corresponding to
stretching vibration of C–N and bending of N–H. Carbohydrate moieties present in
collagen exhibited stretching vibration of C–O and C–O–C at 1100–1005 cm−1

[128, 129]. In another literature report, it was observed that the collagen-
immobilized poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and hydrox-
yapatite nanocomposite scaffolds showed IR peak at *1722 cm−1 corresponding
to vibrational bands of C=O present in PHBV whereas a peak at *1039 cm−1

suggested the presence of PO3�
4 group exists in hydroxyapatite. In the same,

characteristic peaks were observed at *1640 and 1572 cm−1 for both amide I and
amide II bonds of collagen, respectively [130]. The hybrid polymer/inorganic NCs
of hyaluronan can be prepared either by in situ or ex situ method using both
chemical and physical methods. The FTIR spectrum of HA/ZnO nanocomposite
showed the peaks at *3412, *1616, *1411, *1149, *1066, *946, and
*661 cm−1; thus confirming the presence of HA in the nanocomposite. The for-
mation of ZnO nanoparticles was confirmed by distinct peak obtained at 441 cm−1.
The asymmetric sulfate stretching vibration band was observed at 1270 cm−1 and
the peak at 1066 cm−1 was attributed to symmetric C–O vibration related to C–O–
SO3 or due to the weak C–OH stretching resulting from ZnO coordination. On the
other hand, the peaks at *1632 and 1433 cm−1 corresponded to stretching of (NH)
C=O and –COO− or –OH groups, respectively. These peaks became strong and
shifted slightly in the presence of ZnO nanoparticles, indicating that interactions
between the (NH)C=O, –COOH, and OH groups of HA and ZnO nanoparticles
[47]. Major peaks in FT-IR spectra of gelatin isolated from scales and bones of fish
were observed in amide region. Scales gelatin showed amide-I and amide-III peaks
along with phosphate stretching peaks which indicated the presence of calcium salts
in scales gelatin sample. Interestingly, bone gelatin samples showed N–H stretching
vibration of amide A at *3340 cm−1 along with the amide-I, amide-II, and
amide-III peaks [131]. FT-IR of glutaraldehyde-crosslinked gelatin nanoparticles
showed a peak at 2927 cm−1 for asymmetric stretching of –CH2 groups present
in gelatin [132]. The FT-IR spectra of casein-acrylate TiO2 nanocomposite
suggested the successful grafting of acrylate monomers on the casein matrix.
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Similar spectroscopic studies were also performed for hollow casein nanospheres
[46] or poly(n-butyl acrylate)–casein NCs [133, 134]. Zein-based biodegradable
nanopesticide containing geraniol and citronellal as active ingredients were syn-
thesized and characterized using FT-IR. The spectra of zein showed bands between
3100 and 2800 cm−1, which corresponds to –C–H groups present in fatty acids and
amino acids. The spectrum of the geraniol loaded zein nanoparticles showed
characteristic zein amides I and II peaks along with minimal shifts which may have
resulted from the interactions of zein nanoparticles with the corresponding essential
oil [135]. Similar FT-IR studies were also performed for soy protein isolate-carbon
nanotube (SPI/CNTs) composites [136].

3.2.3 Powder XRD

XRD patterns for silica nanoparticles doped in hydroxyapatite/collagen and
hydroxyapatite/gelatin showed crystalline planes for hydroxyapatite which was
independent of doping material. Further, the crystallite size of hydroxyapatite
gelatin silica nanocomposite and hydroxyapatite collagen silica composite was
found to be 10.73 and 4.19 nm respectively [137]. In the X-ray diffraction pattern
of HA/ZnO nanocomposite, prominent peaks were observed and assigned to the
hexagonal wurtzite structure of nanometer ZnO particles with a degree of crys-
tallinity [47]. The main peak in the XRD diffractogram of zein films with and
without oleic acid appeared at the 2h value of 19° which was susceptible to the
number of cellulose nanofibrils (NF) present in the composite [138]. XRD patterns
of raw zein and zein nanoparticles suggested amorphous nature for both the
material which was further reduced in presence of high flow rate of CO2 [139].
XRD pattern of gelatin and its corresponding drug loaded counterpart was found to
show peaks at 2h = 20 and 22° respectively, suggesting increase in the crystalline
nature upon drug entrapment [132]. The XRD pattern for casein calcium phosphate
nanocomposite revealed amorphous nature for the material [140].

3.2.4 NMR

Conformational study of a collagen peptide by 1H NMR spectroscopy revealed an
interesting temperature dependant 1:1:1 pattern of sharp resonance bands and
slightly broader peak at*6.95 ppm, which was found to become even more broader
with decreased temperature conditions. Further, 14N–1H spin-spin couplings were
also observed because of quadrupolar relaxation which induces severe resonance
broadening [141]. In another study, NMR spectra of collagen were investigated to
compare between native and collagen present in biological tissues, such as bone,
cartilage and skin. Characteristic signals from all collagen amino acids were
obtained with a unique signal at 71.1 ppm, which can be assigned to the Cc carbon of
hydroxyproline. The 13C MAS NMR spectra provided supports to resolve the fin-
gerprint region of collagen whereas, 31P cross polarization magic angle spinning
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(CPMAS) studies on bone and bone implants have allowed to depict the biomin-
eralization process [142]. 1H-NMR spectra of methacrylic acid modified gelatin
composite showed d values between *0.86 and 3.57 ppm which indicated char-
acteristic peaks of methyl groups present in the amino acid residue of gelatin [143].

3.2.5 DLS and Zeta Potential

The particle size of zein nanoparticles was found to be *300 nm which showed a
constant decrease with increase in homogenization speed [144]. The zeta potential
of zein nanoparticles coupled with gum arabic (GA) was found to be negative
because of the presence of carboxylate groups in GA [145]. The DLS measure-
ments revealed that the casein NCs showed the diameter of *40–65 nm at pH 7.0
and the net charge was found to be negative [46].

3.2.6 UV-Vis and Fluorescence Studies

The presence of characteristic ZnO absorption band at 344 nm confirmed incor-
poration of ZnO into HA [47]. It was found that with increasing zein concentration,
the plasmon resonance band of silver nanoparticles shifted from 458 to 428 nm and
confirmed the formation of small size zein-silver nanoparticles [146]. The
fluorescence of electrospun zein nanofibers conjugated with CdS QD (Quantum
dot) showed emission at 561 nm. The emission intensity was found to be directly
proportional to the CdS QD concentration. Further, the uniform fluorescence
emission profile confirmed that the nanohybrid structure was stable in nature [147].

3.2.7 Circular Dichroism (CD) Spectroscopy

CD studies were carried out to confirm the presence of triple helix structure for type I
collagen obtained from bovine calf skin [148]. Again, collagen obtained from strep-
tococcal proteins showed unfolding of helix structure at 220 nm after denaturation
[149]. CD spectroscopy studies were also carried out for gelatin composites [150].

3.2.8 TGA

The thermal stability of collagen was tested using TGA and results indicated that
beyond denaturation temperature (Td) collagen mostly converts into lower molec-
ular weights elements. The specific viscosities started decreasing between 25 and
30 °C for skin collagen and between 30 and 35 °C for bone and muscle collagens
[151]. TGA analysis showed that the in situ prepared silver/hyaluronan bio-
nanocomposite increased the thermal and mechanical stability of resultant fibres [152].
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Again, the TGA profile for the synthesized soy carbon nanotubes showed a weight
loss of about 2% when the temperature was varied from 25 to 450 °C [136].

3.2.9 DSC

Collagen extracted from bovine tendon showed higher denaturation temperature for
crosslinked collagen scaffolds due to highly stable triple helix conformation [153].
Collagen helix and their crosslinking nanocomposite showed changes in enthalpy
and also in melting temperature [154]. Similar studies were also performed for
casein and its developed composites [134].

3.2.10 SEM

SEM characterization of type I collagen extracted from equine tendon has been
carried out to observe microscopic changes on the polymer surface [155]. Collagen
obtained from bovine tendon suggested the presence of 50–150 µm pores on the
nanocomposite surface [153]. FESEM image of HA/ZnO nanocomposite showed
that ZnO nanoparticles of 3–8 nm size were present on the HA surface [47]. The
majority of zein particles obtained via liquid-liquid dispersion was spherical in
shape and possess particles size of less than 200 nm [144]. SEM images of prepared
functionalized carbon nanotubes (FCNTs) showed homogeneous dispersion in the
modified SPI adhesive, although individual CNTs could be observed as agglom-
erates [136]. Similar SEM studies were also carried out for SPI–MMT (montmo-
rillonite) bio-nanocomposite [156] and casein NCs [46].

3.2.11 TEM

TEM studies were successfully carried out for HA-ZnO composites which showed
the presence of 10–12 nm ZnO particles on the HA surface [47]. Similarly, gelatin
nanoparticles of *100 nm size were also observed [132]. Both zein and its cor-
responding silver-zein nanocomposite were characterized using TEM and size of
the nanoparticles were found to be*60 nm [146]. Similar studies were also carried
out for casein and casein/calcium phosphate NCs [134, 140].

3.2.12 AFM

The AFM studies of collagen isolated from bovine vertebrae showed fibrils having
a diameter in the range of 50–200 nm [157]. In another AFM study, the surface
morphology of type 1 collagen showed thin film formation on nanocomposite
surface [158]. Similar AFM studies were also performed for Zein–GA composites
which suggested the formation of uniform spherical particles with average size of
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143 nm and height of 43.8 nm [145]. AFM images revealed that casein nano-
spheres were spherical in shape with an average height of 21.0 ± 1.3 nm [134].
Further data on roughness factor for different casein NCs indicated that higher
casein concentration allows homogeneous and smooth film formation [133]. The
microstructure of the nanocomposite prepared from CNCs and soyabean oil was
also characterized via AFM [159].

3.3 Synthetic Based Polymers

Eco-friendly synthetic based polymers have gained a lot of attention in current
scenario due to their versatile nature and various applications in different fields.
Different types of green NCs have been derived from modified synthetic polymers
such as polylactic acid, poly(D,L-lactide-co-glycolide) (PLA, PLGA) and polyesters.
This section draws the attention towards various techniques available for charac-
terization of above mentioned synthetic biodegradable polymers (Fig. 3).

3.3.1 FT-IR

The FT-IR spectrum of PLGA-superparamagnetic iron oxide (SPIONs) nanocom-
posite with and without BSA showed prominent peak at *2950–2850 cm−1,
assigned to C–H stretching of oleic acid on the SPIONs’ surface whereas carboxylic
acid present in PLGA showed sharp peaks at 1765–1750 cm−1 (C=O stretching),
1300–1090 cm−1 (C–C–O stretching), 1190–1085 cm−1 (C–O–C stretching) and
3100–2950 cm−1 (O–H stretching). However, BSA protein exhibited small sig-
nalling peaks at *1650 cm−1 (C–O stretching of amide) and *1540 cm−1 (N–H
bending of amide) due to its lower concentration in the corresponding nanocom-
posite [160]. In another study, FT-IR spectra of PLA NCs showed peaks at *2992,
*1373, and *1454 cm−1 for stretching vibration, symmetric and asymmetric
bending vibration of –CH3 groups respectively. The nanocomposite of PLA poly
(butylene adipate-co-terephthalate) nano-attapulgite (PLA/PBAT/AT) exhibited
native PLA peak for stretching vibration of C=O group confirming the presence of

Fig. 3 Chemical structures of different synthetic biopolymers
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PLA in the composite. Moreover, peaks at*3057 and 740 cm−1 were attributed for
stretching and bending vibrations of C–H present in benzene [25]. FT-IR spectra
were observed for unsaturated polyester/styrene (UP) nanocomposite filled with
nanodiamonds (NDs) containing carboxyl and methacrylate functional groups and
exhibited a peak at 980 cm−1 which was assigned to the C–H out-of-plane bending
in polyester molecules. Whereas, peak at 1730 cm−1 corresponds to C=O group
which remained unchanged in UP/NDs nanocomposite [57].

3.3.2 Powder XRD

XRD pattern of pristine montmorillonite (Mt) and insulin-Mt-PLGA NCs showed a
characteristic peak at a 2h value of 6.4° (001) with a corresponding d spacing of
13.6 Å. However, no XRD pattern was observed for Mt due to its low concen-
tration. Besides this, a hump corresponding to amorphous PLGA matrix also
appeared at a 2h value between 10 and 25°. XRD data depicted that Mt concen-
tration could not influence the encapsulation efficiency of insulin in the composite
[91]. XRD pattern observed for PLA and polylactic acid/poly-caprolactone
(PLA/PCL) nanocomposite revealed their crystallinity indices to be 31.43, and
17.34% respectively. Further, two peaks of PLA at a 2h value of *16.4° and
*22.6° were observed from the same studies [161].

3.3.3 NMR

13C solid-state NMR spectra of chitosan-PLA modified CNT NCs showed peaks at
65 and between 20 and 22 ppm for chitosan-CNTs and the composite respectively
[162]. In another literature report, 1H NMR spectra suggested chemical shift in poly
(D,L-lactide-co-glycolide) (PLGA) copolymer with d value between 1.46–1.68,
4.67–4.90 and 5.13–5.30 ppm assigned to –CH3, –CH2, and –CH functional groups
respectively [56]. 1H NMR of unsaturated polyester-styrene cured resin showed the
integration of the broad bands at*6.8 and 0.8–4.0 ppm which were assigned to the
ring protons of styrene and esterified fumarate residues of aliphatic chain [163].

3.3.4 TGA

It was found that carbon dot (CD) conjugation improved the thermostability of
polyesters by shifting the initial degradation temperature of the nanocomposite
towards higher temperature. The increased thermostability of the NCs can be
ascribed to high cross-linking density and secondary interactions imparted by CD
with the polyester chains [164].
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3.3.5 DSC

The positive influence of CNTs on the thermo-mechanical properties of unsaturated
polyester NCs (UP) was studied using DSC. DSC thermogram provided the
information of chain intercalation and thermal transition for the studied NCs.
Interestingly, the NCs exhibited a split in the melting endotherm whereas the
corresponding polyester showed a single peak, suggesting bond formation between
CNT and UP for the former case [57].

3.3.6 SEM

SEManalysis of the nanocomposite preparedusing ironoxide and lysine/BSAmodified
PLGAwere studied and was used for protein antigen delivery and immune stimulation
in dendritic cells [160]. The surface morphology of the fractured PLA nanocomposite
(PLA/PBAT/AT) was observed by SEM studies [25]. In a separate study, the native
PLA showed irregular microfibril structure compared to PLA nanocomposite
(PLA/PCL) when both were dissolved in the phosphate saline buffer [161].

3.3.7 TEM

The TEM studies suggested that the mean particle size of Fe3O4 and Fe3O4-3-
(trimethoxysilyl)-propyl methacrylate (MPTMS) was 8.8 ± 1.8 and 8.7 ± 1.8 nm
respectively. Further, TEM images of Fe3O4-MPTMS-PLGA NCs showed 1–2 nm
polymer coating thickness [165]. The surface morphology of PLA and PLA
nanocomposite (PLA/PBAT/AT) were also studied using TEM [25].

The signature peaks for the described eco-friendly polymers have been sum-
marized in Scheme 2.

4 Future Perspectives

For the sustainable development of the society, next‐generation eco-friendly
polymer composites are required to produce from renewable sources which possess
superior physicochemical and biological properties. Globally BASF, Nature Works,
Arkema, Novamont, and Plantic has been found to be the major player which
governs the mass production of different polymers like- polylactic acid, starch-
based polymer etc. contributing in several industries like—food, healthcare, and
agriculture. Moreover, it is expected that this area will witness an increase in the
CAGR by a significant amount at the end of 2021. Thus industries are changing
their focus toward exploring the possibilities of biodegradable polymers. NCs offer
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some great advantages over microcomposites because these possess improved
strength and hardness. For the best utilization of the isolated eco-friendly polymers
and their corresponding composites, proper characterization needs to be done.
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